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LE PROBLEME DU RAYONNEMENT COSMIQUE
DANS L’ESPACE INTERPLANETAIRE



Avant la découverte du rayonnement cosmigue par Victor
Francis Hess a la veille de la premiére guerre mondiale ef la
découverte des ondes électromagnétiques d’origine spatiale faite
presque simultanément, la lumiere visible représentait le seul
moyen pour I"observation de l'univers dans lequel nous vivons.

Depuis, ces deux découvertes sont devenues de puissantes
sources d'information et clies ont contribué, toutes les deux,
a augmenter énormément le volume de nos nouvelles connais-
Sances.

En particulier, la premitre de ces découvertes nous a fourni
un moeyen efflicace pour I'étude interplanétaire et de l'espace
plus lointain.

Le lancement des satellites artificiels et des véhicules spa-
flaux munis d’instruments de mesure frés sensibles, a donné
un nouvel élan & 1’étude des rayons cosmiques avant leur arri-
vée sur la terre et avant leur passage a travers 1'atmosphére
terrestre.

Ceci a mené A la découverte de ceintures de radiations qui
entourent la terre et qui sont composées de particules d’énergi
moyenne captées par le champ géomagnétique.

I.’émission de particules par ic soleil, qui coincide surtout
avec 'apparition de grandes éruptions solaires et qui a ét¢
découverte au cours d’expériences avec des ballons volant &
grande altitude, a été confirmée.

Simultanément, avec I’émission de particules avec charge
lectrique et d'autres formes de radiations, le soleil émet de



VITY PONTIFICIAL ACADEMIAL SCIENTTARVM SCRIPTA VARIA - Z5

grands nuages de plasma qui affectent le champ magnétique
terrestre extéricur et qui modulent I'intensité du rayonnement
cosmigue,

Toutes ces découvertes ont donné naissance & un grand
nombre de problémes nouveaux.

Désormais le temps est miir pour une fructueuse discussion
de cerfains de ces nouveaux problémes.

Une question cruciale est certainement de déterminer quels
sont les composants solaires, galactiques et exira-galactiques
des rayons cosmiques; en d’autres termes quels sont, parmi
eux, les rayons vraiment cosmiques (galactigues ou extra-
galactiqucs) et quels sont les rayons solaires.

Quels sont les critéres qui permettent de les distinguer les uns
des autres? Quelles recherches doivent étre faites encore pour
pouvoir répondre A ces questions? Quel est le rapport entre les
ceintures de grande intensité découvertes par VAN ALLEN et les
rayons cosmiques, en tant que différents des rayons solaires?
Quelle est I'influence du plasma solaire sur le champ magnéti-
que terrestre extérienr? Quel est le mécanisme de la modula-
tion de V'intensité des rayons cosmiques?

Voici quelques-uns des problémes qui ont été disculés au
cours de la présente Semaine d’Etude,

Prirtro Sarvivccer

Chancelier de ’Académie



LA SEMAINE D’ETUDI
SUR
LE PROBLEME DU RAYONNEMENT COSMIQUE
DANS L’ESPACE INTERPLANETAIREE



Le but des « Semaines d'Etude » de I’Académie Pontificale des
Sciences a été ainsi défini par son premier Président, 5.E, le Rév.me
Pére Acostivg GrmerLy O.F M,

« Tandis cgu'on fixait, aprés sa fondation, les travaux de I"Aca-
démie, un probléme se présenta bien vite avec évidence: les sciences
posent chaque jour des problémes nouveaux qui donnent lieu d'ordi-
naire 3 divers essais de solution, souvent contradictoires, Il arrive
ainsi constamment que parmi les représentants les plus auntorisés
d’une science et, en particulier, entre ceux qui se sont consacrés i
I'étude d'une méme question, on renconire des opinicns opposées.
De pareilles divergences se maintiennent parfois pendant de longues
périodes et constituent 4 la fois une grave diffieulté pour l'enseigne-
ment des sciences el fréquemment aussi un abstacle considérable a
leur développement. D’ailleurs, l'expérience montre que les mé-
thodes actuellement pratiquées dans la discussion des problémes
scientifiques, n’ont gu'une efficacité Hmitée au point de vue de
Iétablissement d’unc unité de doctrine. Il serait hautement souhai-
table de promouvoir fout ce qui pourrait favoriser une entente sur
les peints en discussion.

« Un tel procédé semble devoeir €lre partticulierement utile sous
ce rapport: savoir établir des contacts personnels prolongés entre
guelques représentants d’opinions différentes au sujet d'une ques-

tion déterminée ».
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Dans ce but, I’Académie Pontificale des Sciences a réalisé une
nouvelle « Semaine d'Etude » ayant pour fitre: « Le Probléme du
rayonnement cosmique dans espace interplanétaire » (1),

Bien que ces derniers temps un travail intense ait ét¢ fourni sur
les divers aspects de ce probleme, 1] restait cependant quelques ques-
tions de détail & résoudre, et de nonvelles questions s'étaient de plus
posées pendant ces dernidres anndes.

Etant donné qu’on n’avait pas encore provoqué un débat appro-
fondi & ce snjet et que le moment semblait propice pour le faire,
I'"Académic Pontificale des Sciences 'est proposgée de réunir un nom-
bre restreint de savants spécialistes de la question. Son but éfait
de recueillir, au cours d'une discussion approfondie, les synthises des
nombreuses recherches effectuées dans ce domaine; de {formuler clai-
rement I'état des différents problémes qui ¢’y rapportent; et par 1
de pouvoir fixer les directives de recherche les plus logiques, les
plas persnasives ct les plus prometteuses, étant donné état actuel
de la science,

(') Cette « Semaine d'Etude » sur « Le Problme du rayonnement cosmi-
gue dans l'espace interplanétaire » est la cinguibme de la série.

La premicre « Semaine d'lEtude » a ew liew du 6 an 13 juin 1949;
elle a ét¢ dédide au « Probléme biologique du Cancer », el a été présidée
par 1'Académicien Ponfifical 8, E, Pigrre Rowpoxnr, Professeur de Patho-
logie Générale et expérimentals & I'Université de Milan; y ont participé
personnellement 15 savants tandis que 3 auires ont envové des mémoires.
Les comptes-rendus de la « Semaine d'Titude » ont ét¢ pablits dans le
7éme volume des « Scripta Varia » de 1’Académie; s représentent un vo-
lume de 364 pages.

TLa deuxidnme « Semaine d'Etude » a eu liew du 19 au 206 novembre 19571;
elle a été dédide au « Problime des Microséismes », et a été présidée par
PAcadémicien Pontifical S, . Francesco VERcELLI, Directeur de VInstitut
Thalassographique et de 1'Observatoire Géophysique de Trieste; v ont par-
ticipé personnellement 15 savants tandis que 4 autres ont envové des mé-
moires. Les comples-rendus de la « Semaine d'Etude » ont été publids
dans le 12é6me volume des « Seripta Varia » de I'Académie; ils forment un
volume de 466 pages.

La troisitme « Semaine d'Etude » a en Hen du 24 avril au 2 mai 1955;
elle a été dédide an « Probleme des Oligoéléments dans Ja vie végétale et
animale », et a ¢té présidée par U'Académicien Pontifical $. E. Josi Maria
Arsarapa Hexeera, Directeur de Ulnstitut de Pédologie et de Physiologie
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A cet elfet ont été invités par I'Académic des experts qualifiés
en physico-chimie, en physique théorique, cosmique et nucleaire,
en géophysique, radiophysique et radicastronomie, qui, grace & leurs
¢tudes spécifiques, ont contribué 4 la connaissance différenticlle du
rayonnement cosmique dans Uespace interplanétaire.

La présidence de cetfe « Semaine d'Etude » sur « Le Probléme
du rayonnement cosmique dans 'espace interplanétaire » a été con-
fide par le Président de IAcadémic Pontificale des Sciences, S.K.
le Rév.me Monseigneur GEOrGrs LEMAPTRE, 4 I'Académicien PPon-
tifical S.E. Vicror Francis Hess, Professenr émérite de Physique
a PUniversité Fordham de New York, et 1'organisation générale au
Chancelier de I’Académie Pontificale des Sciences Dr. PIETRO SAL-
VIUCCE.

Malheureusement 1’Académicien Vicror Francis IIess, l'insigne
savant qui découvrit 1existence des rayons cosmique, n'a pas pu, en

végétale de I'Université de Madrid, Secrétaire Général du Consell Supdérieur
des Recherches Scientifiques d'Espagne; y ont parlicipé personnellement
1q savants landis qu'un autre a envoyé un mémoire, Les comptes-rendus
de la « Semaine d'Etude » ont ét¢ publiés dans le rqéme velume des
« Seripta Varia » de I'Académie; ils forment un volume de 630 pages.

La quatritme « Semaine d'Itude » a en heu du 2 au 28 mal 1957;
elle a ¢t dédide au « Problome des Populations stellaires », et a ¢té prisidée
par i'Académicien Pontifical Surnwméraire le Rév.me Pere Daxpin J. K.
O'Conxeny, Directeur de la « Specola Vaticana » de Castelgandolfo; y ot
participé personnellement 21 savants, Les comptes-rendus de la « Semaine
PRtude » ont ét¢ publiés dans le 1Géme volume des « Seripta Varia » de
I'Académie; ils forment un volume de 615 pages.

Ta cinguitme « Semaine d'Etude » a en liew du 23 au 31 oclobre 1961
elle a 6t¢ dédide au « Problime des macromolécules d'intérét biologigue avec
référonce spéciale aux nucléoprotéides », &t a ¢t¢ présidée par 1" Académicien
Pontifical 8.5, Arne Trsprrus, Professeur de Biochimie 2 PUniversité de
Uppsata; y ont participé persenneliement 28 savants. Tes comptes-rendus de
In « Semaine d'Etude » ont &¢ publids dans le 2zéme volume des « Seripta
Varia » de Y Académie; ils forment un volume de 544 pages.

I'organisation géndrale de chaque « Semaine d'Btude» a ét¢ conlice au
Chancelier de 1'Académie Pontificale des Sciences, le Dr. Presro Sanvivuoct.
Toules les réunions se sont tenues an Sidge de Académic & la « Casina di
Pio 1V » dans les Jardins du Vatican.
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raison de son état de santé, étre présent et ¢’est le Président de I'Aca-
démie, lui-méme, S, Grorers LeMaltre qui dirigea les études.

Ont été invités & la réunion les savanis suivants:

Prof. Dr. Epoarpo AmaLpi, Professeur de Physique & 1'Univer-
sité de Rome et Président de 'Tustitut National de Physique nu-
cleaire. - Rome (Italie).

S.E. Prof. Dr. HirRMANN ALEXANDER Brick, Académicien Pon-
tifical Astronome Royal pour I'Ecosse ot Professeur d’ Astronomie
A I'Université d'Edimbonrg. - Edinburg (Grande-Bretagne),

Prof. Dr. Lunwic Biernmawn, Professeur honoraire de I Univer-
sité de Miinich, et Membre de I'Académic Internationale d’Astro-
nautique. - Minchen (Allemagne).

Prof. Dr. Lucien Bossy, Directenr de la Station tonosphérique
de Dourbes, de PInstitut Royal Méteorologique de Belgique, - Uccle -
Bruxelles (Belgique).

S.E. Sir Prof. Dr. James Cuapwick, Académicien Pontifical,
Professeur de Physique a I'Université de Liverpool, Prix Nobel 1935
pour la physique. - Cambridge {Grande-Bretagne).

Prof. Dr. Gruseeer Cocconi, Professeur de Physique a Ta Cor-
nell University. - Ithaca, N.Y. (U.S.AL).

Prof. Dr. Jeay Frangois Denisse, Astronome titulaire de
UObservatoire de Paris, Directenr de la Station de Radioastronomie
de Nangay, Président de la Commission de Radioastronomie de
I"Union Astronomique Internationale. - Paris {France},

Prof. Dr. Reng Dr VoscrLagm:, Protesseur de Mathématiques
au Department of Matematics, University of California. - Berkeley,
Calif. (US.A).
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Prof. Dr, Hengy Ervior, Professeur de Physique a 1'Imperial
College of Sciences and Technology de YUniversité de Londres et
Chef de la Section pour les Rayons cosmiques. - London {Grande-
Bretagne).

Prof. Dr. Tsaarn Escorar Varizjo, Directeur du Laborateire de
Physique cosmique de I'Université de La Paz et Directenr de la
Commission Nationale pour PEnergie nucléaire. - La Paz (Bolivie),

Prof. Dr. Scort ELLswortn Forsusi, Président de I’ Analytical
and Statistical Geophysics de U'Institut Carnegie de Washington. -
Washington (U.S.A.).

S.E. Rev, Prof. Ernisro Guerzi, Académicien Pontifical, IDi-
recteur des recherches & I'Observatoire Géophysique du Collége
« Jean de Brébeuf ». - Mowiréal (Canada).

N

Prof. Dr. Tuomas Gorp, Professeur d’Astronomic a la Cornell
University, Directeur du Centre pour la Radiophysique et pour les
Recherches spatiales. - Tthaca, N.Y. (U.S.A).

Prof. Dr. Sartio Havaxawa, Professeur de Physique & 1'Univer-
sité de Nagoya. - Nagoya {Japon),

S. 5. Prof, Dr. Vicror Francis Hess, Académicien Pontifical,
Professear éméxite de Physique A 1'Université Fordham, Prix Nobel
1636 pour la Physique. - New York, N.Y. (US.A)).

S.I5. Mgr. Prof. Dr. Grorses Lemaiire, Président de I'Acadé-
mie Pontificale des Sciences, Professcur de Mécanigue et de Métho-
dologie mathématique & I'Université Catholique de Louvain - Lou-

vain {Belgique).

5.1, Prof. Dr. Louis LeErRINCE-RINGUET, Académicien Pontifi-
cal, Professcur de Physique nucléaire au College de France. - Paris

(France).

Prof. Dr. Henry Vicror Nengr, Professeur de Physique au Ca-
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lifornia Institute of Technology a Pasadena, - Pasadena, Calif.
{(U.5.A).

Prof. Dr. Epwarp Purpy Nry, Professeur de Physique & 1'Uni-
versité de Minnesota, - Minnesots, Minn. (U.S.A).

5.5 Prof. Dr. Jan Hewprix Oort, Académicien Pontifical, Pro-
fesseur ’Astromomie & I'Université et Directewr de I'Observatoire
de Leiden, Président de I'Union Astronomique Internationale- Leiden
(Pays-Bas).

e

Prol, Dr. Euckng NEwMAN Parkir, Professeur de Physique
U'Universit¢ de Chicago. - Chicago, Il (U.S.A.),

o

Prof. Dr. Bervarp Prrers, Professenr de Physique théorique
I"Université de Kobenhavn, - Kobenhavn (Danemark]).

Prof. Dr. Ernest C. Rav, du « Goddard Space Flight Center ».
Greenbell, Md. (U.S.A)).

Prof. Dr. Bruno BenepETTo Rosst, Professeur de Physique au
Massachusetts Institute of Technology et Directenr du Lahoratoire
de Physique de l'espace. - Cambridge (U.S.A.).

S.E. Prof. Dr. Manugr SaNpowal VALLARTA, Académicien Pon-
tifical, Professeur de Physique théorique au Colegio Nacional ef &
PUniversité de Mexico, Chargé de la recherche scientifique 4 la
Commission Nationale de I'Energic Nucléaire du Mexique, - Cindad
de Mexico {Mexique).

Prof. Dr. JouN Aipxanpir Siirscn, Professeur 4 1'Institut
pour les Etudes nucléaires « Inrico Fermi » de I'Université de Chi-
cago. - Chicago, Ill. (U5.A).

Prof. Dr. Frep SiNGER, Professeur de Physique 4 I'Université de
Maryland, Inspecteur de recherches aupres du Jet Propulsion La-
boratory & I'Institut Technologique de Californie. - Pasadena, Calif.
(U.S.AD.






SEMAINE D'ETUDE SUR LE RAYONNEMENT COSMIQUE ETC, X1X

Tous les invités, & Vexception de I'Académicien J. Crapwick,
du Prof. G. Coccont et de I’Académicien V.V, Hrss qui n'ont pas
pu intervenir, ont participé A la Réunion,

Le Président de la « Semaine d’Etude » a fajt appe! 4 son col-
legue I'Académicien S.E. MANUEL SANDOVAL VALLARTA pour Yorga-
nisation scientifique de la réunion i laquelle on participé comme
Seerétaires scientifiques: Prof. Dr. FranczscA RoMaNa BacHELET,
Prof. Dr. ANna Maria Conrorrto, Dr. Erik Dyring et Dr. GUIDo
Przzzrra.

Le « Réglement des Semaines d'Etude » prescrivant que le
nombre des Participants doit étre rigoureusement limité, a malhen-
reusement empéché d'inviter d’autres iflustres savants.

Onl aussi pariicipd 4 la réunion: en qualité d’interpréte et
chef de Scerétariat Mme VALENTINE PREOBRAJENSKI; en qualité de
sténographes polyglottes de séance Mlles MaUura Barocco et
PaMera Surron; en gualité de sténo-dactylographes polyglottes
chargées de¢ Procés-verbaux: Mlle Varuria Cra)a, Mlle Josgpming
Lucas et Mme Pavrrrte Rossaipr; en qualité de technicien pour
I'enregistrement et la projection, Mr Mauro ERCoLE, assisté par des
opérateurs de Radio-Vatican, Le Bureau de Presse était confié
au Dr. FraNcesco Sanviuecl, Coadjutenr du Chancelier de I’Aca-
démie,

Le Comité de Réception pour les Dames dirigé par Mlle Maria
Luisa Lorri, était composé de la Comtesse Karina CALVI DI COENZO,
Mlie Grovanwa Lorri, Mile Anna Maria MiLazzo, Mlle SanDra
ORrLANDI, Mlle MARILENA VALLETTI.
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Le vendredi 5 octobre fous les Participants ont ¢été regus en
Audience Solennelle par le Souverain Pontife qui leur adressa un
discours et aprés I'Audience a eu Heu, au Siége de I’ Académie Pon-
tificale des Sciences, une séance extraordinaire de I'Académie, a
laquelle ont été invités également les Parlicipants 4 la « Semaine
d’Etude ».

Pendant la Semaine, qui se déroula jusqu’an soir du samedi 6,
les {ravaux scientifiques se poursuivirent sans interruption. Les
discussions des différents rapports se déroulérent groupées selon 1'af-
finité des sujets.

Les séances sc tenaient deux fois par jour, le matin de ¢ h. 30
A 12 h. 30 et Vapros-midi de 16 h. & 19 h.; chague séance était
présidée par I'un des Participants a la réunion.

La réussite de la « Semaine d’Etude » a pleinement satisfait les
illustres Participants qui, & la fin de leurs travaux, ont femu a
exprimer an Saini Pere leur profonde gratitude et leur trés sincére
admiration pour cette manifestation scientifique si réussic, en en-
voyant & 1'Auguste Pontife, animatenr et mécéne de I'Académie,

le télégramme suivant:

« Sa Sainteté le Sowverain Pontife Juan XXIIL - Cité du Vali-
carn. — Les Participants de la Semaine d' Etudes suv le probléme du
rayounement cosmique dans I'espace inlerplanétaive prient Sa Sain-
teié de daigner accepter Uexpression de lewr admiration el de lewr
gratitude pour les conditions idéales de quictude el d'indépendance
qui leur ont permis de travailler & Uapprofondissement de problé-
mes de grande actualilé el & avoir en, en pleine lberté, des échan-
ges de vues hausement profitables au progrés de la science el de
I huwmanité. — Avaipl, BIERMANN, Bossy, Brock, Dewissk, D
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VoGrrare, Errior, ESCoBAR, Foruvush, GHERZI, GOLD, Havaxawa,
Lematrre, Leprince RinGuer, NiHr, Nry, Qort, Parkig, Prrers,
Ray, Rossl, SaNDovAL VALLARTA, SIMPSON, SINGER »,

A ce télégramme d’hommage et de remerciement, le Saint Pére
a daigné répondre par le message suivant, signé par Son Eminence
le Cardinal Secrétaire ’Ftat:

wProf. Dr. Pretro Savvivcel, Chancelier Académie Pontificale
des Sciences Cité du Vatican, — Saint-Pére trés fonchéd défdvent
message Participanis récente Semaine Eludes sur probléme rayenne-
ment cosinique dans espace inlerplandioire se réjoutt hewrewx déron-
lement savanis dchanges de vues imvogue tout coeur sur dislinguds
signataires abondance divines Biénédictions. — AMLETO GIOVANNI
Card, CicosNam »,

A da fin de la Semaine d'Ftude 1’Academicien Pontifical
5. E. Lours Leprirce RINGUET qui tenait la présidence de la der-
nitre séance a ¢té prié par ses collogues de dire quelques mots
de cloture,

Nous reproduisons ici son improvisation telle qu'elle a été
enregistrée pour en conserver foute sa sympathique spontaneité.

« Vous m'avez demandé de faire quelques remarques pour cldre
cette excellente Conférence. Je suis trés peu capable de faire des
remarques sur le sujet en cause, parce que je suis un transfuge des
rayons cosmiques que j'ai abandomnés, maintenant, depuis beau-
coup d’années, sous la pression des machines, sous la pression des
syncrotrons qui eux sont sur terre, J'al été obligé & celi A cause de
la proximité du syncrotron de Saclay, et du syncrotron du CERN,
et awssi & cause du désir de mes collaborateurs ¢orienter netre
activité vers les machines.
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« Je suis donc trés heureux aujourd’hui de me retrouver avec
beaucoup de mes anciens amis des rayons cosmiques et de voir quel
énorme chemin a 6été parcourn depuis la Conférence de Bagneres
de Rigorre en 1053 ou A cité du sujet principal, les mesons lourds
et les interactions nucléaires, il y eut un pelit congrés avec DAUDIN
sur Pensemble des effets que I'on étudie ici aujourd hui: congrés dont
les membres continuérent et continuent de s'interésser aux rayons
cosmigues.

« Parmi les anciens, il y a d’une part ceux qui ont quitté les
rayons cosmiques pour devenir un peu les esclaves des machines,
et les autres — je vois — qui sont restés dans des groupes qui
peuvent encore réfiéchir, se poser des problemes, ne pas aller trop
vite, faire des hypotheses sur des modeles, et cela est excellent.
Ces anciens qui ont eu la sagesse de rester les scigneurs des rayons
cosmiques, ch bien, ils ont maintenant des groupes plus importants,
avec la possibilité d'utiliser des techniques nouvelles; par exemple,
des techniques de trés grandes gerbes ne pouvaient se concevoir
il y a dix ans. Elles se développent maintenant grice aux perfection-
nements des scintillateurs, des électroniques, etc. Des méme, les
techniques utilisées avec les satellites permettent et permettront
d’avoir des réponses & beaucoup de problémes.

« Si bien que, maintenant, je m'apergois et je remarque que le
soleil, l'environnement solaire, la région interplanétaire, est de-
venue un véritable laboratoire. C'est un laboratoire dans lequel on
pent accéder grice a beaucoup d’expériences possibles, que I'on
peut ot que on va faire, de plus en plus précises, sur le champ
magnétique, sur les particules, sur les directions, ete. Cela va per-
mettre d’expliquer beaucoup des phénoménes caractériques de cette
région. C’est trés important pour les connaissances des espaces plus
lointaing, car, par exemple, on a parlé des électrons de la nébuleuse
du Crabe qui peuvent étre observés par les moyens, cux aussi
nouveaux, de la radio-astronomie.

« On ne peut rien dire maintenant des particules nucléaires qui
accompagnent ces processus dans la nébuleuse du Crabe ou dans
le voisinage. Mais si I'on étudic les émissions du soleil & 1'échelle
des distances entre le soleil et la terre, on pourra probablement
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avoir des explications meillenres sur ce qui se passe beaucoup plus
ioin, et en particulier sur origine des rayons cosmiques,

« I1 y a d'antre part quelque chose qui m'a beaucoup im-
pressionné. Comune Peters est parti, je peux parler de lui. Notam-
ment on peut, maintenant, unir les expériences des grands syncro-
trone et des satellifes, Les problémes que Peters posait, sur la
composition du rayonnement cosmique, sur le beryllium 1o, sur le
temps pendant lequel les rayons cosmiques voyageni avant d'dtre
recueillis, peuvent se résoudre grice a l'utilisation shmultanée des
satellites et de la machine du CERN. Autrement dit, cela correspond
a des possibilités nouvelies, des possibilités de connection entre les
deux anciennes branches, trés jumelies, des rayons cosmigques, qui
se retrouvent ainsi pour des problémes nouveaux.

« Je voudrais souligner maintenant 'intérét des Semaines d'Etu-
des: P'intérét de cetfe Semaine d'Etudes en particulier. Qu’est ce
que nous avons comme réunions entre physiciens? Nous avons des
petites réunions qui sont des séminaires de laboratoire, faites dans
Uintérieur d'un laboratoire sur le sujet qui correspond au travail
méme du laboratoire, et puis nous avons de grands meetings, de
grandes réunions. Dans notre domaine il y a le fameux Congrés de
Rochester, exirémement sélectionné, et cette sélection — il y a une
pression, un peu comme la pression magnétique — fait que le nom-
bre de cing cents personnes de cette année va augmenter et devenir
huit cents personnes au prochain Congrés de Rochester. Par consé-
quent, cela n’est plug une réunion trés intime, il faut parler pendant
un temps parfaitement défini, il y a des lumidres rouges qui §’al-
lzment, une sonnetic qui fonctionne, on coupe la parole, les exposés
doivent &tre envoyés un mois i 'avance, etc. C'est déja une chose
beaucoup plus compliguée. Ce n’est pas trés confortable; c’est inté-
ressant, mais pas trés confortable. Iif puis il ¥y a encore d’anfres
réunions; il y a les meetings de V' American Physical Saciety, et 1a
on st deux mille, peut-&tre davantage, et Von fonctionne en pa-
rallele, avec un grand nombre de sessions qui se Uennent en méme
temps. Chacun a droit & dix minutes pour parler ef pas une de
plus: aprés huit ou neul minutes une lampe rouge s'allume, ot
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aprés dix minutes le suivant pread la parole et cela pendant plu-
sieurs jours.

« Alors, cette Semaine d'Etudes d’avjourd’hui, organisée par
I’ Académic Pontificale des Sciences, est merveilleuse, puisque les
discussions ont éé frés nombreuses, les exposés-longs, et personne
ne les a coupés. Le Chairman n'a pas arrété Gold, n’a pas arrété...
(rires)... n'a pas anélé... n'a arrdté personne, ¢t finalement tout
est trés intéressant. On a groupé les principaux chefs et les prin-
cipaux spécialistes des différents Pays et je crois que l'ensemble
des exposés et des discussions a &8 fout-a-fait remarquable, fout-a-
fait excellent, Chacun a pu parier, recommencer certaines discus-
sions, nous étions trés bien dans ce cadre, nous n'avons pas é&té
pressés. On a la certitude ’avoir bien compris les choses, les pro-
bleémes, les difficultés, ce qui est siir et ce qui n’est pas str, beau-
k:oup plus que dans un grand congrés. En outre, I'absence de tout
public permet de nous senlir comme en famille, de parler avec Ia
certifude d'étre parfaitement compris et cela porte aux conclusions
plus sfires et plus rapides. Donc, je crois qu'il est trés bon d’avoir
de temps en temps des réunions comme ces Semaine d'Etudes et
il n’y en a pratiquement pas d’autres.

« Aussi cetle Semaine d'Etudes qui s'est faite dans ces condi-
tions trés favorables, a été excellente ef, je crois, trés fructueuse pour
tout le monde, De cela nous avons déja exprimé au Souverain Pon-
tife notre profonde et respecteuse gratitude par le télégramme que
nous venons de lui adresser.

« Je voudrais aussi remercier I'Académie Pontificale des Scien-
ces dans la personne de son Président, Monseigneur GEorcrs Lu-
MAITRE, qui est jeune et actif, et qui a présidé cette Semaine d’une
maniére admirable qui sera certainement trés appréciée par notre
collégue Vicror Francrs Hess qui devait la présider, mais qui en
a été malheurensement empéché par son état de santé. Je voudrais
remercier essentiellement aunssi le Prof. MANUEL SANDOVAL VALLARTA
qui a eu la trés lourde charge de cholsir les participants et d’organiscr
les sesslons scientifiques. Je voudrais remercier d'une fagon spéciale
le Chancelier PieTRO Sarviuccl peur toute Porganisation de ce
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congrés -et avec lui toutes les personnes qui l'ont aidé dans cette
peuvre et ont travailié avec iui pour permettre 4 la Conférence de
se développer parfaitement; mais je crois que son travail n’est méme
pas terminé maintenan{, malheureusement pour lui, Et puis il faut
remercier naturellement ausst tons ceux qui ont fait des exposés —
tous ceux qui ont eu le courage de parier assez longtemps calmement,
tranguillement, de discuter, de recommencer les discussions. Je crois
qu'il faut les remercier beaucoup, et notamment ceux qui ont préparé
les trois derniéres revues synth&tiques, les ’'review papers’’,

« Enfin, je voudrais dire un mot de plus: je crois que nous
nous réjouissons tous du fait que, dans ce beau lieu de la pensée
spirituelle qu’est Rome et qu’est ce petit coin des jardins du Vatican
derridre Saint-Pierre, a voix scientifique soit invitée a s’élever; que
nous .soyons invités, nous scientifiques, & parler et & manifester les
caractéres de la science que nous connaissons bien ¢f que nous
aimons beaucoup.

« Certainement i1 y a dans toufes les études que nous faisons,
que nous dirigeons, que fonf nos collaborateurs, unc énorme somme,
une trés grande quantité de travail. Dans la vie scientifique et
technique trés moderne — nous utilisons les développements les plus
récents de la technique avec enthousiasme — il nous faut égale-
ment, nous le savons bhien, beaucoup de palience pour aboutir. [
nous faut beaucoup d'imagination créatrice, aussi, pour envisager
les expédriences et pour pouveir les discuter, Nous avons hesoin
aussi d’unc scrupuleuse honnéteté et les scientifiques sont en effet
terriblement homnétes dans leurs expérimentations et dans leur
travail,

« Nous avons ¢galement la certitude —— l'assurance -— que nous
sommes frés loin de tout connaitre, et cela nous procure une grande
fermetd dans notre travail, pour aller plus loin, et également une
grande humilité. Je crois quon peut dire vraiment que les scienti-
‘fiques — contrairement 4 I'idée que I'on se fait souvent - sont des
gens trés humbles. Tl faut une humilité pour pouveir changer la
théorie que I'on avait cnvisagée et pour pouveir s’adapter et suivre
la réalité expérimentale gui deit toujours nons guider.
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«Si bien que tout cela ce sont des gualités, ce sont aussi des va-
leurs — et méme des valeurs spirituelles dans notre vie profes-
sionnelie.

« Je suis trés heureux, et je pense que nous partageons tous
cette satisfaction de voir encourager (hier, par exemple, cela a
été encouragé par le Pape) cette fondamentale ef merveilleuse acti-
vité qui est proposée aux hommes de toutes tendances depuis les

temps les plus réculés, & savoir: la science ». (A pplavdissement),

Dans les pages qui suivent, aprés le compte-rendu de 1’ Audience
du Saint-Pére et du « Réglement des Semaines d'Etude », sont impri-
més les rapports originaux préseniés 4 Ia Réunion, et les discussions
qui les ont suivis, mis en ordre et publiés par les soins du
Prof. Dr. FrancEsca Romana Bacurier et du Dr. Erix DyriNG.

Les « Conclusions » de la « Semaine d’Itude » se trouvent 2

la fin du présent volume,

Pendant ia Semaine, les travaux scientifiques se poursuivirent
sans interruption sauf le matin du jeudi 4 pour visiter les Musées
Pio-Clementino, Chiaramonti, Etrusque, Egyptien; le Braccio
Nuovo; les Galeries des tapisscries, des cartes géographiques; les
Chambres et les Loggia de Raphaél, la Chapelle de Fra Angelico, la
.Chapefle Sixtine, I'Appartement Borgia et la Pinacothégue Vati-
cane avec l'assistance du Proi. Comm. FiLirro Macr et du
Dr. Drocrrcto Repic pe Camros de la Direction Générale des
Monuments de la Cité du Vatican,
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Les Participants ont aussi visité la Bibliothéque Apostolique Va-
ticane et les Archives Secrétes Vaticanes sous la conduite des
Rév.mes Préfets Mons., Martinoe Grustr et Pére ALpHoNsE Raxs, S.1.
et la Station de Radio-Vatican qui leur fut présentée par le Directeur,
le Rév.me Pére ANTONIO STEraNIzZ: S.1.

L’aprés-midi du vendredi 5, les Participants et leurs épouses
visitérent U'enceinte extraterritoriale suburbaine du Vatican & Castel-
gandoifo, ot les savants étaient attendus par le Dr, Gr. Off. EMirio
Bowomsrri, Directeur des Villas Pontificales, qui leur a fait visiter
en détail le Palais des Papes, les ruines de la villa romaine de Do-
mitien, I'ex-Palais des Barberini, et les autres dépendances.

Enfin, le soir du méme sammedi 6 octobre, un diner d’adieu a été
offert par I’Académie, sclon la coutume, aux savants participant 2
la « Semaine d’Etudes ».



L’AUDIENCE
ET

LE DISCOURS DU SAINT-PERE



Le matin du vendredi 5 octobre, le Saint Pére a accordé dans la
Salle du Consistoire du Palais Apostolique Vatican, une Audience
Solennelle & 1'Académie Pontificale des Sciences 4 l'occasion de la
« Semaine d’Etude » sur « Le probleme du rayonnement cosmique
dans Pespace interplanétaire » tenue par I’Académic méme. Ont
participé aussi 4 1'Audience de nombreux hauts personnages.

Ftaient présents Leurs Eminences les Cardinaux: EucEN: Tissk-
RANT, Président honoraire de I"Académice; Amrero Glovannyi CIco-
GNANI, Secrétaire d'Ltat ef Gruserri Plzzarno, Académiciens hono-
raires; Giuserrk Ferrsrro, Giacomo Lulcr Corkiro, FERNANDO
CeNTo, CaARLO CoNraLonIgrl, Gruskpre pa Costa NUNES, EFREM
TorNI, MICUELE BROWNE, ANSELMO ALBAREDA,

De nombreux Académiciens Pontificaux sont intervenus, et spécia-
lement Leurs Excellences: le Rév.me Monseignenr GrorGrs LEMAf-
TRE Président, Josit Maria ALBarREDA-HIERRERA, MARCELLO BOLDRINI,
GIOVAMBATTISTA DBoNINO, HERMANN ALEXANDER BrUCcK, TREDRIK
Jacous Jomannis BuUvreNpiJk, CarLos CHAGAS FILHO, GUSTAVO
CoLONNETTI, Epwarp Joskrd Conway, JorN Carew EcCLES, Josg
Garcia-SifErzz, Ernesto Gurrzi, GIorDANG GIACOMELLO, WERNER
Cart Hrisgnsrre, CyriL Norman Hinserwoop, Svin HORsSTADIUS,
Arperto HurTApO, LoUls LEPRINCE-RINGUET, San-IcHIRO Pauro
MizusHMaA, PaUL Nigsans, JaN Hewprix OorT, ENrRICO PISTOLESI,
Lrorord Ruzicka, MANUEL SANDOVAL-VALLARTA, HUGH StoTT Tat-
LOR, ARNE WILHELM KaUuriN TiseLius, THEODORE voN KARMAN; les
Académiciens Pontificanx Surnuméraires; Rév. P, DanIEL JOSEPH
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Kerey O'Connerr S.1., Rév. P. Josrr Jurkes S5.1., Rév. P. Ar-
PHONSE Rars S.I., Mgr. Marrtine Grosti, Rév. P. MicuarL Scru-
LIEN S.V.D.; le Chancelier de I’ Académie Prof. Dr. Pisrro SaLvioccr
et le Coadjuteur du Chancelier Dr, FrANCESCO SALVIGCCE.

Parmi le groupe des Académicicns assistaient les savanis spécia-
listes « Participants » & la Semaine d’Etude sur « Le Probleme du
rayonnement cosmique dans I'espace interplanétaire » MM, les Pro-
fesseurs: TEnoARDO AMALDI, LUDWwIG Biermawn, Lucien Rossy,
Jean Francors Denissn, Rewni Di VOGELABRE, HEeNgy Ervior,
Ismarr. TESCOBAR-VALLEJO, Scorr FLLSWORTH ForpUsH, THOMAS
GoLp, Satio Havaxawa, Hangy VICTOR Nreuer, Epwazrp PURDY
Ney, RUGENE NewMaN Parker, Bernazp Perirs, Ernest C. Ray,
Bruno Beneperto RossI, JouN ALExanper SiMpson, S. IFRED Sin-
GER et les Secréaires Scientifiques: Prof. Dr. Francesca Romana
Bacueirr, Prof. Dr. Anna Marla Conrorto, Dr. Erix Dvring,
Dr. Gumo PizzeLia.

Etaient également présents: Son Excellence Rév.me Monseigneur
ANGELO DELL’AcQua Substitut de la Secrétairerie d’Efat et le Chef
du Protocole Rév.me Monseignenr Teing CARDINALE; Son Excellence
Rév.me Monseigneur CarLo Grano Nonce Apostolique en Ttalie; un
groupe ’ Assesseurs et de Secrétaires des Sacrées Congrégations, ainsi
quun groupe & Archevéques et d'Evéques, parmi lesquels LL.EE.
Rév.mes Nosseigneurs Disco VENINI, PiETrRo CANISIO VAN Liernx,
Pretre SraisMone, Privo PrRINcIpY, Baniaaino NARDONE, et autres
persomalités de la Curie ef de I'Etat de la Cité du Vatican.

Au complet le Corps Diplomatique accrédité prés le Saint Siege,
dont les Membres étaient regus par le Gr. Uff. Dr. Mario Be-
LARDO. S
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Le Saint Pere a fait son entrée dans la Salle du Consisteire 4
g heures, accompagné par sa Noble Antichambre avec LL.EE. Nos-
seigneurs FEDERICO CALLORI DI VIGNALE Majordome et Mario Na-
saLLy Rocca pr Cornkriano Maitre de Chambre, par son Secrétaire
Particulier Monseigneur Lorrs CAreviLLA, ses Camériers Secrets Par-
ticipants et sa Garde Noble,

Une déférente manifestation d’hommage a accueilli I'arrivée du
Saint Pére,

Aprés avoir gagné le fréne, le Saint Pére donna son assentiment
au Président Lemaitee qui s'adressa alors au Souverain Pontife en
ces fermes:

« Trés Saint Pére, je vous présente respeciensement mes hormma-
ges et cenx de I'Académie Pontificale des Sciences, en ce jour ou
Votre Sainfeté daigne nous recevoir,

« C'est pour nous l'occasion de Lui exprimer nofre reconnais-
sance pour la munificence avec laquelle Elle nous permet de pour-
sulvre nog fravaux.

« La Session Plénaire de I'Académic et la Semaine d'Etude sur
les Rayons cosmiques dans I'Espace interplanétaire qu’Elle nous a
permis d’organiser sont de magnifiques réalisations de lidéal tracé
par Sa Sainteté Pic XI et poursuivi avec tant de bonté par ses
fllustres successenrs.

« En daignant remettre Elle-méme la médaille Pie XI que I'Aca-
démic a été heurcuse de décerner au Professeur BeNGT ERIK An-
DERSSON, Voire Sainteté confére & cette récompense une valeur ines-
timable.

« Nous Lui en sommes infiniment reconnaissants ».

Le Saint Pére daigna répondre par le discours que nous repro-
duisons plus loin.
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A Ja fin de I'Auditnce le Souverain Pontife daignait remettre
au Prof. Bener Erix AnpErsson, de I'Fcole des Infirmisres de
Médecine Vétérinaire, la grande médaille d’or qui porte le nom
auguste de Pie XI, Fondateur de I’ Académie TPontificale, et adressait
au Prof. AnDERSSON, qui était accompagné du Président et du
Chancelier de 1'Académic des paroles de satisfaction et des félici-
tations.

Le Saint-Pére s’entretint ensuite, aprés avoir requ 'hommage des
Cardinaux, avec le Président LEaafTrr, les Académiciens Pontifi-
caux, le Chancelier Sarviuccr et les savants « Participanis » & la
« Semaine d'Etude », trouvant pour chacun d’aimables paroles de
félicitations et de souhaits, pour cux, lenrs familles et leur activité
scientifique.

L'assistance exprima enfin ses remerciements au Saint-Pére, sa
reconnaissance émue et sa profonde gratitude, et le plus chaleureux
hommage se manifesta de nouveau an moment o, I'Audience ter-
minée, le Souverain Pontife quitta 1a Salle du Consistoire.



Messtieurs,

Il Nous est trés agréable de recevoir awjourd’ hui le Prési-
dent et les membres de I'Académic Pontificale des Sciences,
ainsi que les savants venus du monde enticr pour parliciper &
la semaine d'études sur « le probléme du rayonnement cosmi-
que dans Iespace interplandlaire ».

L’an dernier Nous avions adressé Nos voeux & I Académie
Pontificale, & Uoccasion du vingt-cinquicme anniversaire de sa

fondation par Notre prédécesseur, le grand et docte Pie XI.

Gentlemen,

It is Qur pleasant task to-day to reccive the President and Mem-
bers of the Pontifical Academy of Sciences, together with the scien-
tists who have come from all over the world fo take part in the
semaine d'Etudes on « The Problem of Cosmic Radiation in Inter-
planetary Space ».

Last year We conveyed to the Pontifical Academy our good
wishes on the cccasion of the twenty-fifth anniversary of its founda-
tion by Our predecessor, the great and learned Pius XI. This
year, We have the joy of personally and gladly bidding you wel-
come to Our house.

For in your persons, Gentlemen, permit me to say, it is science
itself which the Church welcomes, that science which the scholars
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Cette année, Nous avons la joie de vous souhaiter en personne
et de grand coewr la bienvenue dans Notre demeure.

Car en vos personnes, Messicurs, laissez-Nous vous le dire,
Sest la science que UEglise accucille chez elle. La science que
les savants du monde entier, unis dans une pacifique recher-
che, s'efforcent de faive progresser en mettant en comvmun les
vésultals de leurs travaux.

Et ¢’est powrquoi Nous sommes hewrewx de pouvoty remcl-
tre aw Professeur BENGT ERIK ANDERSSON, jeune ef wsigne Hhy-
siologiste de I’ Ecole Supérieure Royale de médecine vétérinaire
4 Stockholm, la médaille d’ov qui porte le nom auguste du fon-
dateur de Notre Académie Powntificale.

L’ Eglise encourage volontiers les recherches qui soni faites
dans le monde, et qui lendent & mieux connaitre I homme et
P univers, swivant la mission donnde par Diew & Adam dans les
premicres pages de la Genése (cfr. Ge., g, 7). Cest ainst que

Nous félicitons de tout coeur ce jewne savant dont les études

of the whole world, united in peaceful research, strive to advance
by pooling the results of their labours.

On that account We are happy to be able to present to profes-
sor BonGT Frre Anpersson, the young and distinguished physiolo-
gist of the Royal Institute of Veterinary Medicine at Stockholm,
the gold nedal bearing the revered name of the founder of Gur Pon-
tifical Academy,

The Church gladly encourages the rescarches which are being
carried on the world over, and which lead to more complete know-
ledge of man and the universe, according to the command given
by God to Adam in the first pages of Genesis (cf. Genesis g, 7).
Thus We congratulate with all Our heart this young scientist, who
is an authorily on the nervous mechanisms of hunger, thirst and
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font autorité sur les mécanismes nerveux de la faim, de la soif,
et de la température corporelle. Et Nous formons les meillewrs
voeux pour la fécondité de sa carvire scientifique, powr le
meilleur sevvice de I humanild,

Comment ne pas relever aussi aves une particulicre salisfac-
tion I'opportunilé du théme choisi, Messieurs, pour votre se-
maine d'études: « Le probléme du rayonnement cosmigue dans
Uespace inlerplandtaive »? Il est superflu. d’en souligner Pac-
tualité. Mais qu'il Nous soit au moins permis de vous dire
combien I'Eglise s'iniéresse de pres aux problémes qui velien-
nent a bon drotl I'attention des hommmes de notre temps, ct
qui font Uobjet de I'examen scienttfique des meilleurs spécta-
listes. Et vous savez combien Nous faisons Nétre la joie qui
salue avec émotion les éclatantes véalisations des techniciens o
des savants d aujourd hui, dont les prouesses permetient de
domestiqusy la natwre d'une maniére qui naguere encore pa-

raissait un défi & Uimagination la plus riche,

body temperature, and We express Qur best wishes for the fruit-
fulness of his scientific career, in the service of humanity.

We must also point out, Gentlemen, with particular satisfaction,
the timeliness of the theme chosen for your Semaine d'Findes « The
Problem of Cosmic Radiation in Interplanctary Space ». While
it would be superfluous to emphasise its appropriateness, permil
Us at least to mention the close interest that the Church takes in
those problems which are rightly engaging the attention of the men
of our time, and which are the object of scientific investigation by
leading specialists.  You know how much We share the delight and
satisfaction deriving from the brilliant results ohtained by the scien-
tists and tcchmcxans of our day, who have succeeded in taming
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Nous le disions vécemment:

« Ok! Comme Nous souhatterions que ces entreprises assu-
ment wne signification d hommage rendu & Dicu, créateur et
législateur supréme. Puissent ces événements hislongues, de
méme qulils figurevont dans les annales de la connaissance
scientifique du cosmos, devenir I'expression d'un véntable el
pacifique progrés, contribuant & jonder solidement la fraternité
haumnaine » (« Osservatore Romano », 24 4ot 19062).

 Grdce & Dieu, nous sommes enlvés dans une époque ow,
espérons-le, Uinterrogation sur les oppositions entre les con-
quétes de la pensée el les exigences de la foi, se fera MOLns
fréquente. Le premier Concile du Vatican a lwmineusement af-
firmé, en 18601870, les vapports de la raison et de la foi. Les
exaliantes découvertes et réalisations du vingtiéme siccle, loin
d'en vemeitve en cause le bien-fondé, aident au contraive
Vesprit & miewx en comprendre la valewr. Le progres des scien-

ces, en permettant de mieux conndilve I'extraovdinaive vichesse

nature in a way which, but lately, would have seemed impossible
to the most fertile imagination.

We said recently « Oh! How we wish that these undertakings
would signify a homage rendered o God, Creator and supreme Leg-
islator., May these histerie events, which will have their place in
the annals of the scientific knowledge of the cosmos, likewise become
the expression of a true and peaceful progress, contributing their
share to the solid foundation of the brotherhood of man » (Osserva-
tore Romano, 24 August 1902).

We have entered, thank God, upon an epoch when, let us hope,
questions about opposition between the conquests of the human
mind and the demands of faith will become less frequent., The first
Vatican Council, in 1869-1870, stated clearly the relations between



de la cvéation, enviclil singulierement la louange que la créa-
ture fait monter en action de grdces vers son créalewr, qui est
ausst le védemptenr de nos dmes. El toujours, le coeur humain
demeure avide, ainsi que son intelligence, d’atleindre I absolu
et de sy donner.

Awussi, comment ne pas dvoquer devant vous, Messieurs, &
la veille de IUowvertuve, désormais toute proche, du Concile
Cecuménique, celte prande Assemblée, ef les promesses qu’elle
porie, el qui sont soutenues pay les pricres des catholiques et
Faltenle du monde entier. Vision [raternelle, pacifique, spivi-
tuelle, d’une vencontve qui se veut loule & la louange de Dien
et an service de I'homme, dans ses aspirations les plus nobles
& connalive le vrai, & chercher & Uatleitndre, ol ¢ ['embrasser
de son amour.

Telles sont, Messieurs, les pensdes que Nous suggéve la pré-
sence de votre dlustre et savante Assemblée. Hewreux d avoir

pu Nous entreleniy avec vous, pour vous dive lout Uintérét que

reason and farth, The exciting discoveries and achievements of the
twentieth century, far from casting doubt on these soldly based
truths, helps the mind to a deeper appreciation of their value, The
progress of science, while permifling us to understand better the
extraordinary richmess of creation, enriches the praise which the
creature renders in thanksgiving to his Creator, who is the Re-
deemer of our souls. The heart of man, as also his intelligence,
remains ever cager to reach the absolute and to surrender himself
to it.

On the eve of the opening, now close at hand, of the Ecumenical
Council, We cannot but call {o your mind, Gentlemen, this great
Assembly and the promises that it helds out, supported by the
prayers of Catholics and by the expectation of the whole world. It
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Nous portons & vos travaux, c'est de grand cocur que Nowus
appelons sur votre semaine d'cludes, sur vos personnes el sur
vos familles, Uabondance des divines grdces, en gage desquelles

Nowus vous accordons une parliculiére Bénddiction Apostolique.

presents to us the vision of a gathering, at cnce fraternal, pacific
and spiritual, which should be devoted entirely fo the praise of
God and to the service of man, in his neblest aspirations to know
the truth, to seek to attain it and to embrace it lovingly.

Such are the thoughts, Gentlemen, suggested to Us by the pre-
sence of your illustrions and learned assembly. We are happy to
have been able to meet you and to let you know the great interest
that We fake in your labours, With all Our heart We invoke the
abundance of divine graces on your Semaine d'Ltndes, on your-
selves and on your families, in token of which We impart to you
a special Apostolic Benediction.
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Lorsque 1'Académic Pontificale des Sciences fut fondée par le
Souverain Pontife Pie X1, de vénérée mémoire, par son « Motu
Proprio » du 28 octobre 1936 « In multis solaciis », cette initiative
suscita dans jes milieux scientifiques ur mouvement général de
sympathie et d’admiration. Cette institution unique au monde, qui
groupait en une méme assembléc des représentants de toutes les
Nations civilisées était appelée, en effet, & de hautes destinées dans
le développement de la pensée scientifique,

IYautre pari, cette oeuvre de coopération fut accueillie avec un
véritable sonlagement par tons ceux que plongeait dans le désarroi
le plus profond la période qui suivit la guerre 1914-18. On voyait,
en effet, s'altérer profondément los caractéres d’objectivité et de
désintéressement propres au travail sclenlifique, et s’affirmer méme
une tendance 4 asservir fa science & des fins pragmatiques.

Tout au contraire, dans I'immortel « Motu Proprio » du 28 octo-
bre 1936, le Pape Pic XI proclamait solennellement la dignité de

A general movement of sympathy and admiration was aroused in
scientific circles when, in 136, the Pontifical Academy of Science was
founded by His Holiness Pope Pius XI, of venerable memery, by means
of hig « Motu Proprio » of October 28, « Im Multis solaciis ». This insti-
tution, the only one of its kind in the world, which brought the represen-
tatives of all civilized nations into touch wiHh each other, was, in fact
called upon to play a leading role in the development of scientific thought.

This work of cooperation was, moreover, welcomed with a sense of
real reliel by all those who were plunged in a deep state of confusion in
the period following the 1914-18 war.

Signs of drastic changes were, in fact, discernible in the objective and
disinterested nature of scientific work and even a tendency 1o make science
subject to pragmatic aims,
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la recherche de la vérité pour elle-méme (*), et, élevant sa pensde
an-dessus de toule précccupation utilitaire, affirmait gu’il nec deman-
dait rien d'aulre aux nouveaux « Académiciens Pontificaux » que de
se consacrer, avee une ferveur tonjours plus grande, au progrés de
la science ef, par l&, au culte de la wérité: « C’est Notre souhait
ardent et Notre ferme espérance: que par cet Institut, & la fois
Nétre et leur, les “Académiciens Pontificaux” contribuent toujours
plus et mieux au progrés des sciences, Nous ne lewr demandons pas
autre chose; car en ce dessein généreux et ce noble labeur consistc
le service, qu'en faveur de la vérité, nous attendons de leur part ».

La conséeration pratique de ceite idée, par la nomination d’un
cerfain nombre de non-catholiques parmi les nouveanx Académiciens
Pontificaux a fait une profonde impression sur beaucoup d’esprits,
comme l'ont montré les réactions de la presse infernationale de
Yépoque et de nombreux témoignages individuels d’hommes de
science et des plus grands savants dn monde.

(*) « Nobis autem in volis expectationeque est, fore ut “Pontificii Aca-
demici” vel per hoe Nostrum suumgue studiorum Institutum, ad scientiarum
progressionem fovendam amplins excelsiusque procedant; ac nihil practerca
aliud petimus, quandeguidem hoc eximio praeclaroque labore famulatus ille
nititur servientivm veritati, quem ab iisdem postulamus »,

In his immortal « Motu Proprio » of October 28, 1936, Pope Pius Al
uvn the contrary, solemmly proclaimed the dignity of the scarch for truth
for its own salce (*) and, raising his thoughts above all precccupations of
a utilitarian nature, asserted that all he asked of the new « Pontifical
Academy » and its members was that they should dedicate themselves,
with increasing fervour, to the furthering of the progress of science and,
cansequently, to the cult of truth: « It is Our ardent wish and firm hope
that, by means of this Institute, which is both Ours and theirs, the
“'Pontifical Academicians”™ will contribute to an increasingly great extent
to the progress of science. We ask nothing more than that from them
because the service in favour of fruth that We expect from them consists
in this generous intention and nobie work »,

By including a certain number of non-Catholics amongst the new
Pontifical Academicians, the practical application of this idea made a deep
impression on many persons, as is proved by the reaction of the interna-
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Beaucoup de préjugés a l'égard de 1'liglise ont été fortement
ébranlés par ce geste du Souverain Pontife gui a obligé 4 reconnaitre
la place éminente réservée aux valeurs purement intellectuelles dans
Plglise Cathaligue.

Pour toutes ces raisons, la fondation de 1’ Académie Pontificale des
Seiences a ét¢ hautement appréciée dans le monde scientifique et y
a fait naftre de grands espoirs quant aux possibilités d'action d'une
institution si opportunc.

Le Saint-Pere Pie XII, qui avait collaboré avec son Prédécesseur
au projet et 4 la fondation de PAcadémie et qui 'avait représenté
comme Légat personncl lors de Dinauguration solennelie, ne s'est
pas borné & maintenir & son égard ses senfimenis de laute estime
par sa présence & de solennclies séances académigues, ol il daigna
prononcer ses discours d'une haute portée scientifique; i a fenu en
ouflre & lui donner un nouveau témoignage de son auguste satisfaction
en accordant &4 ses membres le titre d'lixcellence par le Bref Aposto-
lique di: 25 novembre 1g40.

Les sciences posent chaque jour des problémes nouveaux qui
donnent licu d’ordinaire a divers essais de solution, souvent contra-

tional press of the time and by the innumerable individual tributes paid
by scientists and by the greatest scholars of the world.

Many prejudices against the Church were very deeply shaken by this
gesture on the part of the Sovereign Pontiff, since it called attention to
the lofty place reserved for purely inteliectual values in the Catheolic Church.

Tor all these reasons, the foundation of the Pontifical Academy of
Seience was greatly appreciated by the scientific world and aroused high
hopes as to the prespects open to such a timely institution.

[is Hoeliness Pope Pilus X1I, who had helped his predecessor to draw
up the plan and to found the Academy, and who had represented Him as
Iiis personal Legate at the time of its solemn inauguration, did not confine
himself to the expression of lofty sentiments when attending solemn academic
gatherings, where he deigned to make speeches of great scientific importance,
but he also afforded proof of his august satisfaction by granting the title
of Iixcellency to the members of the Academy, by an Apostolic Brief of
November 25, 1940,
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dictoires. Il arrive ainsi constamment que parmi les représentants les
plus autorisés d’une science, et en particulier parni ceux qui se sont
consacrés a l'étude d’une méme question, on renconire des opinions
opposées, Pareilles divergences se maintiennent parfois durant de
longues périades et censtituent & la fols unce grave difficulté pour
I'enseignement des sciences ei fréquemment aussi un obstacle consi-
dérable a leur développement,

Par aillenrs, 'expérience montre que les méthodes actuellement
pratiquées dans la discussion des problémes scientifiques n’ont qu’une
efficacité limitée au point de vue de l'établissement d’une unité de
doctrine.

I serait dés lors hautement souhaitable de promouvoir tout ce
qui pourrait faveriser un accord sur les points en discussion.

Un procédé semble devoir &fre particulitrement utile sous ce
rapport: 4 savoir, I'#tablissement de contacts personnels prolongés
enlre quelques représentants d’opinions différentes au sujet d'une
question déterminée,

Iin effet, o contact personne! entre hommes de science constitue,
sans aucun doate, le moyen le plus efficace de résoudre les contro-
verses scientifiques,

Dans ce but, " Académie Pontificale des Sciences a décidé ¢’orga-
niser de pareilles rencontres scientifiques. L’organisation de ces ren-

Livery day science raises new problems, which usuvally give rise to
various, and often contradictory, solutions. Consequently it often happens
that amongst the most authorilative representatives of a given branch of
science, and particularly amongst those who are engaged in studying the
same question, one meets with contrasting opinions. 1ivergences of this
kind aften exist over long periods of time and are a sericus obstacle not only
to the teaching of science but also to its development,

IExperience shows, moreover, that the methods at present in use in
the discossion of scientific problems have only a limited cfficacy in so far
as concerns doctrinal unity,

It would, therefore, be highly desirable if everything that could favour
agreement on controversial points were to be promoted,
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contres qu'on a appelées « Semaines d'LEtude » a été élablie de la
maniére suivante:

REGLEMENT DES SEMAINES D'ETUDE

1. - L’Académie invite quelques illustres savants, parmi ceux
qui, ayani étudié spécialement une question délerminée, sont arrivés
& des conclusions différentes, & se rencontrer & Rome, & son siége, la
« Casina di Pio IV », 2 Vintérieur de I'Etat de la Cité du Valican,
afin d'y procéder en commun, en dehars de toufe antre préoccupa-
tion, & un examen général de toutes les données du probléme,

2. - Le but essentiel de ces discussions est de chercher & formuler
de fagon précise les raisons qui sont a la base de la divergence des
opinions. Les savanfs convids aux réunjons s’engageraient d’avance
& concentrer leurs efforts dans cette direction.

3. - Un examen critique de ces raisons aboutira soit 4 vn accord
sur une solution déferminée, soit & la constatation qu’a 'état actuel
des connaissances, il est impossible d’établir une unité de doctrine
au sujet dn probléeme envisagé.

One process that would geem to be particularly useful from this point
of view would be the establishment of prolonged personal contacts between
some of the representatives of different trends of thought on a given subject.

Personal contacts amongst scientists are, in faet, the most efficacious
means of solving scientific controversics.

With this aim in mind, the Pontifical Academy of Science decided to
organize scientific meetings of this description.  These meetings, known as
o Study Weeks », were planned on the following lines:

STANDING RULES FOR « STUDY WELKS »

1. - The Academy invites a number of illustrious scholars — comprising
those who have especially studied a given guestion and have arrived at
different conclusions — to meet in Rome at its headguarters, the « Casina
di Pio IV », situated in the Vatican City, so as to make a joint examination,
free from all other preoccupations, of all data concerning the problem,

2, - The chief aim of these discussions is to endeavour to formulate
precisely the reasons which are al the root of the diflerences of opinion.
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Dans ce dernier cas, les savants invités auront pour tiche:
a) de préciser les motifs pour lesquels un accord s’avére pré-
sentement irréalisable;
b) de définir le genre de recherches qu’il serait souhaitable
d'entreprendre en vue de résoudre la question.

4. - L’invitation ne sera adressée par '’Académie gqu'a un trds
petit nombre de représentanis de chaque science: ceux-ci seront
choisis parmi les personnalités étrangéres & 1'Académie, anxquels se
joindront, dans la discussion, les Académiciens versés dans la méme
discipline. Cette invitation, de plus, ne se rapportera qu’a étude
d’une question déterminée, pour chaque science.

5. - Les discussions auront un caractére strictement privé; clles
prendront la forme de conversations particulitres, sans autre assis-
tance que ceile de quelques membres de 1’Académic Pontificale des
Sciences particulicrement compétents dans la matitre,

Des interpretes polyglottes, des sténographes, des rapporteurs,
etc., seront mis & la disposition des savants réunis.

0. - Les « Conclusions » des discussions scront publiées sous la

The scholars invited to these meetings undertake in advance to concenirate
their efforts on this.

3. A critical examination of these reasons should lead, cither to
agreement on a given solution or clse to the conclusion that, on the basis
of the information actually available, it is impossible to establish doctrinal
unity on the problem envisaged,

In the latter event the scholars concerned will be called upon

@) to deline the reasons why agreement appears to be impossible
for the present;

b) to specify the kind of research work it would be desirable o
undertake with a view to solving the problem.

4. - The invitation will be addressed by the Academy to only a small
number of representatives of each branch of science: these will be selected
from: amongst those who arc not connected with the Academy. They will
be jeined during the discussions by Academicians versed in the same
discipline. This invitation, moreover, will appiy oniy fo the study of cne
precise problem in each branch of science.
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forme d’une « Note Collective Finale » (4 laquelle pourront éventuel-
fement étre jointes des annotations individuelles), mentionnant:
a) les points sur lesquels un accord aurait été réalisé;
b} les points sur lesquels un accord n'aurait pas paru réalisable;
¢) les raisons pour lesquelles 'accord n’aurait pu éire réalisé:
d) des suggestions relatives aux recherches paraissant les plus
apies 4 résoudre les difficuliés.

7. - Les « Conclusions » seront aussitdt imprimées et communi-
quées, par le soins de 1'Académie Pontificale des Sciences, & tous
les centres scientifiques qu’elles seraient de nature & intéresser.

8. - Tous les frais de voyage et de séjour & Rome des person-
nalités invitées seront & la charge de 1'Académie Pontificale des
Sciences, L’hospitalité sera assurée dans I'un des principaux hotels
de Rome,

I’ Académie se fera un plaisir d’offrir la méme hospitalité aux
épouses des savants invités, a Texclusion toutefois des frais de
voyage.

5. - The debates will be strictly private and will take the form of
personal talks, in the presence only of a few members of the Pontifical
Academy of Science with special knowledge of the subject under discussion.

Polyglot interpreters, stenographers, reporters, cte. will be placed at
the disposal of the participants.

6. - The « Conclusions » arrived at will be published in the form of
a « Collective Note » (to which may eventually be added individual notes)
mentioning:

&) the points on which agreement was reached;

b) the points on which it was impossible to reach agresment;

¢} the reasons why if was not possible to reach agreement;

d) suggestions regarding the research worle which appears most
suitable for arriving at a solution of the difficulties.

7. - The « Conclusions » reached will be immediately printed and
transmitted, by the Pontifical Academy of Science, to all the scientific
centres which might be interested therein.

§. - All travelling expenses, and accommodation in one of the best hotels
in Rome, of the persons invited to the meetings will be horne by the Pon-
tifical Academy of Science,

The Academy will be pleased to offer similar accommodation to the
wives of the scholars whe are invited, but not their travelling expenses.
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SOME PROBLEMS CONNECTED WITH THE
CHEMICAL COMPOSITION OF GALACTIC
COSMIC RADIATION

B, PETERS

Tustitule for Theorelical Physies, University of Copenhagen
Copenhagen - Denmark

Abstract — Progress in the investigation of some of the most basic
problems in cosmic ray physics presupposes a knowledge of the chemical
and isotopic composition of primary particles, which is more detailed
and accurate than can be obtained with existing technigues, but which
will prebably be soon within the technical competence of space research.
Such problems include a study of the degree of chemical fractionation
oceurting daring the initial stagos of particle acceleration, the question
whether cosmic ray particles of different energy follow similar trajec-
tories in interstellay space, the time scale involved in transferring
particles of dilferent energy from the source o the solar system, and
the question whether the particles observed here and now can be
atiribeted to a small number of distinet, strong sources or must be
considered as a mixture from nmany sources whose individual peculiar-
ties have become obliterated.  The relations of these questions to the
composition of primary cosmic radiation are discussed n this paper.
Apart from aiding the solution of such specific problems, a very detailed
knowledge of primary composition is a prerequisite for hitherto inconclu-
sive eflorts to relate abundance anomalies in cosmic radiation to those
observed in « peculiar » stars or 1o particular phases of the process of
nucleogenesis.

1] Peters I - pag. 1
. F
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1. INTRODUCTION

A detailed chemical and isotopic analysis of the nuclear
component of primary cosmic radiation has been rendered extre-
mely difficult in the past by an unavoidable layer of atmosphere
above the experimental equipment and, more imporfant still,
by limitations on the aperture of detectors which could be used
for measuring small particle fluxes and by the briefness of the
period for which these detectors could be maintained and
operated at great altitude. In ail experiments performed to
date it has been necessary, therefore, to correct for chemical
changes produced by spallation reactions in the upper atmo-
sphere and to sacrifice resolving power in the interest of gather-
ing adequate statistics. As a result, the relative abundance of
clements has been determined so far only for a few of the most
prominent nuclear species or groups of elements and even those
measurements are confined to a comparatively narrow energy
interval.

Since space technology is well on the way of providing
opportunities for using more elaborate equipment with greater
resolving power which can collect data continuously for months
or even years, it is possible to contemplate measuring the rela-
tive abundance of all the 28 elements lighter than copper, as
well as the isotopic composition of hydrogen and helium with
an accuracy of a few percent. To achieve such accuracy, flux
values for cach of the nuciei would have to exceed a few par-
ticles per square meter, second and steradian. This condition
is probably fully satisfied for all elements lighter than copper
because fragmentation processes in interstellar space will gene-
rate even those which are absent or very rare in the source
region. The same may be true for particles coming from the
sun, but this is not certain, Little is known as yet about the
probability for nuclear coliisions near the solay surface during
or after acceleration. It would be important to measure to

[1] Pelers T - pag. 2
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what extent the rarity of an clement manifests itself as gap in
the charge spectrum of solar particles.

A substantial progress in measuring techniques will also
make it possible to extend flux measarements to lower and
(for the more abundant elements in the galactic nuclear compo-
nents) also to higher energies than has been possible heretofore.

Although technically such a programme ought to become
feasible soom, it will be both difficult and costly. Presumably
it will involve the installation of elaborate electronic equipment
of large aperture (and therefore large dimensions) in space ships
or on a lunar base and possibly also the launching of large
stacks of emulsions and their return to carth after having been
processed in sitn, Such a programme will find itself in compe-
tition with many other scientifically worth-while objectives. The
justification for undertaking the very large effort which would
be required to improve the available crude analysis of primary
nuclear composition to the extent indicated, must be found in
the variety and the fundamental nature of as yet unanswered
questions which are likely fo remain unanswered until such
data become available,

A few questions of this kind are discussed; they illustrate
the scientific urgency of a research programme devoted to these
objectives.

One of the basic difficulties which one faces when trying to
derive from measurements on the particle beam information on
the chemical composition of the regions where cosmic rays
originate, is the uncertainty to what extent the process of
acceleration itself modifies the original abundance ratios. Frac-
ticnation effects, i.e. preferential acceleration of certain kinds
of particles could depend on molecular properties of the gases,
on the electronic structure of the gas atoms (in particular their
lonization potential), on the mass, or on the charge to mass
ratio of the stripped nuclei. As discussed in Scct. 3, it is pos-
sible to arrive at partial answers by a detailed chemical analysis
of the galactic component. However, such fractionation cffects

{1] Pelers I - pag. 3



PONTIFICIAY ACADEMIAL SCIENTIARVAM SCRIPTA YARYA - 2§

could also be studied by making very detailed chemical analy-
ses of particles accelerated at the sun and then comparing the
abundance ratios found in different flarc events with each other
as well as with those obtained spectroscopically. While it is
not certain that the accelerating processes occurring at the sun
are the same as those operative in the initial stages of the acce-
leration of galactic nuclei, it seems reasonable to expect that
fractionation processes which coukd cccur in cosmic ray sources
will have their counterpart on the sua,

Another scientifically most urgent, perhaps not too difficult,
problem is that of establishing some kind of time scale for the
transfer of particles from the source to the solar system. This
involves studying breakup products from collisions in the inter-
stellar gas which are either radioactive or recognizable as de-
riving from radicactive spallation products. It is shown in
Sect. 4 that, f.i., the ratics Be/Ii and Be/B are very sensitive
to the time scale involved in transit through interstellar space
if it lies somewhere in the interval of 1 to 1o million years, but
statistics of existing measurements would have to be improved
by a factor of order 5 or 10 before conclusions can be drawn
from them.

Also other important problems related to the transport of
particles throngh space can be investigated as soon as extend-
ed, statistically significant measurements on the flux of nuclides
of low abundance can be carried out in widely different energy
intervals. Given accurate cyclofron data on spallation cross
sections in collisions of profons with light and medium weight
targets, it seems possible to determine the thickness of the gas
layer traversed by the average cosmic ray nucleus with an
accuracy of the order of 10%, provided that the abundance of
spallation products among primary nuclei has been measured
roughly one order of magnitude more accurately than at pre-
sent, Technically, this seems feasible in a space programme
designed for the purpose. It would permit a decision as to
whether Tow and high energy particles traverse equal amounts

[1] Pefers I - pag. ¢
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of interstellar matter, i.e. verify whether the composition is
compatible with their following essentially similar trajectories.
Tacitly this has generally been assumed to be true, although
it is not at all obvious.

In the high energy region a study of chemical composition
as a function of particle energy may reveal detailed features of
the primary radiation for which there are as yet only weak
and indirect indications. It is conceivable {and if one accepts
the supernova theory of cosmic ray origin perhaps even prob-
able) that there are at present only a small number of distinct
sources strong enough to contribute to the observed particle
flux. If that is so, their spectra are likely to extend to different
high energy limits. Presumably these upper energy limits are
functions either of particle velocity or of magnetic rigidity, in
which case the superposition of such sources can produce in
the corresponding energy regions very characteristic identifiable
shifts in the ratio of light and heavy nuclei [1].

Finally, there is the general problem as to whether or not
cosmic rays exhibit strong abundance anomalies of a « non-
trivial » kind, e.g. induced neither during acccleration nor in
transit, whether such anomalies, if they exist, can be related to
those observed in « peculiar » stars and whether the overall
pattern of cosmic ray abundances can be related fo specific
stages in the process of nucieo-genesis, These questions have
been discussed from time to time, but inconclusively because
of the lack of reliable experimenta} data. The validity of va-
rious views on this subject can be tested only against a large
number of well measured abundance ratios more detailed and
more accurate than those obtainable by the techniques employed
in the past.

When considering these and similar questions, it appears
that even a comparatively modest improvement in our ability
to analyse the chemical composition is likely to yield great
rewards by deepening our understanding of galactic cosmic
radiation. One may expect substantial, and perhaps even ra-

f1] Petlers I - pag. 5
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dical, modifications of present views regarding the nature of
sources as well as the mechanism of acceleration and propa-
gation.

2, THE TRAVERSAL OF INTERSTELLAR MATTER

Determining the amount of matter traversed by ptimary
nuclei is closely related to the well-known problem of determin-
ing how much lithium, beryllium and boron is present in the
primary cosmic radiation.  After much labour this question
has been answered at least approximately. Until better measu-
rement techniques become available, one should probably use
the ratio given by O'DrrL et al. [2],

—Ic;— = 18% 4 4%

where L. denotes the flux of 1i, Be and B-nuclei and S denotes
that of carbon and heavier nuclei with the same energy per
nucleon. The wvalue was derived from measurements which
reguired smaller corrections for atmosphere effects than earlier
ones and is acceptable to most investigators who have worked
on this problem. It applies to particles in the encrgy region
lving roughly between 1.5 and 6 GeV/nucleon. What the
ratio is at other energies is not yet known, although there are
some findications that it increases with decreasing primary
energy.

Generally it is assumed that these three light elements are
so rare in the interstellar gas and any stellar object in which
nuclear reactions take place that, whatever flux is observed,
must be the result of spaliation reactions which occur in the
interstellar medium. TFrom the point of view of cosmic ray
analysis this remains true as long as these elements are at
least one hundred times rarer than heavier ones, i.e. even if

[x] Peters I - pag. 6
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they were more abundant in the source than on steliar surfaces
by several orders of magnitude. Therefore, by measuring spal-
lation cross sections in the laboratory for proton-nucleus col-
lision in the appropriate energy region as well as the flux of
light nuclei incident on the atmosphere, one can find how
much material primaries have traversed after having been
accelerated to an energy value at which nuclear interactions
become hmportant. A detailed analysis of this problem by
Bappwar et al. {3] shows that the amount of matter required
to produce Li, Be and B fragments is fairly independent of
the exact composition of the injected beam. 1f X, denofes the
interaction mean free path in hydrogen of a fast nucleus with
atomic weight A, the average numbers of Li, Be and B isotopes
produced in traversing one g/cm? of hydrogen has the follow-
ing values:

|
for A= 50; 0 = 0.048 (g/em?)

il

A =27, » = 0.067 {(g/cm?)~!
A= 14; » = 0.078 {g/cm? 1.

If a mixture of particles is injected in which the nuclei of
atomic weight of carbon or heavier occur in the same propor-
tions in which they are obscrved at the top of the atmosphere, a
traversal of 2.5::0.5 g/em? of hydrogen is required for the

______ 4% of Li, Be and B fragments. If one
assumes that only very heavy nuclei are accelerated at the
source, then about 3.5 g/cm? are necessary. In any case the
amount of matter traversed corresponds to about one or two
mean free paths of iron in hydrogen and, therefore, it is nof
negligible.  The thickness of the gas layer is comparable with
the amount of air the particles must traverse in the atmosphere
in order to reach an altitude corresponding to the best perform-
ance of present day balloons. In studying effects of spallation
reactions in interstellar space with traditional techniques, one

[1] Petlers I - pag. 7
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is still forced to work in a region where background and signal
are comparable, Therefore, no significant improvement in
accuracy can be expected until more powerful experimental
techniques can be brought to bear on this problem. Only then
will it become possible to make careful comparisons of the
chemical composition in different energy ranges and fo arrive
at a conclusive answer to the question whether primaries in
different energy ranges have traversed different thicknesses of
interstellar gas. TIf such differences in chemical composition
exist, it ought to be possible to distinguish possible causes, i.e.
whether the particles originated in different sources, or followed
different trajectories between the source and the solar system.

3. FracrioNarioNn EFFECTS IN THE ACCELERATING REGION

Even on the basis of the inaccurate data now available, it
seems possible to exclude certain types of fractionation pro-
cesses, .. the possibility that a very strong preference exists
in the source for accelerating the heaviest nuclei available. Tn
a recent review article, GINZBURG and SAROVATSKY [4] con-
sider very seriously the possibility of a source emitting only
heavy nuclei. They show that the necessary bias in favour of
heavy particles can be achieved by a mechanism which works
essentially as follows. In an acceleration process like that pro-
posed by FErMI, a process which gives to a particle an energy
increment proportional to its energy (including rest mass), a
heavy particle will gain energy much faster than a light one
of equal velocity. At the same time, for particles of a given
velocity the energy loss due to ionization does not depend crit-
ically on particle mass as long as the temperature is low
enough, so that multiply charged ions are rare. Thus in the
initial stages of acceleration, only heavy nuclei may have a not
gain and become accelerated. Having once aitained a supra-
thermal wvelocity, the particles may be favoured in the main

{r] Pelers T - pag. 8
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acceleration process even though by that time they will begin
to lose electrons in atomic coellisions. It seems possible then to
have a socurce which is selective and only permits iron and
ather very heavy nuclei to reach very high energy and escape,
But, as shown below, the evidence provided by the relative
abundance of elements represented in cosmic radiation is
against it

There is a certain group of primaries named H,-nuclei by
DanigEL ct al. [5] comprising atomic numbers 16 to 19, which
appear to be very rare or even absent in the source region. If
one takes the observed flux of nuclei of atomic number Zz20
and lets them traverse 2-3 g/cm? of hydrogen, one produces
by ablation in nuclear encounters as many H,-nuclei as are
actually observed. At the same time one produces an approxi-
matfely equal number of nuclei with atomic nnmbers between
Z=10 and 15 (which are called Hj-nuclei in DANIEL's nomen-
clature). Therefore, the number of Hy-nuclei observed should
be equal to the number of Hy-nuclei observed if the radiation
which leaves the source consists of Hj-nuclel (Z320) only.
Actually, however, H,/H =o0.15, while Hy/H,~2, i.e. larger
by at least an order of magnitude.

From this one must conclude that the assumption that only
H,-particles leave the source is untenable; most of the Hy-group
also has to be included in the truly primary cosmic radiation,

Once one accepts the emission of both Hjy and Hj-nuclei
from the source region, one needs the traversal of about 3 g/cm?
to produce the cbserved flux of L-group nuclei.  One can
calculate then how many medium nuclei {C,N,0Q,F) are produc-
ed in the interstcllar medium on the assumption that only
two groups (namely H, and H,) ieave the source. Tt turns
out that one cannot account for more than 20% of the flux of
medium group nuclei by means of interstellar spallation reac-
tions. Thus one is led fo the conclusion that also most of the
observed nuclei belonging to the medium group must be acce-
lerated at the sources and are truly primarics. It appears that

(1] Peters T - pag. o
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the data available at present make it quite clear that it is
not possible to get the composifion of the primary radiation as
observed near the earth, from a source which puts out only
or predominantly heavy particles. One needs a source which
puts out approximately the composition observed at the earth,
In other words, one is observing a charge spectrum which is
very closely related to the chemical composition of the matter
accelerated at the source.

The light elements arc not the only ones which can be used
for checking whether or not most of the observed nuclei have
undergone nuclear collisions in space. For instance, one finds
comparable numbers of neon and potassium [ragments when
bombarding iron with protons, while in the universe the abund-
ances of these elements differ by several orders of magnitude.
Existing measurements of this ratio in cosmic radiation are not
yet reliable, but apparently the ratio is large and not of order
unity. If this result can be verified in more accurate experi-
ments, it will imply that also in this case three is no agreement
between the expected spallation products of iron and the actual
composition of the primary radiation, supporting the evidence
against a strong fractionation during acceleration which is based
on nuclear mass.

One can alse show, though again not yet in an entirely
convincing manner, that the acceleration mechanism does not
strongly favour elements with low ionization potentials. Tor
instance, the abundance ratio Mg/He is not abnormal in cosmic
radiation indicating that magnesium, which has a comparatively
low lonization potential, is not accelerated preferentially, com-
pared to helium which has a very high one.

These then should be considered to be only the first tentative
answers to the question of fractionating cffects during particle
acceleration. Progress depends to some extent on better analy-
ses of the galactic charge spectrum, but much more can also
be fearned about this important problem by studying the com-
position of high energy nuclei emitted by the sun during flare

{1] Peters 1 - pag. 10
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activity. Deviations of the composition from spectroscopically
determined abundances in the gases of the photosphere and in
particular possible variations in the composition from event to
event and their correlation with flare type are likely to provide
new and valuable experimental data.

4. THE TiME SCALE OF THE DIFFUSION PROCESS

No methods exist as yet for measuring the time it takes
for an average particle to reach the neighbourhood of the earth
after acceleration. In principle such a question can be answer-
ed, although in a very approximate manner, by studying the
composition of radio-active nuclei or their decay products in
the primary cosmic radiation. This seems difficult but not at
all hopeless, as one can illustrate by an example:

After determining as accurately as possible the cross sections
for the fragments produced in interstellar space in 2.5 g/cm?
of hydrogen (using laboratory cross sections for proton bom-
bardment of clements of various atomic numbers} one studies
the changes produced by the decay of the unstable {ragments.
Proceeding in this manner, Bapnwar ct al. [3] find that the
relative number of fragments belonging to the groups of light
(Li, Be, B), medivm (C, N, O, F) and heavier elements (Z=10)
does not change appreciably by subsequent decay of radio-
active elements, but that measurable changes occur within the
light group of clements. Particularly the ratios Be/B and
Be/Li are subject to considerable changes which depend on
the age of the fragments,

According to these calculations, beryllium and boron nuclei
should be produced in spallation reactions in the ratio

Be: B=1:2
and beryllium, lithium in the ratio

Be: Li=1:1.3.

[1] Peters I - pag. 11
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In calculating these ratios, the fragments, B?, I3c?, Li#
which lead quickly to a-particles, and B2 which decays to
carbon in less than a fraction of a second have been neglected.
On the other hand, the contribution of fragments which decay
rapidly into one of the L-group elements (C", Li%, He®) have
been included.

The chemical composition within this group of fragments
will then change with time as a result of the decay of long lived
radio-active isotopes. These long term changes will be due
entircly to the transformation of beryllinm fragments. Accord-
ing to the best available estimates [3], the isotopes of beryllium
are produced in the ratio

Be' : Be® : Bel' = 1.5 : 2.2 : 1,

t.e. more than half of the beryllium fragments produced in
space are radioactive.
Be!  decays to Li’ by electron capture with a mean life
of 77 days,
Be® s stable,

and  Be!® decays to BY with a mean life of 4 x 109 years.

Be’ cannot decay in the absence of orbital electrons; how-
ever, a detailed calculation is needed in order to decide whether
or not the chance of capturing an orbital electron in flight
through space and then keeping it till the transformation to
Li7 takes place is significant in a period of order of a few mil-
lion years. Depending on which beryllium isopotes survive,
one cxpects the following ratios for primaries at the top of
the atmosphere:

Be,B Be/Li

Only Be® survives . . . . . o.2I 0.29
Only Be? and Be' survive . . 0.39 0.42
Only Be” and Be® » .. 036 o061
Be’, Be’, and Be' survive  0.50 0.77

[1] Peters T - pag. 12



SEMAINE R'ETUDRE SUR LE RAYONREMENT COSMIQUE ETC. 15

It lies within present day experimental technology to measure
these ratios in the primary cosmic radiation with the requisite
accuracy and to improve the estimates based on fragmentation
processes. The observed ratios as reported at the Kyoto Con-
ference [2}, [3] (which refer to particles with a mean energy
of about 7 GeV/nucleon), are Be/B=o0.3 and Be/Li=o0.45.
Hitherto, the dala are not accurate enough to permit a decision
as to whether or not the mean age of cosmic rays observed
near the earth exceeds the lifetime of Be!®. (The experimental
data available seemn to favour the conversion of Be’ fragments
to Li’ due to electron capture in flight, an effect which, if
it exists, should be very energy sensitive),

If one assumes tentatively a mean age for primaries shorter
than the mean life of Be!® and combines it with the best avail-
able estimate for the average amount of matter fraversed
suggested by the ratio of the entire group of Li, Be, B nuciei to
primaries of atomic number Z=6 (ie. 2.5--0.5 g/cm?), one
finds a mean gas density »,>0.3 atoms of hydrogen per cm?
along the average cosmic ray trajectory. This is acceptable if
the particles which we observe have spent all their life within
the galactic disc, but too high if the particies spend most of
their life in the halo.

It seemed worth while to go into this question of abundance
ratios in light elements in some detail in order to show that,
in this case, a comperatively small improvement in the accuracy
of experimental data on primary cosmic radiation and on pro-
ton induced spallation reactions may provide much moere de-
tailed information on the history of cosmic radiation than is
obtainable at present.

Tt seems also necessary to investigate theoretically the prob-
ability that a Be’ nucleus captures an electron in space. The
basic process is the inverse of the photo-ionizatien of a
hydrogen-like atom of charge 4. Once the electron has been
captured by the beryllium nucleus, it is not likely to be stripped
off again for several months at least, so that the transformation

[1]} Peters I - pag. 13
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to lithium should take place. Since the capture probability will
depend on particle energy as well as on gas temperature and on
the amount of material traversed by the particles before arrival
in the solar system, the calculation may create the possibility
for new experimental tests and provide a check as to whether
one begins to approach a selfconsistent picture of the history of
primary radiation,

5. PARTICULAR FRATURES 1n THE NUCLEAR COMPOSITION OF
THE SOURCE

Considerable changes in the chemical composition of prim-
ary cosmic radiation as a function of energy could arise in
the following hypothetical, but not necessarily improbable si-
tuation.

Let us assume that the solar system is so close to a particular
source of cosmic ray nuclel that this source dominates the
observed flux in the present cpoch. At the same time, let us
assume that this neighbour source accelerates particles only up
to some energy limit, which is lower than the highest cosmic ray
energies which have been measured so far, e.g. ~2 x 10/ eV.
Presumably the upper energy Hmit for particles emitted by
the dominant source will be a function of the magnetic rigidity.
Particles above the critical rigidity would then have to be
supplied by other, weaker and presumably more distant sout-
ces. Ifor the purpose of this discussion it is irrelevant whether
we think of the close and the distant sources as supernovae
in different parts of the galaxy or whether we think of galactic
and extragalactic sources as contributing the two components,
(One could also think of ALrFvEN’s picture of two sources repre-
senting the solar and the galactic contributions, respectively).
In any case, while the particle flux above a certain magnetic
rigidity {or energy per nucleon) will decrease sharply, there
will be no such rapid change in the flux of particles as a func-
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tion of their fofal energy; here «-particles will contribute the
major part of the flux beyond the point where the contribution
from protons ceases, and beyond the limit to which a-particles
can be accelerated, there will be still heavier nuclei with similar
rigidity but much higher total encrgy.

Assuming that the observed chemical composition and
energy spectrum in the region of several GeV are characteristic
of the dominant source, the integral energy spectrum of prima-
ties supplied by this source will change from a power spectrum
with exponent y=1.5 to one with exponent Y~z when the
cut-off value for protons is reached. Beyond this rather gentle
breack in the slope of the spectrum, the flux contributed by the
closer source will continue to decrease with slope v =2 until
it has reached a wvalue nearly 700 times lower than the flux
at the point where cui-off effects become noticeable. At still
higher energics only nuclel heavier than iron could make con-
tributicns, but such nuclei are probably rare in the dominant
source.  Throughout this steeper part of the spectrum, the
mean atomic weight of primaries must increase with energy.
However, before the flux has falien by a factor of order 7o0,
another « distant » source with a higher energy cut-off may
well become deminant, and at this point of the energy scale the
predeminance of lighter elements among the primaries will pre-
sumably be reestablished. Such quite dramatic changes in com-
position as a function of particle energy as are predicted on
the basis of the hypothesis seem to be absent in the region where
the primary composition has already been measured, 7.¢. below
a agnetic rigidity p/e Z=10" V. However, some evidence
seems to accumulate in favour of a cut-off in the magnetic rigi-
dity spectrum of the particles supplied by the locally dominant
source in the neighbourhood of p/e Za10" V [1].

Another much better established feature of the primary
chemical composition which may be of special astrophysical
significance is an apparent scarcity of nitrogen nuclei among
the ptimaries. The experimental facts are not yet entirely clear.

[1] Peters I - pag. 15
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In the ecarliest papers on the subject [6] nitrogen was found
to be less abundant than carben and oxygen by a factor of
about 3. The observed nitrogen flux was an upper limit
because the value was not yet corrected for nitrogen produced
in spallation reactions in the atmosphere above the ballcon.
For many years afterwards most experimenters, vsing methods
with somewhat lower charge resoiution, found nitrogen as abun-
dant as carbon. But in more recent investigations the minimum
has shown up again clearly [77.

It is not yet quite certain what should be chosen as the
best experimental value for the N/C ratio, but in any case
it is smaller than one. A reliable value for this ratic would
put further restrictions on possible theories of the origin of
cosmic rays. In the weli-known paper by BurBIDGE, BUR-
BIDGE, FowLER and HovLe on the origin of elements [87, the
authors discuss the ratic N/C in relation to stellar evolution
and show a graph giving the abundance ratic as a function
of the age of the star. According to their theory, this ratio is
always larger than one except during a comparatively brief
period proceeding instability (supernova phase). The explan-
ation for this behaviour is that during most of the stellar life the
energy balance is maintained by (p, $) reactions and the carbon
cycle:

CE (b, 1) N B CP (p, )N (p, ) OF B* N (p, o) CP,

in which helium is synthesized and C*? acts as catalyst. Since
in the relevant energy range (8o-120 KeV) the cross section
for the {p, v) reaction on N* is much smaller than the cross
section for the (p, v) reaction on C', the process tends fo build
up a large N/C ratio. Only in the last stages, when the hydro-
gen supply is exhansted and the heliwm burning phase has set
in, will large amounts of C* be synthesized. At that time, the
ratio N/C can fall to'a very low (but unknown) level. {Hydro-
gen burning near the surface in the subsequent white dwarf
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stage raises the ratio again to an estimated value of about
160).

If this behaviour of the relative abundance of nitrogen and
carbon during stellar evelution is assumed to be correct, a low
ratio N/C in cosmic radiation lends a certain amount of sup-
port fo the supernova theory of origin and its exact value
could be inferesting from the point of view of nucleo-genesis.

Peculiar features seem to occur also in the isotopic compo-
sition of primary helium. Apra Rao et al. [g] reported that
about one third of the primary helium with energy between 0.2
and 1.5 GeV/nucleen consist of the Hght isotope Hed. This
surprisingly high abundance of He® has not yet been verified
by other experimenters. In view of the importance of the pro-
blem, one would like to see this point clarified because the
implications are very far reaching. He' is one of those nuclei
which have a very large cross section for capture of neutrons,
so that it cannot live long in the hot atmosphere of a star and
therefare ought to be rare in the source region. Three ways
suggest themselves for producing He® cosmic ray primaries:

a) Spallation reactions on heavy nuclei. The difficulty
with this explanation lics in the fact that one cannot permit a
farge number of fragmentation collisions, because they would
produce too much Li, Be, B. One way out of the apparent
contradiction would be to assume that He® occurs only in the
low energy region of the primary spectrum where it has been
observed and where the abundance ratio 1./S has not yet been
measured with sufficient accuracy. If this is the correct explan-
ation, then it means that primary particles in the 500
MeV /nucleon region and 4 GeV/nucleon region go through
different amounts of matter. But if low and high energy
particles follow different trajectories in space, then the whole
problem of diffusion of cosmic rays is more complicated than
hitherto considered. New and more accurate experiments
are required to verify whether He? is present at low energies

[1] Peters 1 - pag. 17
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and rares at high energies, and whether the ratio 1./S increases
with decreasing primary energy. The presence of a large flux
of He?* among the primaries would raise basic questions related
to the diffusion of cosmic rays in the Galaxy.

b) It is also conceivable that He?® is produced in a proton
gas by successive neutron captures, perhaps in a neutron burst
at the time of a supernova explosion. In such a hypothesis
it is essential that the explosion pushes the hydrogen and neu-
tron interaction products out, so that they cannot inferact
again, The gas must cool and expand quickly. In such
a process, deuterons would be formed first and then, after
another neutron capture, tritons would be formed which later
decay to He®. This is not an attractive hypothesis because the
neutron capture cross section of deuterons is very low. It would
become more attractive if a very large deuteron flux were found
in the same energy region where He® is present, but whatever
evidence for primary deuterons exists is negative [10].

¢} Another possibility would be to produce He? from the
He* by (v, #) reactions, perhaps in a y-ray burst, such as might
occur during a supernova explosion,  Simultaneously some
boron must be formed by (v, #) reactions on carbon, boron
being the only element of the light group which is likely to
be enhanced in such a hypothetical y-ray burst.  Such an
effect may show up in a careful study of the Be/B rafio,
discussed in Sect. 4.

Interesting new problems may arise also from careful flux
measurements of the nuclei in the neighbourhood of the irem
peak or from detailed investigations in other regions of the
charge spectrum.

Practically all the problems discussed in this paper require
an analysis of the primary charge spectrum which is more
accurate than present day values by about an order of magni-
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tude which takes most of them outside of the range which can
be studied with techniques which have dominated the field
till now, 7.e. balloons and emulsions. Satellites and electronic
detectors with high resolving power appear to be essential for
future progress in this field.

1] Peiers I - pag. 19
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DISCUSSION

Chatrman: G, LEMAITRE

SIMPSON

I might comment on the experimental side of the problem as I
have viewed it. In the last two or three years we have heen inte-
rested in designing instrumentation which could investigate the
problems which Prof. Prrirs has discussed here and one can see
immediately where some of the difficalties lie. TFirst, there is no
question that we must carry out these measnrements in space, free
[rom any overlying atmosphere. Secondly, for high energy particles,
existing techniques are available for measuring energy loss and
total energy which use scintillation crystals and photomultipliers.
The real difficulty arises when one begins o ask questions regarding
the charge and isotopic composition of the particle flux at lower
energics. By low energies I mean the range 500 KeV to order
100 MeV/nucleon. Over part of this energy range conventional de-
tectors cannot be used. It is, therefore, readily seen that the best
approach at this time is to usec solid state detectors, Some of the
characteristics of a typical solid state detector are as foilows. First,
solid state devices are extremely fast in response so there is no
problem abeut time resolution and the pick-up of charge. Secondly,
their linearity as a function of nuclear charge excceds that of most
scintillation crystals. Thirdly, since they are cut from single crystals
of silicon, the detector thickness lies in the range 50 j to 500 . We
are presently working in the range 200 to 300 y to constract telesco-
pes measuring energy loss, fotal energy, ete. These felescopes will
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be used to study the light and intermediate nuclei, and possibly the
heavy nuclel, T mention these developments because the technology
has only recently evolved.

PETERS

I wonder whether we might be able to get information on the
isotopie distribution of beryllium.

SIMPSON

At the present time it is not possible to look for any isotope
ratios beyond helium with the possible question mark of whether one

could separate Lié and Li7%.

PETERS

Maybe one more remark on this: would it be possible to measure
the ratio Be/Li and Be/B with an accuracy of the order of 5%
or better which is necessary in order to answer these questions of
time of flight?

SIMPSON

It is possible to achicve this accuracy in measuring these ratios
for chemical composition, but we de not know whether presentl
)
planned experiments will achieve this precision at low energies.

NEY

The figure that you gave us of 3x10-! atoms/cm? would be,
I think, extremely important astrophysically if one were sure that
it werc right. Now this is based on fwo assumptions: that Bel0
survives till the time of flight is 4 miilion years and that hydrogen
is the principal constifuent of the space.
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BIERMANN

With respect to the Jast peint there is some evidence that the
interstellar material has quite a considerable proportion of helivm,
possibly something like 40% by mass or so. I wonder how that
will affect your argument and the figures which you give.

PiTERS

Even now the spailation reactions (which are 2ll in the range
of present accelerators) of hydrogen on materials of the same com-
position as the cosmic ray beam, are not good enough to rely on
the numbers I quoted. The measurements would have to be extended
of course to the g-reactions on carbon, nitrogen, oxygen and heavier
elements. There is no difficulty in principle in doing this; it is just
work that has not been done yet.

HavakaAwaA

T want to make a small comment on the pick-up process of
Be?. T have made some estimates; as far as I remember 1 think
that Be? would not become Li7 within travels in interstellar matter.
See: S, Havaxawa, K. Ito, Y. TurasziMa, Progr. Theor. Phys.
Suppl. No. 6, 1 (1958), p. 19-z0, Eqs(23)-(24); the velocity de-
pendence is also given there. The second point T would like to
make is the N/C ratio. It is certainly difficult to have the small
N/C ratio but in the supernova cxplosion there may be some layer
which has a very high temperature and will be ejected into interstel-
lar space. The nuclear reaction rates therein are very high and
the cycle goes to oxygen, namely CNO cycle; then most of nitrogen
will be destroyed and C and O become more abundant than N.

AMALDI

May I ask one more point about your argument on Bel®? Did I
understand cotrectly that from the fact that the average density of
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matter traversed is 0.3 afoms per em? one can deduce that this
part has not crossed the halo of the Galaxy? Or did T misunderstand?

PETERS

The argument is this. The preduction ratio of beryllium and
boron can be studied. It will change with time in a period of the
order of 4 million years. The present data indicate that perhaps
the ratio is such as to suggest that Bel® had no time to decay. If
you combine this fact with 2.5 g/em? of material traversed then
you get a minimum value for the density of material along the
trajectory of the order of 0.3 atoms per ecm? hased on the assump-
tion that the gas is hydrogen {which would be modified by what
Prof. Ny and B1irManN said) and on the assumption that the data
whiclh we have and which we know are nof very good, were accurate,
Such a density would be acceptable if the particles moved in the
galactic disc, but too high if most of the trajectory lies within
the halo.

SINGER

I' gather from your remarks that you don’t fee! that the results
can be accepted yet; but assuming that the He? that has been
measured is genuine, then there must be a concomitant result in
the sense that deuterium and tritons (H3) would be produced by
spallation.  Would you give your opinion concerning the ease with
which the resulting tritons can be measuied?

PETERS

Tritens would of course not be present in the galactic component
because they would decay to He3, But whether or not deuterons
should Dbe present depends on the mechanism by which Hed is
believed to be made: if it is spallation or neutron-capture what
Prof. SINGER says is right; if it is a y-ray burst and it is produced
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from Het, then we would expect an increase of B and He? to go
nand in hand and no deuterons. At the moment the evidence
against deunterons is rather strong, and so personally I am inclined
to think that if the presence of Ie3 should be verified then the
part whicli cannot be accounted for by spallation reactions, that is
a fraction comparable to the Li, Be and B produced, needs to be
explained in terms of y-ray reactions on Het.

SINGER

Concerning this question of presence of tritons, I imagine that
this would depend very much on where the cosmic rays have spent
their last several half lives, say 50 years, If they indeed have been
in the interplanctary region where the density is fairly high, then
the triton intensity would be correspondingly higher and perhaps
measurable.

PETERS

Did T understand your point of view correctly that you think
it possible that the galactic particles in the energy range of a few
GeV spent 50 years in the interplanetary system? Because then of
course one is tempted to think of a situation rather close to what
Prof. ALFVEN has been suggesting. One cannot speak any more very
well of galactic particles with confidence if the sun can store them
for 50 years; if they can be stored for 50 years, solar particles may
very well dominate the flux.

SINGER

I did not use the word galactic, I was really trying not to
prejudice the discussion one way or the other; it is just a matter
of whether the component might be detectable from an experimental
point of view. It is quite difficult of course, to detect tritons and
1 am ready to welcome the opinion particularly with respect to de-
tection in emulsions.
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Prrers

I think that at high encrgy it is possible to distinguish deuterons
from protons if the flux is as high as 5 to 10%. That comnes from
the fact that a certain fraction of the interactions are stripping reac-
tions where there is a proton proceeding without any measurable
transfer of momentum in the original direction. Reactions where
this appears to happen by accident, .e. a fast particle comes out
accurately in the forward direction, have been studied at proton
energies of a few GeV and they are so rare that if the same beam
had contained deuterons une would have detected them, The ac-
curacy could be about 16%,. Tritons would behave in much the same
way in the high energy region; I do not see any way, at the moment,
of distinguishing tritons from deuterons among the singly-charged
primaries. At low energies of course, techniques are, as you know,
a little bit difficult., Deuterons and tritons have been locked for
among very low energy particles, and have not been found. And
I don’t have any opinion on how safe these results are at present.
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EXTENSIVE AIR SHOWERS AT 5200 METRES
ABOVE SEA LEVEL AND SEARCH FOR HIGH
ENERGY PRIMARY GAMMA RAYS (*)

G. CLARIC (1, T. ESCOBAR (3, K. MURAKAMI ) and K. SUGA (%

Laboratorio de Fisica Cdosmica, Universidad Mayor de San Andrés
La Paz - Bolivia

Abstract — We report here the preliminary resulls obtained by our
group during first six months of the operation of the Bolivian Air
Shower Joint Experiment (BAS]JE) at Chacaltaya. The report is
presented in itwo parts.

Part T of the report describes the chief characteristics of EAS
observed at 5zoo m above sea level. The main result of this study are¢:

) the observed showers having sizes in the range coro® fo eoI0f are
near their maximum development;

»Y the fiuctuations in the number of muons in the observed showers
is only one third of that observed at sca level;

¢) the lateral distribution of the observed showers, follows N.IK.G.
function with hest 's' walue slightly less than naity;

{(*) This research is being supported, in part, by the United States Air
Jrarce, under Contract No. AF 49(638)-9z2z.

('y Laboratory for Nuclear Science, Massuchuseils Imstiluie of Techno-
logy - TL.S.A.

(0 Laboratorio de Fisica Cosmtica, Universidad Meayor de San Andrés -
T.a Paz, Bolivia.

(%) Tustilwie of Physical aud Chentical Rescarch - Tokyo, Japan,

(%) Tnstitawle for Nuclear Study, University of Tokyo - Tokyo, Japan.
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d) there exists an indication of a 'knee’ in the size spectrum of the

showers in the range 2z x 10° o 5x 10%

Part IT of the report mainly outlines the approach of our group for
the search for high energy primary gamma rays. Our results, perlaining
to this study, indicate that there cxist & group of showers having an
extraordinarily small proportion of muons. The ratio of the frequency
of this group of showers to that of ordinary showers is cwjx 107 fur
energies above 1o eV. It is suggested that this group of showers may
have as their parent high energy primary gema rays although we
can't yet rule out the possibility of this group of showers having been
produced by an extreme fluctuation of a few neutral pions. Further
there is some indication of & possible excess of the muonless showcers
coming from the plane of galaxy though this result has not peen
established with high enough statistical precision.

Part 1

GENERAL CHARACTERISTICS OF LLAS

The Bolivian Air Shower Joint Experiment (BASJE) has
been in operation since Janwvary of this year. The altitude of
the site at Chacaltaya where the ecquipment is located is
5,200 m above sea level (atmospheric depth, 530 g/em?). The
geographic location of this site is 16°1¢’S, latitude and 68°10'W,
longitude.

The experiment has been designed for the following main
purposes:

1} To search for showers generated by primary cosmic y-rays
of energy greater than 10™ eV,

2) To search for evidence of high Z primaries.

3) To study the character of ultra high energy nuclear inter-
actions.

Since the basic approach to these goals has been outlined
at the Kyoto and Mexico Conferences [1], [2], the present

-
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report will be limited to a hrief description of the apparatus
and a summary of the preliminary results obtained in the frst
six months of operation.

Ag reported at the Kyoto Conference, the equipment consists
of seventeen 0.9 m® electron density detectors to determine the
size and lateral distribution of the air showers, five scintillators
to determine their arrival direction by the fast timing method,
6o m? of scintillation detector {fifteen 4 m? units) under heavy
shielding, and seven 0.2 m? lead glass Cerenkov detectors,
each of 12 radiation lengths thickness, forming an energy flow
meler. The whole arrangement is shown in Fig. 1. Except for
the fast timing array, the method of displaying the signals
from all these detectors is tc use a pulse-height to logarithmic
pulse-length conversion that gives a wide dynamic range of
four decades with good accuracy. TFor instance, the usabie
response of the density detectors ranges from 0.5 to about
5 x 10% incident particles.

The 60 m? detectoy is presently under a shielding of concrete
and lead ore of about 320 g/em? fotal thickness. The arran-
gement is shown in Fig. 2. In the scarch for y-ray pri-
maries, the efficiency of both the detector and the shielding
must be carefully investigated. The details will be explained in
the second part of this report. As has been already mentioned
each of the 4 m® units comprising this detector has a usable
response of from 0.3 to about 5x10* penetrating particles.
The inefficiency because of the loss of pulses corresponding to
less than o.3 particles is only 1.5% of the total frequency of
single penetrating particles.

Four scintillators of the fast timing array are on a horizontal
plane at the vertexes of a square, 30 m on a side. The fifth
fast timing detector is located on a tower g.7 m above the center
of this horizontal plane. The accuracy in the determination of
the arrival direction is about 5%

The basic triggering requirement used was that any one
of the five central density detectors record thirty or more shower

[2] Escobar - pag. 3
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SEMAINE D'ETUDE SUR LE RAVONNEMENT COSMIQUE KETC, 33

particles and that each of the five detectors located in the
15 m ring be struck by 3 or more particles. The counting rate
with this requirement is about 250/hour at Chacaltaya.

During the first six months of operation interesting results
have been obtained. Some of these results, which are related
to gamma ray astronomy, will be presented later. This report
will be confined to describing some of the features of air showers
as observed at Chacaltaya,

1. Zewith Angle Dependence

The shower frequencies as function of zenith angle were
obtained for two size groups. Tig. 3 shows the relalive change
of frequency per unit solid angle with atmospheric depth cor-
responding to zenith angle, The upper curve is for showers
with an average size of a few times 10°. The lower curve refers
to showers whose average size is a few times zo®. There is no
significant difference in the attenuation lenght for the two size
groups and the maximum frequency seen near Goo g/cm? in
both cases shows that almost all of the showers observed at
Chacaltaya are near their maximum development in the
atmosphere.

2. Fluciuations in the Number of \w-mesons

Considering the efficiency for the detection of air shower,
it is expected that fluctuations in the height of the first nuclear
interaction decrease as the observation point approaches the
altitude of maximum air shower development [3], [4]. As a
result, the fluctuations in the number of p-mesons should also
decrease as onc approaches that altitude. Tig. 4 shows the
observed ratio of the w-meson density (3500 MeV) to the
electron density for showers of a few times 10° size. As may
be scen in this figure, the magnitude of the fluctuation in the
number of p-mesons is about three fimes smaller than that
observed at sea level [5].

[2] Escobar - pag. 5
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FREQUENCY - DEPTH CURVES
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Tz, 3 — Frequency-depth curves. Upper curve is for the showers of the

size of a few times 10°, Lower one is for the size of a few times 10°. Both
curves are not normalized to the absolute intensity.
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is more than soo MeV and the size is estimated as about 108
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3. Lateral Distribution

The data from the density detectors were analyzed by an
I.B.M. 7090 computer, to determine the lateral density distri-
bution of the shower particles. The trial functions used were
the N.X.G. distribution for s=0.6 and s=1. The deviations
of the observed densities from those predicted by these fanctions
were examined by the ¥? method and it was determined that
the ohserved values agreed much better with the distribution
for s=71 rather than that for s=0.6. The average size of the
showers used in this determination is a few times 10%. A closer
examination of the deviations indicates that the distribution
with a value of s slightly less than 1 would give an even better
agreement,  This result is fairly consistent with the above
mentioned zenith angle dependence which indicates also that
the showers are near their maximum development.

4. Size Spectrum

Currently, one of the more interesting features in air shower
work is the change in the exponent of the power law represent-
ing the size spectrum. This change which occurs at about a
few times 10°, has been observed at mountain altitudes as well
as at sea level [61, [7], [8]. In order to determine whether this
change in the exponent represents a change in the primary
spectrum or a change in the nature of the nuclear interaction,
a size spectrum determination at Chacaltaya is very impor-
tant. When showers are near their maximum development, the
effect of the fluctuation in the height of the first interaction on
the shower size is less important and the size spectrum more
accurately reflects the energy spectrum.

A spectrum obtained from the data taken at Chacaltaya
is shown in Fig. 5. The intensity, expressed in cm™Zsec™’,
should be divided by the effective solid angle, 1.8, to obtain
the vertical intensity in cm~2sec~!ster='. Although the present
data is too poor to determine the size spectrum precisely, there

{2] Escobar - pag. &
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1. 5 — Size spectrum observed at CHACALTAYA.
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does seem to be a change in the spectrum at a few times 10°, If
we plot a straight line over the whole range, the best value
of the exponent would be 1.8. But if a knee is assumed to
occur in this spectrum, it would doubtless occur within the
range of from 2 x 10% to §x 10%

If we are able to substantiate the existence of a change in
this region, it would be of great importance when compared
with the results obtained at lower allitudes. In the following
months of operation, special consideration will be given to
obtaining a precise size spectrum.

Part 1T
Privary Gamaia Ray OBSERVATIONS BY [BAS

We shall report on a preliminary analysis of the existing
data which was made for the purpose of searching for showers
generated by primary y-rays. The criterion used in look-
ing for such events is that showers produced by primary y-rays
must not contain appreciable numbers of p-mesons and nuclear-
active particles. The experimental arrangement has been de-
scribed previously. Here, we shall briefly describe those
features of the eguipment that should be familiar for an under-
standing of the analysis.

1. Experimenial Avrangement and Classificalion of Showers

&) The accuracy of the determination of the arrival di-
rection by the fast timing array is about +£35° for both the
zenith and azimuthal angle.

B) The shielding material above the 6o cm? detector con-
sists of 165 g/cm? of galena (PbS ore), 60 cm of reinforced
concrete (132 g/em?), and 2 cm of lead. Also, the sides
of this detector are enclosed by about 500 g/cm? of galena.
The lowest energy of w-mesons able tc penetrate this shield-

[2} Escobar - pag. 10
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ing from above is about 500 MeV. When a nuclear-active part-
icle of 10'* eV undergoes a nuclear interaction in the concrete,
it produces a pulse in the 6o m? detector which corresponds,
on the average, o 500 relativistic particles.

In order to determine whether there might be a confusion
between nuclear showers with an appreciable number of
t-mesons and a y-ray shower with few p-mesons, one must
question the efficiency of the 60 m? detector. TExperimental
results show that the inefficiency in detecting single p-mesons
s as small as 1.59%. T, because of inefficient absorption of
electromagnetic components by the galena and fthe concrete,
survival of y-rays were to produce Compton electrons in the
scintillation material, a true y-ray shower with no |t-mesons
might be mistaken for a nuclear shower which, because of
extreme fluctuations, confained very few p-mesons. Experi-
mental information on the pulse-height distribution at the lower
end indicates that the disfribution is inconsistent with that
which would be obtained from Compton electron due to this
survival of y-rays. However, the spectrum obtained from
showers whose cores strike more than 20 m from the 6o m?
detector is consistent with that of single w-mesons. Therefore,
confusion in the nature of the showers that is due to the above
mentioned effects is expected to be very small.

The triggering requirement used was that a least 30 part-
icles strike any one of the five central, unshielded detectors
above 60 m? detector and three or inore particles strike each of
the five unshielded detectors in the ring of 15 m radius. The
counting rate with this requirement is about 250 per hour.
During most of the running time an anticoincidence requirement
was added so as to only pick up events in which the number
of relativistic particles in the 60 m? detector is less than eight.
We classified the showers obtained with the above triggering
requirement as shown in the following table.

{2} Escobar - pag. ©r
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TaBLE T

Distance Between Core

and Center of 60m? Det. Range of Size Average Size
A-Showers R<lto m 5x 10%vg x 108 1092 x 108
B-Showers 1o m=tR<l30m 1030108 5x 10"
C-Showers 30 m=R =8 % 10° 152 x 108

2. Results
a) Recognition of separate groups of showers,

Fig. 6 shows some of the features of showers that were
observed without the anticoincidence requirement. Each point,
representing an individual shower, gives the relationship be-
tween the total number of relativistic particles recorded by the
60 m? detector and the total number of shower particles in the
five unshielded detectors above the 60 m? detector. The
A, B and C-showers have been grouped individually, 10,100
and 1000 on the abscissa should be read as 134, 1340 and
13400, respectively, to obtain the total number of shower
particles above the 6o m? detector. The diagonal lines (iv/e) in
the figures represent constant ratios of particles recorded by
the 60 m? shielded detector to the number of particles above
the shield.

For the A-showers the points scatter so widely that it must
mean that the nuclear-active component contributes appre-
ciably.  However, for the C-showers the magnitude of the
spread is only about three. The main contribution for these
showers comes from the p-mesons. The ratio n/e is about
1023 x 1072 From these figures it can be scen that the pro-
portion of showers with few p-mesons (i.¢., the possible can-
didates for y-ray showers) is quite small,

[2} Escobar - pag. 12
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Fig. 7 is presented to show the relative rates of showers
with different numbers of p-mescns. The abscissa, with a dif-
ferential interval Ap=1, gives the summation of the number
of relativistic particles traversing the fifteen units which com-
prise the 60 m? detector. Again, the showers have been grouped
into the A, B and C core locations. [t is clearly scen that, for
the C-showers, there exists a sepavaie group of showers with
an exceptionally small wumber of w-mesons. The full line
in the figure showing the C-showers represents the Poissonian
distribution for an average number of ten p-mesons. The
proportion of the number of showers in this separate group
to the total number of showers is about 2 x 1073 for the same
size. Also, the proportion of showers without any p-mesons
to the total number of showers is about 3 x 10—, This separate
group of showers may be a possible indication of showers ge-
nerated by primary y-rays but one cannct rule ont the pos-
sibility that these showers were produced by a nuclear inter-
action that, because of extreme fluctuation, produced a few
neutral w-mesons with great inelasticity.

Tn the A and B- showers, it is difficult to distinguish a se-
parate class of showers. This seems to be reasonably explained
by the fact that the relative amount of p-mesons to electrons
is smaller near the core than far from it. Also, the fluctuation
of the nuclear-active component smears out the clear cut separ-
ation of these extraordinary showers. By superimposing a
distribution (shown by a dotted diagonal line in the case of
B-showers) as was done for the C-showers, we can tentatively
estimate the relative proportion of extraordinary showers. A
vaiue of 1.5 x 107 was obtained. This figure is quite consistent
with that obtained for the C-showers.

The characteristic of this separate group arc thase of pure
cascades whether produced by a primary fy-ray or primary
protons which interact with extreme fluctvations. The longi-
tudinal development of showers produced by y-rays and
by protons is shown in Fig. 8. Approximation B was used for

2] Escobar - pag. 33
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the photon initiated pure cascade and the calculations of
Urna [g] are reproduced for the nuclear showers. The size
of a phofon shower is about three times larger than that of a
proton shower over the range of depth from 3530 g/cm?
(Chacaltaya wverfical) o 760 g/cm? (Chacaltaya 45°). As-
suming that the primary energy exponent is —r1.5 to ~2z.0
for both primary proton and vy-ray a valwe of 3x710™*
is oblained (al the same enevgy) for the velative propoviion of
the separate group of showers instead of 2 x 1073 at the same
size, Table IT shows the energy of the primary particles pro-
ducing the A, B and C- showers observed on Mt, Chacaltaya.
For the convenience of discussion, a value of n=0.5 has been
assumed for the proton showers.

Tasre 11

Range of Primary Range of Primary

Proton Encrgy (¢V) Photon Energy (eV)
A-Showers 10wz x 101 5 x 10135 x 10!
B-Showers 3 x 10Ny x 10" roMeoroh
C-Showers 2 x 1o 8 x 10¥*

b) Distribution of arrival directions.
The celestials arrival directions of showers with few p-mesons
are shown in Figs. ga, gb, gc. For the C-showers, the black
circles and the triangles represent showers with extremely few
p-mesons.  There is no striking anisotropy and the points
scatter equaily over the whole sky. Tig. ga shows the
arrival directions of A, B and C-showers with no p-mesons.
A ¥ test on this distribution rejects the significance of any
lumpy aggregation over the whole sky. A test was made for
enhancement along the galactic plane. Points within 5° (109)
of the galactic plane were picked up and counted. The real

2] Escobar - pag. 14
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galactic plane with this interval was then shifted by 15° of
right ascension and the points now within the 5° (10°) interval
were counted. The process was repeated 24 times. Fig. 10
shows the result of this procedure. The ordinate gives the
number of showers counted in cach shift and the abscissa shows
the interval with O being the real galactic plane. There seems
to be a slight increase near the galactic plane but the enhance-
ment is not significant. Taking points within 5° of the galactic
plane an enhancement of 5x107° {:-60%,) over the back-
ground of showers of the same energy is obtained under the
assumption that the enhancement is due to primary vy-rays.

3. Conclusions

The tentative conclusions are the following:

1) There exists a separate group of showers with an extraordi-
narily small amount of p-mesons.

2} The frequency ratio of this group to the ordinary showers
of the same encrgy is about 3 x 10~% (above 10" eV),

3) This group might be a possible indication of the existence
of primary vy-rays but the possibility that these showers
are the product of nuclear interactions, which, because of
extreme fluctuation, have high inelasticity and produce only
a few neuiral w-mesons,

4) There might be a slight trace of showers without t-mesons
that come from the direction of the galactic plane (above
10M ¢V).

5} The frequency of this trace of showers is about §x 1073
{:£:60%) above the background of showers of the same
Cnergy.

The first three conclusions came from ocobservation of the
C-showers. 4) and 5) came from the observation of A, I3 and
C-showers.

[2] Fscobar - pag. 18
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Supplementary Remarks

To allow a comparison with these conclusions to be made,
the expected ratio of y-rays will be given:

1) For isotropic y-rays above 10" eV:

In the halo of the galaxy, the p+p->a® process is predo-
minant. The ratio of y-rays to protons at the same energy
is of the order of ro~7 under the assumption that the density
is 10=%/cm?® of hydrogen and that the intensity of cosmic rays
is the same as found near the earth. For gamma rays coming
from intergalactic space the p + starlight -» n® is predomi-
nant [10]. The ratio is 10~4, if the same intensity of cosmic
rays as near the carth is assumed and attenuation by the
v + starlight et +e~ is considered.

2} y-rays coming from within 5% of the galactic plane:

The ratio is of an order of 0% to 2 x 107% if r/cm?® of hydro-
gen is assumed and if the cosmic ray intensity is constant
throughout the whole galactic plane.

Polish and French co-operative groups are also working
on the same sort of approach at sca level. They got a value
of 3 x 1073 at same size, as the ratio of abnormal showers with
few p-meson and ordinary showers [11], indicaling a con-
sistent result with onrs, Results on primary y-ray with energy
more than 50 MeV by KrausHaak and CrLARK [12] must be
compared with present results. These y-rays have not a striking
anisofropic distribution and the average intensity lies between
3 and 10 x 10~% emZsec'ster .

This result appears to indicate the existence of an extra-
galactic source of y-rays. If these y-rays were produced by
collisions of cosmic rays with intergalactic matter, and if the
density of the latter is taken as 3 x 10~%/cm?, one would have
to assume that the cosmic ray intensity is uniform throughout
the Universe.

[2] Escobar - pag. 20
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Equipment to be added in the wnear future

We are planning to supplement the BASTE instaliatiou with
the following eguipments:

a) A 9" x 12" neon hodoscope.

Placed over the central density detector and the cloud
chamber, the device will allow a detailed study of the core
structure to he made. Considering that the frequency of shower
cores striking the hodoscope will be extremely large on
Mt.Chacaltaya, we hope that this device will provide much new
infermation on the character of ultra-high energy nuclear inter-
actions and the constituent of primary particles. When their
present purpose has been fulfilled, the energy flow detectors
will be clustered underncath the hodoscope to aid in this study.

b) Image Intensifier System.

A light detector to record the Cerenkov light produced in
the atmosphere by EAS is being planned. This device will be
of the type described by PortEr and Hirr [13]. Utilizing an
image intensifier system and allowing direct photegraphy, the
detector will have a high angular resolution. A preliminary
experiment was done a few weeks ago at Chacaltaya by HiLL
and Overseck and equipment, suitable for steady operation,
is now under construction. The most promising use of this
detector is to provide an angular resolution that may be better
by a factor of ten over the fast timing method of determining
the arrival direction. If so, this additional equipment will pro-
vide a powerful method of surveying astronomical objects of
small angular size such as the galactic nucleus and intense radic
nebulae.

The Authors wish to express their deepest gratitude toward
Dr. M. LaAPoinTE, Messers. R. ScHULCZEWSKI, A. GARCIA,
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I. Saravia and J. IriRa for their contribntions in operating the
equipment and in the analysis of the data.

We also want to thank the Japanese Ministry of Education
and the Bolivian Government for their support to make this
experiment possible.
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DISCUSSION

Chatriman: G. LEMATTRE

Ngy

We know that there are electron primaries in cosmic rays at
109 to zo¥ ¢V to the extent of about 1% of the protons. Why
should we not consider the smaller flux at your higher energy to
be electrons aiso?

EscoBar

I don’t think we shall find many clectrons of, say, 1015 ¢V
because electrons of this high energy are slowed down rapidly by
bremsstrahlung in the magnetic field of the galaxy.

Ross)

Ir this connection I would like to mention that Grorcy CLARK
has made an interesting remark; fhis is that the magnetic hremsstral-
hing produced by electrons of 101 GeV has a spectrum peaked at a
wave length in the X-ray region. I would like also to mention that
recently Graccony and others have found some evidence the
X-rays coming from a region near the centre of the galaxy. This
is a recent rockel experiment, As we all know, it is very difficult to
make precise statements from a single experiment, but the evidence
is rather convincing.

[2] Escobar - pag. 25
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PatERS

What is the chance of carrying out measurements of the kind
that you have been describing al somewhal lower energies? Pre-
sumably, the chance of seeing y-rays from stellar objects will in-
crease rather rapidly. In the case of the Crab Nebula v-rays of
1012 ¢V exist almost certainly, ro!® probably exists; but 1015 is out
of the range of these objects,

Esconar

When you go to very low energies then the identification of
the type of shower is going to be very difiicult, because the main
problem is how we are going to make a clear distinction between
showers which contain and do not contain any nuclear-active part-
icles or any p-mesons. [ would like to repeat here that one of
our main wosries iz the possibility that nucleons may produce s
less showers by some extreme fluctvations in the first interaction,

Prrers

Perhaps I should make a remark on what you said last. Evid-
ence collected recently seems to show that if two nucleons collide
they rarely appear in the ground state, rather they find themselves
in one of the isobaric states. I such an isobaric state decays in
the neutral mode you are bound to get a wo-meson which carries
on the average 25%, maximum 70% of the primary encrgy. This
is a normal process in high energy interactions, based on the fact
that there are 40 known excited states of the baryon, they can
all be populated, and the ground state is relatively rare, So it will
be rather difficult fo eliminate showers in which a large transfer of
energy to a single £9-meson takes place right at the first interaction.
The criterion will have to be rather sharp in order to distinguish
y-ray induced from proton induced showers.

CSCOBAR

This is correct; in fact we shall try to study carefully all para-
meters of the two types of showers, such as the lateral distribution,
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size spectrum and directions of arrival, to find out whether there
is a possibility of making such a distinction. Furthermore we shall
also i1y to improve the determination of the direction of the arrival
in order to see if we are able to detect the ultra-high energy vy-rays
from point sources like the Cral Nebula.

Rossi

I should like to amplify on what Dr. Escosar said. This is
reaily our main worry, trying to find out what these p-less showers
are. 1 discussed it recently with Dr. Crarx and Dr. Opa who agree
with Dr. Escoar’s remarks. In particular, there might be a pos-
sibility of evalnating the «age» of a shower {and therefore the
distance from the point of the first interaction) by studying the
density distribution at very small distances from the core, the sort
of things that the Tokyo group has been doing. At very large
distances the lateral distribution is approximately the same for all
showers. However, at smal} distances there are large fluctuations,
which appear to be related to the fluctuations in the depth of the
first interaction.

GHERZY
May I ask why did you shicld with galena, which is an impure
matter, instead of lead?

ESCOBAR

This was for economical reasons only. We get the galena cheaper.
It is only for shielding purposes. Provided that it is a very heavy
material it will be the same whether it is galena or any other heavy
material.

AMALDL

May 1 ask if you could explain what you said about muen-clec-
tron ratio. If 1 understood correctly, you said that at your high
altitude station this w-e ratio has a spread smaller than that obscrv-
ed at sea level. [ believe that you mentioned a factor around 1/3.
Do you know what is the reason?
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LEsCoBAR

At Chacaltaya we are near the maximum of the development of
showers. Thus a small change in the position of the first interaction
does not change the number of electrons appreciably. On the other
hand, the p-meson component decreases slowly past the maximum.

Havakawa

1 want to emphasize the point made by Prof. PetErs, I think
it is quite true that we have high energy wo-mesons which would
give us a big amount of electrons. If it would alse happen in inter-
stellar gas then the ratio of the primary y-Tays with respect to
protons will increase and the number you gave us, aboat 10-7
will go up nearly to ro—4, if such a process emphasized by
Prof. Perers really happens. And 1 would also like to mention
other sources of y-rays. y-rays are also produced by other galaxies
and they are almost nearly uniformly distributed and their intensity
is expected to be about 10-% as compared with 10~7. So there are
more y-rays than vou expected.

Rosst

These, of course, would be isotropically distributed.

Havaxawa
Yeg,

ErLior

I want to make a peint concerning Prof. Ney's remark on dif-
ferentiation between primary electrons and v-rays as the source
of your p-less showers, 1f you have an electron of cnergy of about
1017 eV, such an electron loses roughly half its energy coming
through the magnetic field of the earth, This would generate a
shower of very great lateral extent, because it begins at may be a
distance of one earth radius away or something like that. This
would presumably lead fo a cut-off in the frequency which you
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abserve in these showers if you ge fo safficiently high energy.
1 wanted fo ask you, because I wasn’t clear, what was the highest
energy of y-less shower that you have observed.

EscoBar

Until now the average energy is of the order of 10!% eV, as
shown in Table I1. We could go as far may be as 107 or rois
depending on the system of triggering, but what we are trying now
to do is just to study the general characteristics of the showers. For
that reason we require a fairly good number of showers every day.
With the system of triggering we are now using we get about 250
showers a day.

Ivriior
But isn't it possible to select higher energy showers from the
250 or so per day which are determined by your triggering level?

EscoBAr

Of course we might select showers of bigger cnergy just as if
we study the general characteristic of each individual shower but
the chance that we are going to get showers of much higher energy
with this triggering system will be very small.

AMALDI

May I go back to the point alrcady raised by somebody else and
which I think you have already answered, and so has Dr. RossI,
about the structure of the shower? There is obviously a correlation
between what you call the C-shower and the distance from the core.
You and also Dr, Ross: mentioned that there is a plan to do a wide
investigation abouth this structore of the shower but at the moment
— not in the foture hut now ~- I wonder if the frequency that you
observe, the number of 1-11eS0NS and their distribution as a function
of the distance from the core of the shower could not he iust
a fluctuation if you take account of decrease of muons or things
like that.
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IEscoBAR

Actually the proportion of p-mesons to electrons increases with
increasing distance from the core. If we selected showels whose
core strikes some distance from the p-meson detector we increase
the probability of detecting n-meson. Another reason why the data
relative to those showers are more specilficant is that near the core
there may be electrons and photons at much high energy to produce
secondary showers that penetrate the shield,

GoLb

The synchrotron radiation of the electrons in the primary cosmic
ray beam would seem o be a possible further criterion on the process
of origin of cosmic rays If one could measure the clectron spectrum
carefeily.  Electrons above 1012 ¢V or so will be freated in their
passage through space in exactly the same way as protons and
other particles except for the synchroton radiation less. Therefore
if one could measure the spectrum exactly, then one would have a
criterion of the rate of energy loss in a given field sirength; one
would know at what rate cosmic rays must be accelerated if one
assumes a value for the field strength, or conversely one would have
a wvalue for the field strength in which the cosmic ray fluxes have
lived if one had an idea of the rate of acceleration that has happened.

PETERS

May 1 just for a moment come back to the mention which was
made of the work on Explorer XI, because 1 don'’t know whether
this will be the subject of another talk or come up again. Is there
any evidence yet for y-rays of an encrgy so high that they could
not be produced by annihilation of protons, whereas the y-rays in
the galaxy cither originate from x° production of fast particles or
from annihilation of anti-gas and gas and the y-ray spectram of the
latter ends at about 150 MeV or so?
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MAINE D ETUDE SUR LI RAYONNEMENT COSMIQUE ETC. K0

RossI
There is no energy measurement in Explorer XI. Al that

Kravusuasr and CLARK can say is that the energy is of the order
of 100 MeV or more.

BIERMANN

1 would also like to come back to the result from Explorer XI.
I agree that they are guite relevant to the subject of this conference,
but I do not see any place in the progranun where they are sup-
posed to come up. As far as I see the Krausuasr and Crarx
results can be understood by saying that you get first contributions
from the galactic disc, then, second, contributions from the halo,
and thir some contributions from other parts of the Universe; the
general run of the figures if T remember correctly is such, that the
contributions decrease the more the sources are distant. There is
another source which is identical, I think, with one mentioned by
Dr. Perers that you should allow for, the contribution from pro-
cesses on stellar surfaces. This might very well be of the same order.
To sum up, I do not see any strong reason for assuming a universal
theory of the origin of cosmic rays on the basis of the Explorer Xi

results.

Havaxawa

May I come back to the guestion of high energy electrons and
ask whether or not the X-ray inlensity will he consistent with the
electron intensity at high energy taking into account the synchrotron
loss?

Rossi

I have not made the calculation mysclf but I am told that the
flux of X-rays is consistent with the flux of y-rays of energy greater
than 1ol4 ¢V, if p.-less showers observed in Bolivia are indeed pro-
duced by such y-rays.
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Havarawa

Then I sheuld like to remark that T think that for X-ray pro-
duction the inverse Compton effect is more effective than the
synchrotron radiation and actually the energy loss due fo this pro-
cess is about the same as the synchrotron energy loss. Morcover, in
the inverse Compton effect the spectrum of the scattered photons
has a high mean encrgy so that it will contribule to X-rays even
if the energy of electrons is, say, about 1 GeV (1),

Rossy

1 do not think that imverse Compton effect was taken into
account, Thank you for pointing this out, Onc will have to look
into this matter.

(") Note added in proof. Later investigation has shown that the inverse
Compton X-rays due to galactic electrons are weaker than X-rays produced
by the synchrotren radiation, atomic excifation and the innerbremsstrahlung
of knock-on electrons, but that, due to intergalactic electrons, could Dbe
strong enough if their infensity is considerable. See:S. HNavaxawa and
A, Marsvoks, Progr. Theor. Phys. {to be published); COSPAR Symposinum
(r963); G. Cramrx, preprint; 1.E. Ianrox and PP, Mormisox, Phys. Rev.
Letters, 10, 433 {1963).
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EXPLORER X PLASMA MEASUREMENTS

A, BONETTI {1, LS. BRIDGE, A.J. LAZARUS,
B, ROSST and F. SCHERD

Physics Departinent and Laboratory for Nuclear Science (%)
Massachusells Institute of Tecliclogy
Cambridge, Mass. - USA,

Absiract — Plasma measurements were made with a detector aboard
the Explorer X satellite, launched on a highly elongated elliptical
trajectory with the line of apsides about 33° {o the anti-solar direction.
Magnetic fietld measurements were alse carried out on Explorer X by
the Goddard Space Flight Center of NASA. A plasma moving with
a velocity of about 300 km sec™ was first observed when the satellite
reached a distance of about 22 earth radii. During the remainder of
the observations (which ferminated about 40 hours later, at a distance
of 42 earth radil) periods in which substantial plasma fluxes were re-
corded alternated with shorter periods in which the plasma flux was
below or just above the detection limit. There was a striking correla-
tion between the plasma flux and the magnetic field: in the absence
of plasma the magnetic field direction was nearly radial {rom the earth,
while in the presence of plasma, the field was irregular and generally
formed large angles with the earth-satellite direction. The plasma probe
did not provide accurate information on the direction of the plasma
flow, but placed the direction within a « window » of about 20" x 80°.
This window inciudes the direction pointing radially away from the sun.

{(} Presently at the Tstituto di Fisica, Universith di Bari - Baxi, Italy.
(3 This work was supported in part by the National Acronautics and
Space Administration and the United States Atomic Energy Comumission,
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The flux densities of the positive ions (presumably protons) correspend-
ing to the observed currents were of the order of a few times 10° em™?
sec”.  They fluctuated over a range of ahout a factor of two during
the periods when plasma was observed.

1. InTRODUCTION

The purpose of this paper is to present the results of plasma
measurements performed by Explorer X (1961 Kappa) in the
near-by interplanetary space and to discuss them in relation to
the magnetic field measurements made aboard the same vehicle.
A full report on the latter measurements has appeared re-
cently [1]. It what follows, we shall refer to this paper as
HNSS.  Preliminary reports on both experiments have been
presented at various scientific meetings [2-9].

At the time when the instrumentation for Explorer X was
being planned, there were no direct observations of interplane-
tary plasma and the only indications for its existence came
from arguments based on various kinds of indirect evidence.
Such evidence included the behavior of comet tails, the scat-
tering of solar light from the distant solar corona and the zo-
diacal cloud, the occultation of point-like radio sources passing
in the general vicinity of the sun, correlations between solar
phenomena and geophysical effects, and cosmic-ray observa-
tions indicating the existence of an interplanctary magnetic
field which was difficult to explain in the absence of a plasma.

For a review of evidence based on the observations men-
tioned here, the reader may consult, for example, a paper by
Rosst [6].

While it was generally accepted that at least the inner part
of the solar system should be filled with a dilute plasma, pre-
sumably of solar origin and consisting mainly of fully ionized
hydrogen, the estimates concerning the density of this plasma
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varied over a very wide range, from a few particles to several
thousand particles per cm®.  Similar uncertaintics existed with
regard to the magnitude and direction of the plasma velocity,
to its temperature, etc, Thus, the over-riding requirement in
the design of our instrument was that it should be capable of
providing meaningful results under a great varicty of possible
situations. This requirement, together with severe limitations
in weight, power, and telemetering capability, made it neces-
sary to sacrifice accuracy for reliability and dynamic range.
While the preparations for Exploter X were under way,
Soviet scientists flew plasma probes on a number of space vehi-
cles, specifically Lunik T (launched in Januvary, r1g9sg), Lu-
nik I1I (launched in September, 1g59), Lunik IIT {launched in
October, 1959) and Venusik (launched in February, 1961).
These probes could be operated so as to detect cither positive
ions of all energics, or clectrons with cenergies above 200 eV.
Their construction consisted essentially of a collector plate with
two grids in front of it. The inner grid carried a negative po-
tential intended to suppress photoelectric current from the col-
lector; the outer grid was given different positive or negative
potentials with respect to the body of the satellite in order to
obtain some information on the energy of the plasma ions. The
obscrvations made during these flights were published partly
before, partly after the flight of Explorer X [10-14]. Most
directly pertinent to our problem are the following points:

a) Lunik IT was fired away from the sun. Radio contact with
this vehicle was maintained from take-off to a distance of
about 30 earth radii (R}, and then again trom 39 R, to
impact on the moon. In the early part of the flight (up to
ahout 4 R,) positive-ion currents were observed, indicating
the presence of a stationary plasma, swept into the probes
by the motion of the vehicle. No positive-ion currents above
background were detected from 4 R, to 30 R,. TFrom 39 R,
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to the end of the flight, the probes’indicated a flux of positive
lons with a density of about 2 x 1o* particles cm=? sec—!.
Measurements made with different voltages on the outer grid
showed that the energy of these ions was greater than 15 eV,
but did not allow a more precise determination. No infor-
mation about the direction of the ion flux was obtained:

b) Lunik ITT was launched in the general direction of the sun.
An observation made at about 20 R, revealed a flux density
of about 4 x 10® positive jons cm=? sec™!; the ions appeared
to have cnergies considerably greater than 20 eV. Other
readings, taken at larger distances, did not reveal any de-
tectable ion flux;

¢) Venusik was launched in the general direction of the sun.

On at least one occasion, when the vehicle was at a distance

of 297 R,, definite evidence for a positive ion flux was

obtained; the density of this flux was about 10° particles
cm? secl.

It sheuld be noted that, even though the suppressor grid
eliminated « direct » photoclectric currents from the collector,
« inverse » photoelectric currents (see section 2-B) were still
present. In most of the measurements, these currents seemn to
have placed a lower limit of the order of 10* cm~? sec~! to the
detectable flux density of positive plasma ions.

2. INSTRUMENTATION

A. Particle fluxes in a moving plasma.

The primary purpose of the plasma measurements performed
by Explorer X was to provide data on the density of the plasma,
on the direction of its butk motion and on the magnitude of its
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bulk wvelocity, V.. The bulk velocity is here defined as the
velocity (relative to the satellite) of the frame of reference in
which the total momentum of the ions and electrons contained
in a volume element of the plasma vanishes. It was also hoped
that some information would be cblained concerning the ran-
dom velocities of the plasma particles in this frame of reference.
We chall refer to these wvelocitics ag « thermal » velocities,
without thereby implying that the plasma fulfilled the condi- |
tions required for the definition of a temperature (Maxwellian
velocity distribution for cach kind of particle, equipartition of
energy between the various components),

In general, the shape of the signal from the plasma probe is
determined by the directional distribution and the energy
spectrum of the charged particles in the moving plasma. Let
us consider one of the components of the plasma, e.g., the
electrons or the positive ions. If the « thermal » velocities of
the particles in question are very small eompared with the bulk
velocity V,, then the particles form a practically paraliel beam
having a single energy I, given by L, =1 mV/2 If the
« thermal » velocities are very large compared with V,, then
the particles have an energy spectrum which practically depends
only on their « temperature », and a directional distribution
which is practically unrelated to the direction of motion of the
plasma as a whole. If the « thermal » velocities are small,
but not negligible compared with the bulk velocity, then the
particle beam, while no longer parailel, is still strongly col-
limated in the direction of V,. Likewise, the beam, while no
longer monoenergetic, has an energy spectrum strongly peaked
near the energy E =1 mV 22 More precisely, the mean an-
gular spread of the beam will be of the order of

Aw=-{v, /V,, (1)

[33 Rossi - pag. 5



[§148) PORTIFICIAE ACADEMIAE SCIENTIARVM SCRIPFA VARIA - 25

where v | is the average magnitnde of the « thermal » velocities
perpendicular to the bulk motion. Similarly, the mean frac-
tional energy spread will be of the order of

AE/Ey=[(Voto, - Vof] [V@stz 0V, (2)

where v, is the average magnitude of the « termal » velocities
parallel to the bulk motion. If the distribution of « thermal »
velocities is isotropic, then v, =v,, and Eqs. 1 and 2 establish
a connection between the angular spread and the energy spread
of the observed plasma particles.

If there were equipartition of energy between electrons and
positive lons, then the « thermal » velocities of the two kinds
of particles would be inversely proportional to the square root
of their masses (e.g., protons would be moving 43 times more
slowly than electrons).  Although, as noted above, there is
no reason to believe that such an equipartition is actually
achieved, it is stili reasonable to assume that the « thermal »
velocitics of the heavy positive ions are much smaller than
those of the clectrons. Thus, we might expect that the bulk
motion of the plasma is much more clearly recognizable in the
directional distribution and in the energy distribution of the
positive ions than in the corresponding distributions of the
clectrons,

Actually, it turns out that measurements on the electron
component would not provide reliable information on the bnlk
motion of the plasma, even if the « thermal » velocities of the
electrons were small compared with the bulk velocity V. This
Is because the kinelic energy of electrons corresponding to rea-
semable values of V) is of the order of several ¢V at most (2.5 eV
for Vo=1rooo km sec~!) and because the unknown electric
charge of the satellite introduces serious difficulties in the in-
terpretation of flux measurements at these very low energles
(see section 4-A below).

Another reason why measurements of electrons are of less

{31 Rossi - pag. 6
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direct value than measurcments of positive ions is that, pre-
sumably, the satellite is surrounded by a cloud of photoelectrons
ejected from its surface by the solar radiation. These electrons
may not easily be distinguished from those belonging to the
plasma.

It is clear, therefore, that the quantity of most immediate
interest for our purposes is the flux of positive ions rather than
the flux of electrons.

B. Description of the plasma probe.

The instruments wvsed aboard Explorer X to measure the
flux of positive ions has already been described in some detail
in previous publications [15], [16]. It is a device which
separates the positive ions from the electrons in the plasma
beam entering the instrument and measures directly the current
I carried by the positive ions, If the ions are singly charged,
this current is given hy:

I = (elementary charge x ion flux), (3)

where the jon flux is the total number of ions that arrive upon
the collecting clectrode per second.

During the planning of our experiment, we were concerned
about background currents preduced by the photoelectric effect,
Estimates available at that time [1%] indicated that ultraviolet
rays incident on a metal plate facing the sun would produce a
photocurrent of the order of 10~% A cm~2. This current was
near the upper limit of the expected plasma curreats; unless
suppressed to a very large extent, it would have probably made
it impossible to detect a plasma flowing from the direction of
the sun.

The probe, whose schemalic design appears in Fig. 1, con-
sisted of a metal cup containing several plane grids (G;, G,,
Gy, Gy) and a plane collector plate (CP). The cup was mounted

{37 Rossi - pag. 7
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in a hole on the outer wall of the sateliite, in such a way that
grid G, (which closed the cup) was part of the sateilite’s skin.
Grids G, and G, were directly attached to the body of the
vehicle, whose petential we shall take as zero. The collector
plate CP also connected, through a resistor, to the body of the
vehicle. Grid (G, was kept at a consfant negative voltage of
130 V.

In order to understand the operation of the probe, suppose
first that grid G, is at zero potential, and consider what hap-
pens when a neutral plasma flows into the probe. The plasma
electrons cannot traverse G, unless they have energies greater
than 130 eV. Thercfore, they flow to another grid or to the
walls of the cup. The positive ions, on the other hand, go
through G, and strike the collector, producing a current I as
given by Eq. 3.

The negative potential of G, not only stops the plasma
electrons but also prevents the escape of photoelectrons emitted
by the collector CP when it is exposed to sunkight. Thus, G,
suppresses the so-called « direct photoelectric current » which
otherwise would add to the plasma current (in addition, it sup-
presses secondary elecfron emission due to the impact of charged
particles on CP?}. However, sunlight reflected by the collector
onto the rear surface of G, does produce a photoelectric cur-
rent, usually referred to as « reverse photoelectric current »,
which subtracts from the plasma current (as already noted, this
current appears to have been a serious background effect in
the measurements made by means of the Soviet probes).

Suppose next that, keeping the other grids at the fixed
voltages specified above, we apply to G, a voltage that varies
rapidly and periodically between zero and a positive value suf-
ficiently high to stop the positive ions. The positive ion flux
is periodically interrupted, whercas the inverse photoelectric
current is not affected in any way. Thus, the collector cur-
rent will contain a d.c. component which depends both on the
positive jon flux and on the inverse photoeleciric current, and
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an a.c. component which depends only on the positive ion flux.
By sorting out the a.c. component of the collector current we
can now measure the positive ion flux without interference from
photoelectric corrents.

Any capacitive coupling betwen the modulating grid G,
and the collector plate CP would cause a spurious signal to
appear on CP. Grid Gy {(made of close-spaced bronze mesh)
was added to reduce this effect to a negligible value. This grid
also prevented modulation of the inverse photoelectric current
between CP and G,.

We have neglected so far a possible contribution of electrons
with sufficiently high energy to overcome the retarding poten-
tial of G,. The positive pulsating voltage of G, will not stop
these electrons; however, it may slightly change the number of
electrons reaching the collector CP because the {ransmission
propertics of the grid system may depend on the electric field
distribution between the grids. Thus, the electron flux on the
collector may be slightly modulated and it will then contribute
to the observed a.c. component of the collector current in pro-
portion to the degree of modulation. This question was in-
vestigated experimentally and the results are described below.

The use of a puisating pusitive voltage to modulate the
positive ions not only eliminates unwanted background effects,
but also affords the possibility of measuring the energy of
the ions. In fact, it is clear that if singly-charged ions with
energy equal to E eV are incident perpendicularly upon the
probe, the minimum amplitude of the pulsating voitage needed
for their modulation is V, =E. In other words, the a.c. cur-
rent produced by a modulating voltage V,, is a measure of the
total flux of singly charged ions with energy E<ZV . If, on
the other hand, the heam is incident at an angle & with respect
to the normal to the probe, the pulsating voltage necessary to
modulate ions of energy E ig

[3] PRossi - pag. 1o
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In our probe the collector CP had an area of 121 cm?, and
the combined transparency of all the grids was 23%, (the shield
grid Gy by itself had a transparency of 30%). Thus, the ef-
fective area of collection for normal incidence was 28 cm?.

For oblique incidence, the effective area of collection A is
a decreasing function of the angle & between the ion beam and
the normal to the cup. We computed the dependence of A on €
from the geomelry of the probe and the estimated variation of
the grid transparencies. The resuit of this computation is shown
in Fig. 2 (dotted curve), It is seen that the probe was com-
pletely insensitive to ions incident at angles greater than 63°
to its normal.

The modulating voltage was applied in the form of a square
wave with a frequency of 1400 cycles per second. Six different
amplitudes were used; i.e., 5, 20, 80, 250, 8co and 2300 V.
(Since it was inconvenient to obtain pulsating voltages varying
over such a wide range from a single supply, we used, in place
of G,, two separate modulating grids connected to two separate
supplies, one providing the lower three modulating voltages
and the other one providing the higher three modulating
voltages).

A block diagram of the electronic system appears in Fig. 1.
The collector CP was capacity coupled to a wide-band a.c.
preamplifier which had an input impedance of 15,000 ohms.
This was followed by a narrow-band filter tuned to the mo-
dulation frequency, by a compression (non-linear) amplifier
with a dynamic range of about 5,000, and by a rectifier. The
rectified signal, in the range from o to 5 V, was applied to
the imput of the telemetering system.

The lower limit of the measurable a.c. current (determined
by the amplifier noise) was about z2xxo~" A. The upper
limit (determined by saturation of the amplifier) was about
1r0~7 A. Thus, for perpendicular incidence, the niinimum

[3] Rossi - pag. 11
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Effective Area A

-60 -30 C 30 60
& (degrees) '

116, 2 — Angular response of the probe for a parallel beam of particles, The
abscissa is the angle § between the normal to the cup and the direction of
the incident beam. The ordinate is the effective area of collection, nor-
malized to unity for perpendicular incidence, The dotted curve is the result
of a computation based on the geomelry of the cup; the solid curve is the
result of a direct measurement made by means of a well collimated elec-
tron beam,

detectable flux density (flux per unit area) was about 4 x 10¢
singly charged particles em=? sec~!; the maximum measurable
flux density was about 2 x 10 particles em™2 sec™!.

The collecter CP was also directly coupled to a d.c. amplifier
through a t M  resistor. The useful range of this amplifier
was from about 1077 A to 5x 1077 A,

[3] Rossi - pag. 12
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C. The Explorer X configuration.

Fig. 3 shows the structure of Explorer X and the location
of the wvarious instruments aboard this satellite.

The instruments used for measurements of the magnetic
field included a rubidium vapor magnetometer and two flux-
gate magnctometers (see HNSS).

The satellite spun around its axis of symmetry (see Fig. 3)
with a rotation period of 548 milliseconds. A sun-carth-moon
aspect sensor, instrumented by the Goddard Space Flight Cen-
ter, provided information on the orientation of the spin axis

Rubidium Magnetometer

Optical Aspect
Sensor

Antenng

i i

e DR

S - Flux Gate"B"
T
o /
e

%

Fiz. 3 = Explorer X (from the paper by Hurexer, Nrss, Sgarck and
SkiLLaax [1]).
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and on the instantaneous angular position of the various instru-
ments with respect to a plane passing through the spin axis
and the sun.

The normal to the plasma probe was perpendicular to the
spin axis. Thus, daring cach rotation it swept out a planc
which we may call the « equatorial » plane of the satellite. As
explained above, the probe was only sensitive to ions incident
al angles smaller than 63° above or below this plane.

If the « thermal » velocities of the ions are not large com-
pared with the bulk velocity V,, the current recorded by the
probe varies periodically with the rotation of the satellite. One
should expect that it reaches a maximum at the time when the
angle & between the normal to the probe n and the vector V,
has its minimum value; i.e., when the probe looks as closely
as possible into the plasma stream. In order to express & as
a function of time, it is convenient to introduce the angles de-
fined in Fig. 4, .e. the angle « between -V, and the equatorial
plane of the satellite, and the angle § between n and the

projection of -V, onto this plane. As the satellite rotates, «

Spin Axis
h
-
vV
/// B
—
- il
g \ il
/ quE }
f A
\ 2B /
N n 8 -
~ - -~
™ —_— v - - -
Normal to Cup
FiG. 4 — Showing the spin axis of the satellite, the normal to the cup n,

the plasma velocity vector V, and illustrating the angles o, B, &.
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remains constant, p increases uniformly with time, and the
instantaneous value of & is given by:

cos & == cos &% cos . (5)

The shape of the current signals from the probe (collector
carrent I vs. fi) depends on the degree of collimation of the
ion beam and on the value of the angle «. As an example, let
us consider the case of a parallel beam. If a=0", then =3
and the computed signal is illustrated by the dotted curve in
Fig. 2. Using this curve and Eq. 5, one can easily compute
the expected height and shape of the signals produced by pa-
ratiel beams incident at any angle @ between 0° and 63°.

We have considered thus far a situation in which the mo-
dulating voltage V,, is higher than the kinetic energy I of
the ions; in this case, full modulation occurs at all angles of
incidence. However, if V< E, modulation occurs only when
the angle of incidence is grealer than the angle defined by
Eq. 4 (provided & is smaller than 63" — the maximum angle
of acceptance of the probe). Thus, for cos? 63°<V, /E<cos’ ,
the current signal obtained during the rotation of the satellite
will have a characteristically « horned » shape such as illu-
strated in Fig. 5 for the case of @ =0".

D. Laboratory fests.

Prior to the flight, we subjected the probe and the associated
electronic circuits to extensive laboratory tests, and other tests
were made after the flight on a duplicate of the flight unit,

The probe was placed in a vacuum system and exposed to
parallel beams of protons of various energies and at various
angles of incidence. We thus verified that for each energy and
for each angle, there was a sharp lower limit, V,, for the
amplitude of the voltage necessary to modulate the proton
beam, and that V, agreed with the value given by Eq. 4.

[3] Rossi - pag. 13
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1.O
8 -
— r =0° -
= 6 O
[+})
B
B
I
O 4t .
2 -
0 ! I I
-60 -30 0 30 60
(3 (degrees)
¥ra, 5 - Computed current signal for a parallel beam of singly charged

ions whose energy (in eV) is 1.2 times the modunlating voltage. The velocity
vector lies in the equatorial plane of the satellite {g=0v). The abscissa is
the angle of rotation f§ (see ¥ig. 4} and the ordinate is the magnitude of the
current relative to that correspending to a {ully modulated beam incident
perpendicularly upon the probe.

Above this limit, the a.c. signal was found to be independent
of the modulating voltage.

I was also verified that even the highest modulating volt-
ages did not produce a detectable signal through capacity coup-
ling of the modulating grid fo the collector plate.

In order to determine the importance of photoelectric cf-
fects in the cup, we placed in the vacuum system a source of
ultraviclet rays whose intensity at the probe was about one
third the intensity of solar ultraviolet rays. At the beginning
of the test, a small signal was detected, but it disappeared when
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the probe had been thoroughly outgassed. We attribute this
signal to photolonization of the residual gas.

The probe was exposed to a beam of electrons of sufficient
energy to overcome the retarding potential of Gy. An a.c.
signal was observed corresponding to a partial modulation of
the electron flux, the degree of modulation depending somewhat
on the electron energy and on the modulating vollage. The
modulated component was usually one to three percent of the
total flux, in no case larger than 5%,. Thus, the probe, when
operated as described, detects only a small fraction of the
high-energy electrons that may be present in the plasma.

Using a well-defined narrow beam of electrons, and keeping
G, at zero potential, we tested the geometrical response of the
probe, i.e., the dependence of the effective area of collection A
on the angle of incidence &, The solid curve in Fig. 2 repre-
sents the results of these measurements. This curve may be
compared with the computed response curve (dotted in Fig. 2),
both curves having been normalized to A=1 at normal inci-
dence. While there is no difference in the cut-off angle, the
experimental curve is about 10° wider than the computed curve
at half height. In what follows, we shall refer to the solid
curve in Fig. 2 as the gecmetric vesponse curve of the probe
and we shall nse this curve in the analysis of our data.

The geomelric response curve and Eg. 5 can be used to
compute the effective area of collection A as a function of the
angles @ and 8 (see Fig. 4). Curves showing A vs §§ for various
vatues of «, normalized to A=1 for perpendicular incidence,
appear in Fig. 6. To bring out more clearly the differences
among the shapes of these curves, we have replotted them in
Fig. # after normalizing cach curve to A=t at f=0" (!).

We also ased the narrow electron beam and a deep Faraday

(') These curves differ somewhat: in shape from those shown in Figs. 1o-
14 of our previous communication {2] because of a plotting error in the
earlier curves.
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1L.O— o = 0° —
< .8 —
o 20°
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2 -
60°
0 l |
~60 -30 0 30 &0
B (degrees)
Fig. 6 — Response curves of the probe for fully modulated parallel beams

of ions forming different angles 5 with the equatorial plane of the satellite.
The ordinate is the effective area of collection A normalized to unity for
perpendicular incidence (&= of.

well to make an absolute calibration of the probe for normal
incidence,

Finally, we tested the effect of the electronic circuils on
the signals by putting in pulses of known shape and recording
the corresponding ouiput pulses. Some of the rcsults thus
obtained are shown in Fig. 8. The input signals are those
computed for parallel ion beams incident at different angles
to the equatorial plane of the satellite. They are represented
by curves identical to those shown in Fig. 7, with the time
scale adjusted to the period of rotation of the satellite. There
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are two main effects produced by the electronic circuits: 1) the
pulses are distorted by the non-linear amplifier which tends to
increase their width, and 2) the pulses are delayed by about
15 milliseconds (corresponding to 8=10°) due to the time
constant of the rectifier. The non-linear distortion of the pulses
increases rapidly with their amplitude, so that large puises are
significantly wider than smaller pulses.

No further significant distortion of the current signals wag
introduced by the telemetering eircuits, or by the data process-
ing equipment on the ground.

3. Tue rricHT

The flight of Explorer X is described in detail in FINSS,
We recall here its main features.

The satellite was placed into a very elongated eclliptical
trajectory with an apogee of 46.6 earth radii (R,). The line
of apsides was about 33° to the antisolar direction.

Fig. 9 shows the trajectory in a solar-ccliptic cartesian
frame of reference, with one of the coordinate planes parallel
to the ecliptic, and another perpendicular to the sun-carth line
{which was practically the same as the sun-sateliite line).
Fig. 10 shows the projections of the orbit onto the three coor-
dinate planes, and Tig. 11 describes the frame of reference
that we shall use to specify directions; the angular coordinates
are the ecliptic latitude %, and the solar ecliptic longitude ¢
(measured eastward from the earth-sun line).

Fig. 12 is a Mercator projection of the celestial sphere drawn
using ¢ as absissa and { as ordinate. Shown on this map are:

@) the spin axis orientation « A » (which was fixed throughout
the flight);

b) the plane « n » traced by the normal to the probe during
the rotation of the wvehicle (notice that the sun-vehicle line
made an angle of 22° with this plane);

{3] Rossi - pag. 21
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North Ecliptic
Pale

TiG. 9 — Representation of the Explorer X trajectory in a cartesian co-
ordinate system with the origin at the center of the earth, the »-axis toward
the sun, the s-axis toward the north ecliptic pele, and, therefore, the x-y
plane coincident with the plane of the eccliptic. The distances marked on
the coordinate axes are measured in earth radii (R}, The motion of the
earth is in the dircction of the negative y-axis,

¢) the plane « p » which contained the spin axis and the di-
rection to the sun;

d) the regions (shaded oval areas) for which a>>63". The sensi-
tivity of the probe was a maximum along the plane «n»
and dropped gradually to zero at the boundary of these

regions.
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North Ecl.
Pole

Sun€«—— = —~=—~AlliliHi|H-—— — — — —

Ecliptic

South Ect.
Pole

Fio. 11 — Polar frame of reference used to specify directions. The angle {
is the latitude measured from the plane of the ecliptic, positive toward the
Nerth. The angle ¢ is the longitude, measured from’ the solar direction,
positive toward the IZast.

The satellite was powered by chemical batteries, which
provided reliable operation for about 50 hours, during which
time the sateilite reached a geocentric distance of about 42 R,

Fig. 73 shows the telemetering sequence  One sees that
during a telemetering cycle, lasting 148 seconds, 5 seconds
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85

ErC,

COSMIQRY

SEMAINE D'ETUDE SUR L

RAYONNEMENT

g iz pucisq IpRW SPUSWSINSEIW B} YILw Iusiuod pulw ewserd oy 3o swonoenp Surmoys
« MOpULL » 9Y} lBarjISUasul sem aqoxd ayy yAw 107 (Stere [ea0 DPSPRYS) SUOEOAND S} 'UOWILIP IB[OS 813
pue sixe uids oyl 4q poauygap ¢ aueid syl 193[RIES Ayl JO UO@EI0I oyl Suunp sqoid o 01 [ewlou Ayl £q
peoeny ¥ aueld sy sixe wids 9yl Jo v UKD a1 [ Fumopoy syl Ruivoys vonosfozd Ioywolaw — T CO1g

(sea:Bap) & apnubuoy 2ndipg Jejeg

OLe ore (&7 Gal o1 02i 06 02 o 0 og- 09~ 06-

(seaubap) 1 spayie} 2ndidg

{3} Kossi - pag. 25



80 PONTIFICIAE ACADEMIAR SCIENTIARVM SCRIPTA VARIA - 25
were assigned to the plasma probe. These 5-second intervals
were subcommutated by an internal program and were used to
transmif scquentially the following data:

a) a marker signal;
b) the output signal of the d.c. amplifier;

c) the output signal of the a.c, amplifier as the probe was
aperating with one of the six modulating voltages.

Thus, a complete plasma probe sequence consisted of eight
telemetering cycles and lasted 19 44°.

Because of the low sensitivity of the d.c. amplifier, no cur-
rent measurements were abfained in the d.c. mode.

As explained in HNSS, the rubidium vapor magnetometer
operated satisfactorily only during the early part of the flight.
Thus, the magnetic field measurements that are of interest for
a comparison with the plasma measurements at large geocentric
distances were obfained with the flux-gate magnetometers. As
seen from Fig. 13, the flux-gate measurements were made im-
mediately before the plasma measurements.

4. GENERAL RESULTS

The flight of Explorer X may be divided into four periods,
characterized Dby distinctly different conditions of the plasma
and the magnetic field.

A, First Period
(3-25-1517, R=1.0 R,, to 3-25-1629, R=3.9 R).

The first signal from the plasma probe was received at

3-25-1522 (meaning March 25, 15" 22" UT), about 5 minutes
after liftoff when the satellite was at an altitude of about 200
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kilometers (geocentric distance R=1.03 R,}); the modulating
voltage was then 20 V,

From that time until 3-25-1610, when the satellite was at
R=3.0 R,, a plasma current was detected whenever the probe
was operated with any one of the six different modulating volt-
ages {except in two cases, occurring at the 2300 V modulating
level, when noise obscured the telemetered signal). During cach
of the 5-second telemetering intervals, the current varied pe-
riodically with the rotation of the satellite, the maximum oc-
curring at the time when the normal to the probe came closest
to the direction of motion of the satellite. The current maxima
observed with the various modulating voltages, when plotted
against geocentric distance, lay close to a smooth curve, in-
dicating that the current was independent of the modulating
voltage (from 5 to 2300 V). The current peaks decreased
from a value of about gx10"% A at R=1.03 R, to a value
of about 2x 1071 A at R=3.0 R,.

The above results can be understood if one assumes that
during this part of the flight the satcllite was moving through
a relatively stationary plasma. Up to 3 R,, the velocity of the
satellite relative fo the earth varied from about 10 to about
5 km sec™! (the maximum velocity during the acceleration pe-
riod was 10.9 km sec™!). Protons at rest with respect to the
earth would have kinetic energies of a few tenths of one eV,
oxygen or nitrogen ions energies of a few eV, with respect to
the satellite. These energies are consistent with the observation
that fuil modulation of the plasma current occurred at the 5 V
level.

The order of magnitude of the current is consistent with the
lon densities deduced from whistler data [18]. There are,
however, several reasons why it is difficult to draw firm quan-
titative conclusions from the observations made during this
period:

@) Explorer X reached a distance of 3 R, in less than one hour;
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)

thus this observation period included less than three com-
plete felemetering sequences;

it is known that a satellite in orbit acquires a certain electric
potential with respect to the medium as a result of 1) the
differential velocity of electrons and positive ions in the
surrounding plasma, z) the photoclectric effect due to solar
ultra-violet rays and 3) the secondary electron emission due
to bombardement of high-energy particles. The first effect
tends to malke the satellite electrically negative, the two last
act in the opposite direction. Presumably, the resulting
potential, which might be of the order of a few Volts changes
with altitude; during the flight of Explorer X it might even
have reversed its sign. Such a potential would substantially
affect the flux of low-energy positive jons into the probe;

the probe was not yet completely outgassed. As we had
found in the laboratory {see section 2-D}, incomplete out-
gassing males the probe slightly sensitive to electromagnetic
radiation capable of ionizing the residual gas. In fact,
toward the end of the first period, small secondary maxima,
corresponding to currents of about 107!% A or less, began to
appear at the highest modulating voltages. These maxima
occurred when the normal to the plasma probe came closest
to the solar direction. We are inclined to ascribe them to
photoionization by solar U.V. or X-rays. Presumably,
photoionization currents had not been observed in the earlier
part of the flight because the plasma currents were strong
enough to obscure them.

The magnetic field measured by the instruments aboard

Explorer X during this period did not deviate much from a
reference field defined in HNSS as the « main geomagnetic

field » (which is an extrapolation of the field measured near

the earth’s surface, made under the assumption tbat the field
is entirely produced by sources below the region of observa-
tion). However, there was some evidence for a small pertur-
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bation such as might be produced by a ring current at about
3 R,

During the last telemetering sequence of the first period,
while the vehicle was moving from 3.0 R, to 3.9 R,, the plasma
current decreased to a value below the detection limit. This
rapid disappearance of the plasma current agrees with the
abservations of the Soviet scientists {see section 1). However,
present uncertainties concerning the electric potential acquired
by space vehicles call for some caution in the interpretation
of these resulls.

B) Second Period
(from 3-25-1029, R=3.9 R,, to 3-26-0408, R=20.9 R,).

In this period no currents were observed which could be
ascribed to the motion of the safellite through a stationary
plasma. However, during the first part of the period the probe
continued to give the small signals, due presumably to photo-
ionization of the gas, which had alrcady been observed at the
end of the first period. These signals gradually faded away
because of the progressive oulgassing of the probe. During a
4-hour interval extending from 3-26-0001 (R=16.3 R, to
3-26-0408 (R=20.9 R,) no currents were recorded at any of
the modulating veltages.

For our purposes, the most important result of the observa-
tions made during the second period is that, when the probe
was sufficiently well outgassed, it became practically insensitive
to sunlight, which confirms the results of our laboratory tests.
In addition, these observations provided a check on possible
disturbances of the electronic equipment. The only disturb-
ances detected were some anomalies appearing occasionally in
the 2300 V modulation mode. Such anomalies (which were
probably due to the large currents in the circuit supplying
power to the modulator) included: 1) an occasional premature
termination of the normal s-second on-time of the probe, and
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2) an occasional abnormal shift in the zero level of the output
signal. This shift in level may have obscured small plasma
currents (corresponding to less than T.5x107!% A; sce sec-
tion 5-C) ().

The anomalies noted above persisted throughout the flight;
in a number of cases they made it impossible to obtain readings
at the 2300 V modulation level.

The measurements of the magnetic field during the second
period (sce HNSS) revealed a field that deviated more and more
from the « main geomagnetic field » until, toward the end of
the period, the field lines became nearly radial from the earth.
The magnitude of the field decreased gradually, but much more
slowly than the « main field ». However, near the end of the
period (i.e., beginning at 3-26-0250, R=10.5 R,) the field,
which had been for some time near 25 7y, began to increase
gradually. After one hour, it reached a value of aboul 32 ¥
(these field strengths may be compared with a value of 4.5 ¥
for the extrapolated « main field »).

C. Thivd Period

Beginning at 3-206-0408, when the satellite was at a
geocentric distance R = 20.9 IR, small plasma currents
(<7 2 x 107 A) were observed intermittently. Then at
3.-26-0603 (R = 22.7 R,) much stronger and more persistent
signals appeared.

Though the plasma currents observed earlier during the first
period were fully modulated even at the 5 V level, substantial
modulation now occurred only at the three highest voltage levels
{250, 8co and 2300 V), with an occasional small signal at

("} In this connection, we note that even under normal undisturbed
conditions, the zero level was slightly shifted when the probe was eperated
at the zzoe V modulation level; we attribute this shift (o insufficient
electrical isolation of the amplifier from the moduolztor circuits,
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the 80 V level. This means that the positive ions of the
plasma had energies of the order of several hundred eV.

Since Explorer X was about 23 earth radii away from the
earth, it is reasonable to assume that the observed plasma,
whether of terrestrial or solar origin, consisted mainly of ionized
hydrogen, with perhaps a small admixture of ionized helium.
In discussing our experimental results, we shall assume that
the positive ions detected by the probe were protons, Under
this assumption, the ion velocities corresponding to the observed
energies were of the order of several hundred km sec~!,

The plasma current varied periodically, going through a
sharp maximum during each rotation of the safellite, then
falling below the detection limit for more than half of the
rotation period (Fig. 14). Thus the positive ions formed a
reasonably well-collimated beam. In other words, the « therm-
al » velocities of these ions were substantially smaller than the
bulk velocity of the plasma.

After correcting for the time response of the clectronic
system {see section 2-D), it was found that the current peaks
occurred at about the time when the angle between the normal
to the probe and the direction of the sun was a minimum. As
already mentioned, this minimum angle was about 22°, Making
a gencrous allowance for the experimental errors, we conclude
that the vector V, describing the bulk velocity of the plasma
was within 10” to the plane passing through the spin axis of
the satellite and containing the sun-carth direction (plane « p »
of Fig. 12).

Since the sensitivity of the probe was zero for [/ >63°, the
vector V, was certainly at an angle smaller than 63° to the
equatorial plane of the satellite.

Additional information on the valuc of the angle « is con-
tained in the shape of the current signals. The possibility of an
angular spread in the pesitive ion beam is a complicating factor
in the interpretation of the observed shapes, so that a very
detailed analysis is needed to extract from the experimental
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data all of the potentially available information. Such an ana-
lysis has not yet been completed; however, preliminary results
place an upper limit of about 40” to the value of a. Thus,
the possible directions of the « plasma wind » are restricted to
a « window » bounded by the cones corresponding to o= 40"
and by the planes at :k10° to the plane « p» {see Fig. 12).
Notice that the antisolar direction is well within this window.
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Notice also that for a=40" the effective area of collection of
the probe is 3.7 times smatier than for a=0" (sce Fig. 2).

The situation described above prevailed for about 759%,
of the time during the period considered here. However, on
several occasions, and for time intervals of the order of hours,
the plasma current fell to a value below (or occasionally barely
above) the noise level and then later reappeared in full strength
(f.e., with a value more than 10 times the noise level). The
portions of the trajectory where substantial plasma currents
were recorded are marked by the heavy lines in Fig. 10.

During the third period, the magnetic field, as described in
HNSS, underwent sharp transitions from a situation where it
was nearly radial from the earth (as it had been at the end of
the second period) to a situation where it was at a large angle
to the earth-satellite line. The changes in the plasma current
mentioned above showed a striking correlation with these
changes in the ficld direction. Substantial plasma currents con-
sistently appeared whenever the field changed from radial to
non-radial, and disappeared whenever the field reverted to the
radial confignration,

D. Fourth Period
(from 3-27-1437, R=41.3 R,, to 3-27-1800, R=42.3 R,).

This period was characterized by magnetic disturbances,
which included the sudden commencement of a magnetic storm
observed on the earth at 3-27-1503. At about the same time,
there was a substantial increase both in the plasma flux and
in the magnetic field strength measured by Explorer X. These
higher infensities persisted, with some fluctnations, until the
end of the observations; ¢.e., for about 3.5 hours. During the
first two hours of the fourth period, there was also a consider-
able increase in the mean energy of the plasma protons (see
Fig. 15). Later, however, the mean energy appeared to return
to the prestorm value. At about 3-27-1800, the zero-levels
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the « horned » shape of the signal at the 8co V modulation level, indicating the
presence of a substantial number of protons with nominal encrgies somewhatl greater
than 8oo eV.

shifted, due to exhaustion of the chemical batteries, and the
data obtained after this time were no longer reliable.

5. DETATLED ANALYSIS OF THE EXPERIMENTAL DATA

Tor the reasons explained in section 4, we have not at-
tempted to carry out a detailed analysis of the data obtained
in the vicinity of the earth, but have concentrated our attention
on the plasma measurements made in the more distant regions.

The graphs in Fig. 16 provide an over-all view of these
measurements and afford a comparison with the magnetometer
data obtained by the Goddard group. The vertical bars in the
bottom part of this figure represent the « nominal » flux den-
sitics corresponding to the maxima of the signals recorded at
the varions modulation levels. By « nominal » flux densities,
we mean the numbers of positive, singly-charged ions per cm?
per sec, computed from the observed currents assuming normal
incidence upon the probe. Above this graph are graphs giving
the magnitude B of the magnetic field, and the angles ¢ and
which specify its direction (see Fig. 11). These data were
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kindly provided ws by Dr. HeppNEr prior to their publication
and are identical with those appearing in HNSS.

A. Third Period - Correlation between plasma and magnetic
field.

The correlation between magnitude of the plasma current
and direction of the magnetic field is clearly visible in the graphs
of Fig, 16, We shall now examine it in more detail.

Inspection of Fig. 16 shows that during the third period,
the currenf signals obtained at the 800 and 2300 V modula-
tion levels were, on the average, nearly equal. Thus, full or
almost full modulation of the plasma protons was achieved at
both these levels, so that we may take the heights of the cor-
responding current signals as a measure of the total « nominal »
flux density of plasma protons.

The histogram in Fig. 17 gives the frequency distribution
of the flux densities observed during the third period, based on
all available readings at the 800 and 2300 V levels.

It is clear from this graph that the observed flux densities
fall into two distinct groups; & narrow group, including those
cases where the flux densily was below or barely above the
detection limit (4 x 10® cm~2 sec™"), and a broad group peaked
somewhat above 10% cm~? sec™!. We shall refer to the obser-
vations corresponding to the two groups as weak and strong
plasma signals respectively. Because of the small number of
intermediate cases, the distinction between weak and strong
signals does not depend critically on the choice of the flux
density used for the separation of the two groups. In what
follows, we shall set this limiting flux density at 5 x 107
cm~2 sec .

As already noted, each plasma measurement was preceded,
within a few scconds, by measurements of the magnefic field
made by means of the flux-gate magnetometers. In Fig. 18
we have plotted the directions of the magnetic field measured
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before each of the available plasma readings at the 8oo V
and 2300 V levels. Open circles refer to magnetic fields asso-
clated with strong plasma fluxes and selid dots refer to magnetic
fields associated with weak plasma fluxes. During the time of
observation, the representative point of the wvector pointing
from the earth to the satellite moved along the shart line seg-
ment £, E,. One sees that practically all the solid dots fall
within a restricted arca around this segment {enclosed by the
tine «a » in Fig. 18). The very few exceptions correspond to
measurements taken when plasma and magnetic conditions were
changing rapidly, or when the plasma signal was close to the
limiting value of 5x 107 em™ sec~!, On the other hand, prac-
tically all the open circles fall outside this area. They are distri-
buted over a wide region, but not at random throughout the
map, clustering mainly in the area to the south of the ecliptic
plane, between - 30" and +170° ecliptic longitude.

These results point to the conclusion that during the third
period, Explorer X encountered alternately two distinct phy-
sical cituations. The first, which shall be called sifwation A4,
was characterized by weak plasma fluxes, often below the de-
tection limit, and by nearly radial magnetic fields. The second,
which shall be called sitwaiion B, was characterized by strong
plasma fluxes, and by non-radial ficlds. Note that the field
directions corresponding to situation A fill the region denocted
as « region A » in Fig. 23 of HNSS, while the field directions
corresponding to situation B fall within regions « B » and
« C» of the same figure,

While measurements of the magnetic field were made during
cvery telemetering cycle (i.e., every 27 28%), significant plasma
data were obtained only during the 250, 800, and 2300 V
modulation periods or roughly 3/8 of the time during which
the plasma probe was turned on. On the other hand, the essen-
tially one-to-one correspondence between the magnetic field
and the plasma fluxes, established by all near-simultancous
observations of these two quantilies, enable us to use the
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magnetic fleld measurements to identify the times at which
transitions between situation A and sitvation B occurred more
precisely than we could do by means of the less frequent plasma
signals,

As noted also in HNSS, it was usually found that the con-
ditions typical of situation A or B persisted through many
observations; then, quite suddenly, often within the 27 28
scparating two subsequent magnetic measurements, a switch
to the other sitvation occurred. We shall call these changes
« simple » transitions. Occasionally, however, it appears that
situations A and B alternated rapidly during time intervals
extending through several magnetic field and plasma measure-
ments. We shall call these « complex » transitions.

The time intervals in the third period during which situa-
tions A and B prevailed, and the types of transitions between
them, are shown in Table 1. Details of the measurements made
in the vicinity of the transitions appear in Table 2, Listed in
Tables 3 and 4 are the average magnitudes and the average
directions of the magnetic ficld observed during the various
intervals of type A and type B respectively. The average di-
rections of the magnetic field are also shown graphically in
Fig. 19, where solid dots correspond to situations of type A and
open circles to situations of type B. The number by each expe-
rimental point specifies the time interval to which the point
refers, according to the listing in Table 1.

Tables 3 and 4 show that the magnetic field was usually
weaker in the presence of plasma (situation B) then in the
absence, or near-absencc of plasma {situation A). However,
the strength of the magnetic field did not correlate with plasma
conditions quite as strikingly as did the direction of the field.

We call attention to the fact that, in contrast with the
steady behavior of the magnetic field characteristic of situa-
tion A, the field In situation B underwent substantial changes
during each time interval (the bars crossing at the point No. 2
in Fig. 19 are an indication of the spread in the direction of the
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TABLE T,

Time intervals during the third period of the fiight when measurements
of the magnetic field and plasma fluxes indicated situations of type A or
type B. Geoceentric distance is the distance of the satellite from the center
of the earth (in earth radii). Lateral distance is the distance from the
sin-earth line. During interval No. 10, which was considerably longer
than the others, plasma and magnetic conditions underwent substantial
changes. ‘Therefore, this interval has been divided into four sub-intervals
for the purpose of analysis, The transitions between intervals r and 2 and
between intervals 4 and 5 are of the « complex » type. All other transitions
are of the « simple » type.

The telemetry cycles, fimes and distances indicated in the table cor-
respond to the first sequence of measurements (optical aspect, magnetic
fiedd, plasma flux) made in the respective intervals.
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Interval Telemetry Geocentric Lateral
No. Cycle Time Distance Distance Situation
(Re) (Re)
318 2610410 27,0 10.7
! 332 0534 2.2 17.3 A
Complex transition 6, ooy 22.6 176
2 409 0754 24.2 18.5 B
3 414 obos 244 86 A
I S 450 0935 25.7 193 B
(,omplex txansxtwn 47! 1026 26,5 19.6
5 512 1207 27.7 20.3 A
6 544 1320 28.7 20.8 ) B
7 578 1450 29.7 21.3 &
b - b2 1630 30.9 21.¢ B B
G 602 1817 32.0 22,4 ] A
108 734 2113 33.7 23.6 B
b A 27/0032 45.3 24.3 B
ioc 854 0211 30,1 24.8 B_, }
rod 952 0613 38.0 250 B
11 gbs 0045 38.2 25.3 A
2z 1090 o1 38.8 25.5 B
13 1030 1014 34.6 5.7 A B
14 81 TT3Y 401 20.0 B
5 1118 1300 40.6 20.2 A
16 1157 1438 41.3 26,4 B

[3] Rossi - pag. 47



108 PONTIFICIALE ACADEMIAE SCIENTIARVM SCRIPTA VARIA - 2z5

TasLy 2.

Details of measurements of magnetic feld and plasma in the vieinity
of transitions. The numbers in the first column specifly the telemctering
cycle; measurements referring to subseguent: cycles are separated by 2" 28
B is the absolule magnitude of the magnetic field vector (in units of 1073
gauss, or gammas); o and { are the two angles (solar ecliptic Jongitude
and eccliptic latitude) which deseribe the direction of this wvector. The
nominal flux densities listed correspond to the currents measured at the
8o, 250, 800 and 23oc V modulation Jevels,  These measurements occupy
four of the eight telemetering cycles which form a complete sequence {see
Tig, 13). Question marks indicate measurements missing because of electro-
nic disturbances. From 26/0534 to 26/o6e3, and then again from z6/0935
to 26/ro26 more frequent changes from sitnation A {o sitvation B and
vice versa took place than during the rest of the flight., We chose to describe
these occurrences as « complex transitions » rather than as a segquence of
short time intervals of type A and 13, although it is not clear that the
distinetion is physically signifcant, Notice the isolated occtrrence of situa-
tion A during one telemetering cycle (No. 4vg) of time interval No. 4.
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& Magnetic field Plasima g
g3t % Tnterval Nominal flux density s
g 5 ‘ B - & (107 e¢m™? sec™) s
E {gammas} (degrees) (degrees) D ({80) @{250) D800} ({z300)|
340 4 31 150 —35 0 e e — A
347 } 31 150 ~=30 o 4 —_ 1
348 1 31 156 =30 — e 50—
349 32 155 —32.5 - - - o
350 | 33 157 37 - = ¥
351 L 32 136 —~32.5 - = = = A
352 26/0534 iz 46 —22.5 - - — — i3
353 + 20 137 —2T - — e e A
354 14 65 —10.5 — — B
455 13.5 175 —55 — 0 - —_ B
350 COMPLEX 32.5 152 —28, - [¢] — iy
357 | TRANSITION 32 T52 —28.5 — — — ? A
358 32 15T —1206 — — — —_ A
359 20 730 1 T4 — - — — JE]
3060 ro 50 =44 — — — — B
301 28.5 8o - 3%, — — — — B
3062 30 152 —28 0 — — — iy
303 31 1571 —3q — o - — A
304 26/0603 I4 —13 —4 — — 30 — B
305 + 8 43 =0, : — — e 26
3060 'i 10.5 16 4 Tr - — e _—
367 z 13 2r ] - it - —
368 l Lx 24 g 1 - - . —_—
369 e 13.5 3 2 - - = = L
404 14 29 -—3q — — 28 — T
4905 L4 20 —-38 — e — 22.5
400 15 —10 e 1 e — o e
407 13 9 01 - - — — y
4908 iz 30 30 — — — — 3
400 26/07354 29 150 —30 e — — — A
410 1) 28.5 160 —34 o - — e t
43X 9 18.5 140 —40. - 1.0 —
412 28.5 162 —33 — — 1.7 il
413 i 28.5 159 —A40 - = g 1A
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Telemetry
Cycle

413
444
145
446
147
448
449

4350
451
452
153
454
455
450
157

439
450
461
L2
4003
.]().[‘
565
466
457
468
4150
470

Interval

Magnetic field

Plasma

Nominal flux density

3 &) 9 (107 cm™? sec™)
{gammas) {degrees) (degrees) $0{80) B{250) M{8oo) B{2300}

26/0805 15 1 ] G - - - -
L3 88 59 - = -

T 3.5 13 — 1 - - - o
19.5 240 49 - - - -

4 13.5 353 —61 @ - -
24 160 —40 - 23 - -

ir 2 —50 - - 32 -

ix 266 —-8o - - - 21

13.5  —=28 ~-350 - v

10.5 —II —36 - — 16.8 -
17.3 13 +34 - T T 15

155 —ib —46 - - - =

16.5 —-33 —71 - - - -

20 —00 —30.5 - - - -

4 20 211 —q16 - - - —
26/0935 20,5 170 —30 0 —_ - -
’ 16.5 150 —30 — .5 —
28 170 —13 — —_ o] —_

1.5 165 —54 - - - 2z.

24 180 ~45 — —_ - -

G —39 — 2.5 - - - -

11.5 ——2() —34 —— — - -

18 —30 —52 e e - -

8.5 38 —34 o o ’"" -

COMPLEX 22.5 178 e T - 0 - -
TRANSITION 26.5 175 =33 - . o -
26 168 — — e ?

23.5 169 O - - - -

11.5 —1I0 2 Y - - - -

17.5 —060 w50 - - e -

17.5 I¢] —38.5 - — e -

r5.5 —50 =335 a - - -

8 —17 ——40 — -8 — —

20 101 e L5 - —_ 5 -

10 128 —48 — — - ?

10.5 g8 — 8.5 - - - -

Situation

ALl
B
B
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g Magnelic field Plasma

3 % Tnterval Nominal flux density

g g\ nlerva B I G {z07 cm"? see™)

E (gammas) (degrees} {(degrees) D(80) d{z50) D(8c0) M(2300)
4771 26/ 1026 21.5 173 38 — — _ —
172 + 20.5 161 32 —_ — — —
473 ! 24 109 2 G — — —_— —

=4 N

474 ) 22.5 105 —38.5 Q o — —_—
473 22 103 33 — 0 —_— -
476 24 172 —30 ere - o -
506 ! 0.5 161 —38.5 o — — o
507 22.5 162 41 e 8] - ——
508 21 158 g — — o —
5G9 21.3 160 35 . — o
ALY 23.5 173 —31.5 - — — e
7% + 21.5 162 —10.5 — o —

412 26/1207 16.5 11T —65 — e — —
513 T 8.5 184 s _— e — .
514 s 93 6y —57 [ — —
515 J] 13 121 —57 — 2.1 —
510 12 —2G 52 — 5.4
317 MIW 1o ? 45 — — e 117
528 ! 135 100 — —_
132 12 100 {34 — 2.3 — —
340 11 104 —40 - — 21 —
541 1o a7 —30.5 — — . 17
342 11 114 45 — e — -
543 11 a3 —22.5 — - = =
544 2613206 18.3 164 g g — . - —
345 t 18 140 30 - - — —
546 | 20 162.5  —35 o - - —
547 7 149.5 158 —32.5 - by e —_
38 | 21,5 L6 —30 —_ - R
349 i 14.3 167 20 — e — ?
571 | 19 151 435 - o = —
372 | 18.5 151 —A47.5 e — o —
573 18 43 —34:3 - = = 4
574 i8.5 151.5 —40 — [ — —
575 49 169 =37 - = = =
570 i 19 16% —32.5 — — _— -
77 4 19.5 161 —30 s —_— J— —

Situation
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g Magnetic field Plasma g
o . Nominal flux density e
ge Interval I 4 2 1 ]
85 I: @ } {ro? cm™? sec™) z
o {gammas) (degrees) (degrees) DB {80) dlz50) B{8oo) B{azee)| &
578 26/1450 16 132.5  ~——48.5 o —_— - - ?

579 4 4 G0 422 — e e —— 15

580 [ 5.5 109 —13.5 — 12,7 -

581 8 14 16O —F — s e Q.0

582 Iy 110 —23 - — e _—

583 16.5 100 P - — — e

584 14.5 57 + 6.5 o —_ — —_ -
616 T 18.5 92 — — — — — N
617 i8.5 gz — —_ - — —

618 i3] oz — B.5 o — — —

619 0.5 85 —_—0 - X -— -— L
620 18 68 — 2 — — 15.7 - B
621 20/1636 15.5 100 24 — — — 3.4 ?
622 261639 19.5 138 —38 — — - = A
623 1 20 T42 —42.5 — — — —_ 4
624 f 19 142 —47 — i — —_

625 H 18.5 T44 ~45 . — - —

620 18.5 140 —A44.5 ) — — —

G2y _J_ 17.5 141 —t s 5 —_

656 T ¥5.5 143 —30 _ . . e -
657 i6 160 —32 —_— — —_ o

658 16 143 —%3 O — _ —

659 15 163 —57 - o — —

660 16 130 —38 — — o —

601 18 143 —q3 — — o H A
662 261815 15.5 81 1+ 2 - — — — e
603 + 17 70 7 — — o —

604 | 16.5 102 —15.5 — — . —

665 17.3 88 — 09 - - -

606 ] U 16 90 T ¢} — J— —

667 J 16 98 —13 — 5 — _

946 13 —27 —3 — — - —

947 L4 —31 —4b o - - —

048 11.5 —31 ~—qh —_ 7 —

949 9.5 48 —39 — = 1z4 —

Q50 Iz —27 —52.5 -— J— _— ?

952 4 2.5 233 —069 — — - — 13
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£ Magnetic field Plasina g
g Interval Nominal flux density s
E {% Interva B © o {10’ cm"? sec™) §
E (gammas) (degrees) {degrees)| g (50} D(250) P{Boo) Bizzen)| &

952 27/0613 16 160 ~d 0 - . — o A

933 t 22 109 —37 - - — - t

934 2z 151 e ) 53 - — -

955 20.5 166G —37 - o - —

950 19.5 181 22 e — 0 -

957 2.5 59 40 _ = 4

958 22.5 161 —30 — —_ —_ —

959 ] ] 22.5 167 —35 — — — _—

660 23 170 —27 —_— — — —

961 21.5 161 —35 —

962 24 177 —306 [ —_ —_ —

903 23 169 —39 — 0 — - |

9G4 ¥ 17.5 178 —46 — — 5 e A

905 | 27/0643 13 169 m?.’i - = - 4.2 I:

0G0 1o 77 —G3 — — [ —_

907 l 8 45 50 — —_ -

903 12 5 8 —35q — — _

90G 9 9 —40.5 — — . _

070 wf 8 38 —50) e )

004 T T 68 —y 0 —_— e

095 9 18 — — I -

aGh 9.5 50 ~8i — 15.0

997 11 108 -85 e — 1.1

998 8.5 46 =060 - e —

999 ¥ I 140 —60 - — B
1000 27/08x1 14 160 —35 — — — s A
1007 + 20 154 —=43 —_ — — .

1002 E 21 163 —306 o — — .

1003 ] 3 2G.5 Y57 —q0 —_ o — -

1004 21.5 103 —33 oo —_ T —

16035 e 21 166 —34 e — — 7 s
1044 T 10.5 i51 ——,;5..5 — e ) -— ]
1045 16.5 153 445 - - = ?

1046 16 151 —i4d — e — —_

1047 16 146 —q5 — — — .

1048 15-5 146 —qb — — —_ —_

1649 ¥ 15.5 140 51 — —_ _ — A
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£ Magnetic field Plasmu 5
E % Tnterval B " 9 'Nomiz:a]‘ ”t‘:‘ f}eﬁsity E‘:
2] - b I
25 rammas) (d :I;(' es) (de : rees) | s bor e sect) o
i {8 as) (degrees) {degrees) @ {8} d(256) P{Soo) Dizzvo} |
1050 271074 11 72 —51 o o . e B
1051 T 1Y 20 e 30 — T . 4
1052 i 16 —52 . — 8 —
1053 1 i} 0.5 —2 =40 — - — ? \
T054 1O 30 Vi — e e . I
1055 [ i1 20 w18 . o . L
10974 1o 81 —H0 O — — — &
1095 13 120 —35.5 - y — — ?
1070 [ 137 —b2.5 - — 5.7 ?
1077 10.5 58 —48.5 — — —_— 1.7 3
1078 5.5 69 —51 —_ — —_ +
1099 i 11.5 166 —310 —_ — — — K]
1080 27/¥128 12.5 134 —33 — - _— — ?
1081 27/113% 14 146 —50 — — —_ — A
1082 T 14 142 ——54 0 — —_ s A
1083 L T30 —313 — 5 - —_ ?
1084 ] 5 rq 140 e O — — 1.7 A
1085 14 40 5T - — = 3.6 |t
1086 I 14 149 (30 — — - 5
1132 | 17 132 —qb . . . .
1713 17 132 —q2 —_ . — . l
T134 16.5 33 —q5 0 —_ e ‘
11715 15.3 133 —48 — 21 e i
1110 1.5 133 ] ) - — 32— A
1117 } 1G5 130 — (7 _— - 2.7 ?
1718 27/1302 q 137 —0G68.5 — — - — ?
1110 t 9.5 i ? — — — - ke
120 ‘ 17 4 —28 — —_— - — +
112% . 12.5 7 —28 — —_ — —
1r22 ] {B 12.5 0 —38 I3} —_— — —
ria3 UE) 1 —32.5 — 1 — —
TY24 ’ 17 —2.5 —31 - — 7.7 — 1
1125 + 11.5 —t —32 — — — ? B
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TasLe 3.

Average magnetic conditions during the time intervals of type A listed
in table 1. B is the arithmetic average ol the magnetic field strengths
measured during each individual interval {in units of 1073 £gauss); (c and &
are similar averages for the two angles (solar ecliptic longitude and ecliptic
latitude) which describe the direction of the vector p.

Interval B @ &
N, {gammas) (degrees) (degrees)
I 31 155 -3z
3 27 158 - 360
5 22 164 - 35
7 20 154 - 30
g 17 143 - 38
11 27 160 - 36
13 18 155 =44
15 15 I39 - 48

magnetic field observed in the corresponding time interval).
However, the changes were usually gradual and not quite as
large as those occurring from one time interval to another. One
exception was the long interval No. 1o during which substan-
tial changes of the magnetic field (as well as of the plasma flux)
were observed. For this reason, inferval No. 1o is divided into
four sub-intervals in Tables T and 4 and in Fig, 1g (1).

() This subdivision, while based en the Dbehavier of the plasma flow
and the magnetic ficld, is admittedly somewhat arbitrary.
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TABLE 4

Average magnetic and plasma conditions during the time intervals of
type B listed in Table 5. 13, @, and § have the same meaning as in
Table 3. T80}, B(250), D{Boo) and Pi2300) are the average values
of the nominal fux densities at the 8o, 250, 8c0 and 23ce V moduiation
levels respectively for each interval, The two sets of figures in the column
under H{8a)/D(800) represent minimum and maximam values of this ratio.

. . Magnetic field Plasma

[

i7 B PR Diso)  Biase)  Blagoo)
Z Jrmammas) (desrees) (deoros {i{800) B(8oo)  M{8oo) B(Boo)
= |(wammas) (degrees) (degrees) (1o%em 2sec™!} (percent) (percent) (percent)
2 r3 22 —35 24 1.0 12 105

4 15 —24 —44q 25 .G-1.06 10 18]

6 i3 30 w37 17 1.2-2.3 14 105

8 6 100 — .2 13 G-2.7 7-4 86
1oa| 0 88 —xy 0.8 0-3.7 5.3 9z
sabi 14 68 —31 10 o-3.5 14 09
ree | 12 77 —34 15 T.9-2.8 15 109
lod| 33 39 34 12 0-2.9 7-4 a5
12 Q.7 30 T b14] 0-2.2 Q.4 81

£4 0 38 37 8.0 Q- 6.7 102
16 1 X — 2 Q.2 0-3.9 6.0 91

B. Third period - Properiies of the plasma observed in situa-
tions of tvpe B.

From an experiment of the type considered here, one would
wish, ideally, to determine the encrgy spectrum and the total
flux of protons per unit area per unit solid angle in any given
direction at any given instant of time. Actually, our instrument
was not designed to achieve anything approaching this ambi-
tious aim. However, the experimental data contain information
of a somewhat more specific nature than the qualitative results
presenfed in section 4-C,
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1) Plasma flux densities

Because of the frequent electronic disturbances which in-
terfered with the measurements at the 2300 V modulation
level, we chose to use the measurements at the 8o V level
to evaluate the tofal flux density of plasma protons. As we
shall discuss later in more detail, it is possible that a small
fraction of the plasma protons did not undergo modulation at
this level. We believe, however, that the error introduced by
this lack of complete modulation is negligible within the ac-
curacy claimed for the absolute value of the plasma curvent in
the present experiments. The flux densities measured at the
Boo V level, which are shown in Fig. 16, are replotted on a
condensed time scale in Fig. 20. Tt can be seen that these flux
densities exhibit both short-time fluctuations and long-time
changes; morcover, the long-time changes have a larger ampli-
tude than the short-time fluctuations. Therefore, it is meaning-
ful to compare the time averages of the flux densities observed
during the individual time intervals of type B. These averages
appear in Table 4 under the heading ®(8co).

O@@@@@@@@@@@@@
R il . it e e e

a0 om Tsec”

Ll Ly

H| ?l“

] 1
0250 0400 L2050 O50d lm i.'OO IGOO GOO !8"0 20‘Du 2200 DfOﬂ UECD 0303 'WU >203 IJOO

3260000 3/’27/0000

Fia.

Usyersat Time

{31 Rossi - pag. 58

\500

20 — Plasma measurements at the 8oo V level on a condensed time scale.

KB



SEMAINE B'ETUDE SUR LI RAYONNEMENT COSMIQUL ET¢. 119

2) Dependence of the plasma current on the modulating voltage

The main source of information on the energy spectrum of
the plasma protons lies in the relative amplitudes of the current
signals observed with the different modulating voltages. How-
ever, because of the time fluctuations in the plasma flux, it is
not possible to draw firm conclusions from a comparison of
consecutive measurements at different modulation levels. A
more promising approach is to compare the averages of such
measurements for cach of the time intervals, This is done in
the last three columns of Table 4, where we list the ratios
of the average nominal flux densities observed at the 8o, 250,
and 2300 V levels, ©(80), @{z50), and ®(2300), to that
observed at the 8oo V level, ®(8co}.

As a comment on these data, we note the following: The
current signals at the 8o V level were often below the de-
tection limit, particularly during those time intervals when the
total flux density was low. The pairs of figures appearing
under ©(80)/®(800) represent lower and upper limits for
this ratio, computed respeclively under the assumptions that
the flux density corresponding to a signal below the noise level
was a) zero, or b) equal to the minimum detectable value
(4 x 10° em~? sec™!). We sce that during some of the time
intervals ©(80)/®(800) was of the order of one or two per-
cent; during other time intervals ®(80)/@{8oo) might have
had any wvalue from zero to several percent.

The values of $(250)/®(800) listed in Table 4 vary from
5% to 15%. The values of ${2300)/®(800) oscillate around
urity, from a minimum of 81%, to a maximum of 109%.

There are two possible interpretations for the variability of
these ratios. The first is that if is due to short-time fluctuations
in the total proton flux whose effects are not entirely eliminated
by the averaging process. The second is that it is due, at least
in part, to changes in the energy spedrum of the pretens.

If we accept the first interpretation and assume, accordingly,
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that the proton spectrum was the same during all time intervals
listed in Table 4, we do not need to consider these various
time intervals separately, but we may take for @ (250), & (800)
and @ (2300) the averages of the measurements made at each
modulating voltage during all such time intervals. As for the
computation of @ (80), it is more advantageous to consider only
those time intervals when the total flux density was sufficiently
high to yield significant data at the 8o-volt modulation level
(intervals No. 2, 4, 6, 1oc). The results obtained in this man-
ner are listed in the first row of Table s,

At any one instant of time, the ratio ®(2300/®(800) must
be greater than or equal to unity because there cannot be
more protons with energies below 800 eV than protons with

TanLe 5

Ratios of the average values of ${80), (250} and P {2300) to the average
value of @®{8cc) for all time intervals of type B, for those time intervals
in which {(250)/®{8c0} > .10 and for those time intervals in which
B{z250)/®(8co} « 0 (corrected wvalues for D{2300}/M{Bo0) appear in pa-

rentheses),

T(8o) D(z50) _ﬁ?(zaoo)
TH{Boo) B (8oo) P800}
(percent) (percent} (percent)
Average for all type B intervals| z s-z.1 (3 9.3 a7
Average for intervals 2, 4, 6,
1oh, 100 . o i 1-2.5 13 704
(r13)
Average for intervals 8, 1o, xod,
1z, Y4, 16 . . L. L, 0-3.3 0.9 92
(100)

('} Only time intervals 2, 4, 6, yoc are included here.
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energy below 2300 ¢V, The ratio of the over-all averages of
M (2300) and P (800} is actually close to unily. According to the
interpretation discussed here, the reason why @(2300)/®0(800)
is less than unity for the averages taken over some of the
individual infervals must be found in the short-time fluctuations
of the flux.

There are, however, strong arguments against this interpre-
tation.

In the first place, the changes of the ratio ${z50)/®(800)
for the individual time intervals were, percentagewise, much
greater than those of the ratio ${2300)/®(800). If both changes
were due to flnctuations of the tofal proton flux, they should
be approximately equal in relative magnitude.

In the second place, there appears to be a definite correla-
tion between the values of ®(250)/®(800) and the values of
B (2300)/®(800) relative to the same time intervals. Tor
example, in all four cases where ®(250)/8(80c) > .10, we find
that ©{2300)/®(200 > 1.0, whereas in five out of seven cases
where ®(250)/®0(800)< .10, we find that & (2300)/P(8c0)<] .g5.
Thus, the experimental data support the interpretation that
the proton spectrum did indeed change from one time interval
to another, and we shall now analyze our results under this
assumption.

Since the accuracy of the data does not warrant a more
detailed treatment, we shall group together, for the purpose of
(No. 2, 4, 6, 1ob, 100) and all time infervals for which
®(250)/D(800) <C .10 (No. 8, 10a, t0d, 12, 14, 16). The
ratios between the average flux densities computed separately
for these two groups appear in the second and third rows of
Table 5. We see that ${2300)/0{800) has a value of 1.04
for the first gronp and a value of 0.92 for the second group.
As already pointed out, the « true » value of this quantity can-
not be smaller than unity. To explain the value 0.9z as a
statistical result due to shorf-time fluctuations in the proton
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flux would not be consistent with the point of view adopted
here. On the other hand, it is possible that we may have
slightly misjudged the effective gain of the compression amplifier
when the probe was operated at the 2300 V level, because as
already noted, the zero line was somewhat displaced in this
mode of operation. We can estimate a lower limit for the instru-
mental error by assuming that ®(2300)/0(800) was actually
unity for the time intervals of the second group. This lower
Iimit amounts to 89%; therefore, the minimum value of the
correction factor is 1.08. With this correction factor, the value
of ®(2300)/®(800) for the time intervals of the first group
becomes 1.13,

3) The proion energy spectrum

If we neglect the angular spread of the plasma protons and
assume that the particles formed a parallel heam, we can relate
the flux densities observed at the various modulating voltages
directly to the energy spectrum of the profons. The uncertainty
in the value of the angle « which the proton beam formed with
the equatorial plane of the satellite introduces an uncertainty in
the value of the energy because the minimum voltage needed to
modulate protons of energy E is V,, = L, cos’e. In what
follows, we shall call the quantity E cosa the « nominal »
proton energy.

IFig. 21 shows the values of ®(80), @(250), B(800) and
B (2300) for the two groups of time intervals (sce Table 3),
normalized to unity at 2300 V. According to our assump-
tions, these values represent the fractions of protons in the total
flux whose nominal energies are less than 8o, 250, 80c and
2300 eV respectively. We see that, during the time intervals of
the first group, a very small fraction of the protons have no-
minal energies lower than 80 eV and a somewhat larger fraction
bave nominal energies greater than 2300 ¢V. During the time
intervals of the second group, the spectrum appears to be
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T'ig, 27 — « Nominal energy » distribution of plasma protons.  The experimental

points are eblained from Table 5 [« corrected » values for Piz300}/ @ (Boo} are used].
The curves represent theoretical spectra computed under the assumption of a one-
dimensional Maxwellian distribution for the « thermal » velocities with the following
parameters:
1) 15y = 420 eV, T
z) Ly = gqzo eV, T =

6.2 x 10° °K
2.6 x 10° °K.

narrower, but is less well defined; the data in fact are con-
sistent with a complete absence of protons with energies less
than 8o eV or more thar 800 ¢V, but they do not rule out the
possibility that a few percent of the protons may have energies
beyond these limits.

The energy spread of the plasma protons may be interpreted
in ferms of a « thermal » agitation of these particles in the
frame of reference of the moving plasma. TFor the sake of
orientation, let us compare the experimental results with the
energy spectra computed under the assumption that the « ther-
mal » wvelocities obey a Maxwellian distribution, corresponding
to a certain temperature T, and lel us simplify the calculations
by neglecting the components of the thermal velocities per-
pendicular to the direction of bulk motion, (This simplification
is consistent with the assumptiors of a paralicl proton beam
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and is partially justified by the fact that the perpendicular
components of the thermal velocities have only a second-order
effect on the resultant velocity of the protons, whife the parallel
components have a first-order effect). The kinetic energy of
the individual protons (E=mV?/2), the proton energy cor-
responding to the bulk motion (E,=mVg/2), and the mean
thermal energy in one dimension (kT/2) appear only through
their ratios in the results of this computation. Since the expe-
rimental spectra are given in terms of the « nominal » energy,
V=T cos’a, comparison with the theoretical curves yields
information on the « nominal » energy of bulk motion,
Iy cos? o, and on the « nominal » temperature, T cos? e, The
results of this comparison are shown in Fig. 21. One sees that
the experimental peints for the first group of time intervals
it satisfactorily the theoretical curve corresponding to
Ey cos* =420 ¢V and to T cos? a=6x 10° 'K.  Considering
the uncertainties of the measurements and the crude character
of our analysis, we assign an uncertainty of 4-15% for the
value of E;cos’ « and a range of values from 4 x 10° K to
1 x 10° °K for the nominal temperature.

Less definite conclusions can be reached concerning the
conditions of the plasma during the time intervals of the second
group, except that the spectrum appears to be narrower, and,
therefore, the nominal temperature appears to be lower than
that of the plasma observed during the time intervals of the
first group. The nominal energy of bulk motion, on the other
hand, is probably not very different from that estimated above.
(The tenfative spectrum shewn in Tig. 21 corresponds to
Eycos? a = 420 ¢V and T cos? & = 2.6 x 10° 'K; this tem-
perature represents an approximate upper limit for the range
of temperatures which could be used to obtain reasonable agrece-
ment between the experimental data and the theoretical model).

Another source of information on the proton energy spec-
trum may be found in the shapes of the current signals.
Throughout the third period of the flight, the signals at the
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2300 V and at the 8co V modulation levels had round
tops, while those at the 250 V level had flat fops (see
Figs. 14 a, b). This is consistent with the tentative spectra
shown in Fig, 27, according to which the flux density of protons
with nominal energy less than I increases rapidly near
E =250 ¢V, increases slowly ncar E==8o00 eV and has already
reached saturation before E=2300 eV. (As the rotation angle
increases, the effective area of collection decreages but the
energy of the protons which can be moduaiated by a given
modulating voltage increases; if the spectrum is sufficiently
steep, the consequent increase in modulated flux compensates
for the decrease in collection arca, giving rise to a current which
is nearly independent of  over a certain range}.

The properties of the plasma and of the associated magnetic
field, as they emerge from the present discussion, are summar-
ized in Table 6. Note that while the experimental data appear
to be consistent with the assumption of a Maxwellian distribu-
tion for the random velocities of the protons, they certainly
do not prove that this assumption represents more than a crude
approximation. Thus, the temperatures in Tabie 6 are simply
an indication of the mean energy of random motion of the
protons in the frame of reference of the moving plasma.

4) Awverage direction and angular spread of the proton beam

Since the plasma was fully modulated at the 2300 V level,
the shapes of the current signals obtained at this level are inde-
pendent of the proton energy spectrum; they depend only on
the angle « formed by the bulk velocity vector V, with the
equatorial planc of the satellite, and on the angular spread of
the proton beam. The position of their maxima, on the other
hand, determines the angle which the plane passing through
the spin axis and the vector -V, forms with the plane through
the spin axis and the solar direction (plane « p » in Fig. 12).
We shall call this angle {3,.
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TARLE O

Average properties of the plasma and the magnetic field observed during
time intervals of the first group [T{z50)/%(500) > 7o) amxl during time
mntervals of the second group [Ui{250}/M{800) < .1e]. The values labelled
« minimum » and « maximum » are respectively the smallest and largest
of ecach group of average values (see Table 43 The proton density » is
the ratio of the average flux density T to the bulk velocity V. All the
results given for the plasma were computed for g =0 and, therefore, repre-
sent nominal values of the corresponding quantities.

Intervals F Intervals
R No, 8, 10a
No. 2, 4, 6, 10b, 106" “16 » xod, 12,

(B (250)/T(8o0)> . 10) ('(Ti‘; ;‘_%O} 7(800) < .10)

Average proton flux density, G 19 1y
(107 cm ? sec™ (minimum: 1o} (minimum: 8)
{maximum: 2g) {maximum: 16)
Velocity of bulk motion, V, 2804 20 280 420
(km sec™)
Proton kinetic energy, mVg/z 420460 4204: 00
(V)
Proton density, = 7 4
(em™3 (minimum: 3) (minimum: 3}
{maximum: §) {maximnum: 5)
Proton « temnperature », 7T 6 < g
b &
(10° °K) {(between 4 and 10)
Magnetic field, B 13 3
(gammas}) (minimum: r1) (minimum: 10)
| (maximum: rs) {maximum: 16)
LEnergy density of bulk motion, 2,800 1,000
nmvy/z2 {(minimumnm: 1,500) | (minimum: 1,200)
(eV cm™Y (maximum 3.800) | (maximum: 2,600)
Energy density of « thermal » {(between 200 200
metion, 3nkT/2 and 700}
eV em™
Magnetic encrgy density, B2 2p, 400 400
eV cm™) (minimum:  300) {(minimum: 200)
{maximum: Goo} | (maximum: o0}
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Figs. 2z-a and 22-b illustrate the procedure used for the
analysis of the observed pulses. The scale on the horizontal
axis indicates times in milliseconds measured from the instant
when the normal to the cup was closest to the solar direction.
The dots in each figures represent superposed measurements of
individual current signals obtained during two different fele-
metering cycles. The solid curves represent the geometrical
response of the probe for parallel beams with & =0 and a= 40",
respectively, corrected for the distortion due to the electronic
circuits (sec Fig. 8). The vertical scales for these curves and
their horizontal positions were adjusted so as to obtain the
best fit with the maxima of the experimental current signals.
The times at which these maxima occur are shown in the
figures as f,. Considering the 15 ms delay introduced by the
clectronic circuits, the values of £,, shown in Figs. 22a and 22b
correspond, respectively, to fo= - 7" and B,=0" (negative
angles indicate directions to the south-east of the plane « p »).
Analysis of the various current signals recorded at the 2300 V
level gives values of [, which cluster around o, with a
dispersion of a few degrees. We were unable to determine
whether this dispersion is due to actual fluctuations in the di-
rection of the plasma flow or is due entirely to experimental
errors. In this connection, we note that the timing signal from
the optical aspect sensor had an uncertainty of about 4 ms,
corresponding to an uncertainty of about 2,5° in §,, and that
a somewhat larger uncertainty is involved in the determination
of ¢,,. In any case, we can safely state that whenever plasma
was observed during the third period of the Explorer X flight,
the angle 3, was smaller than 10% in absolute value.

The current signals shown in Figs. 22(a) and 22{b) are
slightly wider than the curve representing the response of the
probe to a parallel beam of particles incident at a=0" The
difference is even greater for a’»0%. We shall make a crude
estimate of the angular spread of the proton beam needed fo
account for the observed widening by assuming that hoth the
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e, 22 — Comparisen between observed corrent signals and theoretical
curves which represent the response of the probe and electronic circuits for
a parallel beam of particles with g =0 and g=40%
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response curve of the probe and the angular distribution of
the protons may be approximated by gaussian functions, with
root mean square angles equal to A and Aw respectively. The
observed current signal should then be a gaussian {function
with a root mean square angle A3, given by:

(A = (ABY + (3w)?.

Comparing the observed signals with the response curve for
o= 00 (corrected for the distortion of the pulses due to the
non-linearity of the electronic circuits), and considering that,
for a gaussian distribution, the rcot mean square angle equals
the half-width at 0.6 maximum height, we find from Fig. 22(a),
a value of (Aw)? between .0z and .10, and {from Fig. 22(b) a
value of (Aw)? between .03 and .12.

If we interpret the angular spread in terms of a « thermal »
agitation of the protons in the frame of reference of the moving
plasma, we have:

{Aw)? = kT/2E, .

Using the above values of (Aw)* and a kinetic energy of bulk
motion Ey,=420 ¢V, we obtain « temperature » estimates ran-
ging roughly from zx10® °K to 1rx710® °K in the case of
Fig. 21a and from 3x10° "K to 1rx10® °K in the case of
Fig. z21b.

These results appear to be more or less typical of all current
signals obtained at the 2300 V level. Thus, we conclude
that the range of possible « temperatures » deduced from the
width of the current signals is not in disagreement with that
deduced from the proton encrgy spectrum. Of course, it should
be noted that both temperature determinations ave very crude,
Also there Is no a priorl reason why the two « temperatures »
should be identical since the root mean square velocities of
agitation parallel and perpendicular to V,; may well differ from
one another.
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C. Third period - Currents observed in situation of lype A

The currents observed at times when the radial configuration
of the magnetic field was indicative of a type A situation cor-
responided  always to nominal flux  densities smaller than
5x 107 cm~ sec™’, However, these currents were occasionally
distinctly above the noise fevel. They were modulated by the
rotation of the satellite, with the maximum at the time when
the normal to the probe was closest to the direction of the
sun {as in the case of the currents ohserved in situations of
type B). In many instances, they appeared only at the 2300 V
modulation level; in some cases, they appeared also at the
800 V and at the 250 V levels, once even at the 8o V level.
Modulation at the latter voltages was observed more frequently
toward the end of the fight. The origin of these small currents
cannot be established with certainty.

D. Observations during the fourth period

During the fourth period, the following sequences of events
took place.

Between 3-27-1440 and 3-27-1452, the magnetic field
changed direction abruptly (from about ¢=0°% &= -6 to
about =0g0° #=0% and then returned just as abruptly to
approximately the original direction. The next two plasma
measurements at the 8co V and 2300 V levels indicate that
a substantial increase in the mean proton energy had occurred
[T {2300)222 O (800), flat-topped signal at the 8oo V level];
while the total flux density had not changed appreciably.

At about 3-27-1500, the magnitude of the magnetic field at
the satellite (which had been for some time in the neighborhood
of 13 v) began fo increase and reached a maximum of about
25 v at 3-27-1640, after which time it decreased slightly, oscil-
lating around a value of about 20 7.
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At 3-27-1503, when the satellite was at a geocentric distance
of 41.4 R,, the sudden commencement of a magnetic storm
was recorded on the earth. In the next six telemetering sequen-
ces (t.e., until 3-27-1655), the signals at the 2300 V level
(when available) were about twice the size of those at the
800 V level. Moreover, the latter had a distinet « horned »
shape which had not been observed previously (see Fig. 15),
while the signals at the 2300 V level still had a round top.
There was also a large increase in the total proton flux.

For the remainder of the observation period (i.e., until
3-27-1800, when the satellite was at 42.3 R,) the proton flux
remained at a level about double that observed prior to the
sudden commencement, However, there was no longer any
marked difference between © (2300) and @ (8co0), and the
signals at the 8oo V level again had a rounded top.

The above results show that during the first two hours after
the sudden commencement about half of the plasma protons
had nominal energies above 800 eV. However, the round tops
of the signals at the 2300 V level indicate that the proton
spectrum did not extend much beyond 2200 eV. Thus the
kinetic energy of bulk motion was of the order of 1000 eV;
however, the shape of the proton spectrum does not appear to
be consistent with a Maxwellian distribution of the proton
velocities in the frame of reference of the moving plasma.

Throughout the fourth period, the positions of the maxima
were not appreciably different from those observed during the
preceding third period. Thus, there was no evidence for any
change in the direction of the plasma flow.

6. INTERPRETATION
There i little doubt that the fast-moving plasma encountered
by Explorer X during the third and fourth periods of its flight

did not originate from the earth, but was a feature of inter-
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planetary space (however, it is likely, as we shall see, that the
presence of the earth might have materially modified the plasma
flow in the region explored by the satellite).

It is also difficult to avoid the conclusion that the reason
why no fast-moving plasma had been detected in the previous
periods is that the geomagnetic field acts as an obstacle to the
plasma flow, creating around the earth a « cavity » which the
interplanetary plasma cannot penetrate (though the cavity may
contain a quasi-stationary plasma representing an extension of
the carth’s atmosphere). The first appearance of the plasma
at the beginning of the third period means that, at that time,
Explorer X had traversed the boundary of the geomagnetic
cavity.

A, Theoretical considerations

The interaction of a moving plasma with the earth’s
magnetic field was first studied theoretically by Cuarman and
FErrARO [1g-21]. The problem was taken up again by FEr-
RARO [22], [23], whose work led to the prediction of a geo-
magnetic cavity of the general shape shown in Fig. 23(a). Iis
characteristic features are a blunt « nose » pointing toward
the oncoming wind, and a long « tail » stretching in the down-
wind direction (see also JornsoN [24]; more recent develop-
ments of the theory are described in a paper by Davis and
Brarp [25], which also contains a good bibliography of the
subject).

This theoretical model is based on a set of highly idealized
assmmptions, of which the most important are: 1) absence of
plasma within the geomagnetic cavity; 2) absence of magnetic
field in the moving interplanetary plasma, and 3) absence of
random motions of the plasma particles in the rest frame of
reference of the plasma {« perfectly cold » plasma).

During the last few years, it has become increasingly clear
that none of these assumptions correspond to reality. Thus,
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115, 23 — (@) Schemaltic representation of the geomagnetic cavity predicted
in the case of a moving, perfectly cold interplanctary plasma with no
magnetic field.

(b) Tentative model for the cavity and the stationary shock {ront produced
by the interaction of the actual plasma wind with the geomagnetic field,

before the flight of Explorer X, even the qualitative validity
of the theoretical conclusions was questicnable,

On the other hand, the findings of Explorer X showed that
the theoretical model was correct in predicting a sharp boun-
dary between the geomagnetic cavity and the surrounding
interplanetary plasma. Moreover, another important feature
of the theoretical model, i.e., the strong forward-backward
asymmetry of the cavity with respect to the direction of the
plasma flow, was also experimentally confirmed; while Exple-
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rer X crossed the geomagnetic boundary at a distance of about
22 earth radii in the anti-solar region, Explorer XII, moving
in the subsolar region, crossed the boundary at about 1o earth
radii (see section B below)., It is thus reasonable to explore
the possibility of interpreting the experimental results on the
basis of the theoretical model suitably modified to make it
compatible with the properties of the « real » interplanetary
plasma.

The irreversible flow, indicated by the asymmetric shape
of the geomagnetic cavity, imples dissipative processes such
as are likely to occur prominently if the plasma approaches
the earth at supersonic speed.

In the idealized theoretical model, the plasma flow is indeed
« infiitely » supersonic because in a « perfectly cold » plasma
with no magnetic field, the velocity of propagation of small
low-frequency disturbances {« sound » waves as well as Alfvén
waves) Is zero {1).

In the actual interplanetary plasma, on the other hand,
both the « sound » velocity and the Alfvén velocity have finite
values, and we must examine the experimental data fo de-
termine whether these velocities are actually smaller than the
bulk velocity.

In this connection, we note that the properties of the plasma
wind observed by Explorer X may differ substantially from
those of the « distant wind ». In fact, it is well known that a
supersenic flow cannot be stopped suddenly by an obstacle
(in our case, by the geomagnetic cavity), but must first be
modified in such a way that, in the region ahead of the stagna-
tion point, the velocity of the flow becomes subsonic. In the
case of ordinary fluids, the conversion occurs through a sta-
tionary shock front (or bow wave) that forms ahead and around

() A collisionless plasma does not propagate ordinary sound waves.
Hawever, some of the possible wave modes have propagation velocities that
are close to the velocity of sound, defined in the ordinary manner,
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the obstacle. Tt is reasonable to assume that a similar shock
front exists in the interplanetary plasma around the geomagnetic
cavity (sce Fig. 23(b)).

Since collisions do net play any appreciable role in the
exceedingly dilute interplanetary plasma, the dissipation pro-
cesses that occur in the passage of the plasma across the shock
front must be due to a mechanism different from that operative
in ordinary fluids, a mechanism which is not yet weli under-
stood. In any case, it is certainly true that between the shock
front and the geomagnetic cavity, plasma and magnetic con-
ditions are different from those beyond the front, where no
effect of the earth’s magnetic field can be felt. In particular,
the plasma in this region will not only move with a smaller
speed and in a direction different from that of the distant wind,
but it will also have a higher « temperature » and carry a
stronger magnetic field. For these reasons, the « Mach num-
bers » of the local wind relative to both « sound » waves and
Alfvén waves will be smaller than the corresponding Mach
numbers of the distant wind.

With this in mind, let us consider the Explorer X results.
The velocity of bulk motion of the plasima was found to be sub-
stantially larger than the mean «thermal» velocity of agitation
of the plasma protons. Since the « thermal » velocity is close
{0 the « sound » velocity, we conclude that the velocity of bulk
motion was larger than the « sound » velocity.

From Table 6, we sce that the ratio of the kinetic energy
density of bulk motion to the magnetic encrgy density was
greater than unity. Since this ratio equals the square of the
ratio of the bulk velocity to the Alfvén velocity, we conclude
that the bulk velocity was also larger than the Alfvén velocity.

The observed plasma wind was thus supersonic with respect
to both « sound » waves and Aifvén waves; for the reasons
explained above, this conclusion applies a fortiori to the distant
wind.

Note that a bow wave does not appear in the theoretical
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model because in the limit of an infinitely large Mach number
the bow wave becomes coincident with the houndary of the
geomagnetic cavity.

B. Experimental data velating to the geomagnetic cavity and
the bow wave

Besides Explorer X, several other space vehicles have pro-
vided information that can be used fo specify some of the para-
meters characteristic of the interaction region between the
interplanetary plasma and the geomagnetic field.

Pioneer T (launched October 11, 1958) and Pioneer V
(launched March 11, 1960) both went in the genecral direction
of the sun. They did not carry plasma probes, but they did
carry rotating-coil magnetometers which measured, intermit-
tently, the component of the magnetic field perpendicular to
their spin axes,

Up to a geocentric distance of about 13 R,, the observations
of Pioneer T indicated a magnetic field which was not very
different from that of a dipole; however, in the neighborhood
of 13 R,, the field was decreasing more slowly than a dipole
field. Between 13 R, and 14 R,, the Held became highty disturb-
ed and decreased in strength from about 25 ¥ to less than
10 Y [26], [27].

The observations of Pioneer V [28] indicated a quiet
magnetic field out to 10 R,. Then between 10 R, and 14 R,
the field became highly disturbed. Between 14 R, and 15 R,
the sitvation changed again, and after 15 R, the field became
much quieter and decreased in strength, dropping fo a value
of about 5 v at 20 R,

Explorer XI1 (which was launched August 15, 1961, on
an clliptical orbit with an apogee of about 13 R,) carried a
plasma probe, three flux-gate magnetometers and various high-
energy particle detectors. Tts measurements refer to the sub-
solar region. The magnetometers showed that, in this region,
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the field was regular and had a structure consistent (in strength
and direction) with that of a « compressed » dipole field up
to a certain distance, beyond which it became highly irregular
and its direction changed drastically (by about 180%. The
distance at which the transitions occurred varied between 8 R,
and 12 R, [29], [30].

The plasma probe aboard Explorer XII did not supply data
pertinent to this discussion. However, the high-cnergy particle
detectors showed that the region populated by trapped particles
terminated near the point where the magnetic transition oc-
curred [3T].

The combined results of Pioneer I, Pionecer V, and Explo-
rer XII support the theoretical model described in Section A.
Moreover, they show that the boundary of the geomagnetic
cavity {separating the magnetically disturbed region from the
magnetically « quict » region populated by trapped particles)
lies, in the subsolar region, between 8 R, and 12 R,. They also
indicate the presence of a second surface of discontinuity at
14 R, or 15 R,, which presumablv represents the bow wave,
separating the magneticafly disturbed region around the geo-
magnetic cavity from the unperturbed interplanetary feld.

TFig. z4 summarizes in graphical form the data mentioned
above. This figure was taken from the report presented by
one of us at a recent Symposium of IRE-PGNS (Bringe [7]].
A similar picture was presented by Camirrt at the same sym-
positm.

C. A tentative model for the geomagnetical cauvity

Making use of the above results, we now attempt to draw a
tentative and schematic model for the geomagnetic cavity as
it existed at the time when Expierer X crossed the boundary
and first detected the plasma wind. For this purpose, we still
need to supplement the experimental data with a few hypo-
theses.

13} Rossi - pag. 77
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116, 24 —— Pictorial summary of combined results of Pioncer I, Pioneer V,
and Explorer XII concerning the boundary of the geomagnetic cavity and
the location of the bow wave,

In the first place, we assnme that the distant plasma wind
comes directly from the sun. Then in an earth-bound frame
of reference, the plasma wind outside the bow wave arrives
at an angle of about 6° to the sun-earth direction in the plane
of the ecliptic, because of the orbital velocity of the earth.

We assume next that the geomagnetic cavity has axial sym-
metry around a line parallel to the distant wind and passing
through the center of the earth. Moreover, we assume that the
boundary of the cavity can be approximated by a spherical
cap joining smoothly to a conical surface.
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Finally, we take for the radius of the spherical cap a value
of 10 R,, which is the average distance at which Explorer XII
detected the termination of the geomagnetic cavity in the sub-
solar region.

The above assumptions, together with the observed position
at which Explorer X first encountered the plasma wind, de-
termine the boundary of the geomagnetic cavity; the conical
surface of this boundary has a half-angle at the vertex of about
20% (see refs. [32] and [331).

The assumed shape of the geomagnetic boundary (a sphe-
rical cap joining to a conical « tail »} is obviously an over-
simplification. Indeed, since the earth’s magnetic field is not
axially symmetric with respect to the direction of the distant
wind, there is no reasoen to believe that the geomagnetic cavity
has axial symmetry. We have also neglected here the complex
phenomena that are likely to occur in the vicinity of those
singular points of the boundary surface where the magnetic
field vanishes (see, for example, DUNGEY [34]}). Moreover,
the choice of 10 R, for the geocentric distance of the geo-
magnetic boundary in the subsolar region is, to some extent,
arbitrary. This distance could easily have been 20Y%, larger or
smialler; correspondingly, the half-angle of the conical « tail »
could have been smaller or greater than 20°. Tinally, one
must remember that, as demonstrated hy the Explorer XII
results, the boundary of the geomagnelic cavity changes with
time. Therefore, our specific model refers only to the geo-
magnetic cavity at one particular instant of time, i.e., the time
when Explorer X left the cavity,

Undoubtedly, the present model will be rcfined and revised
as more experimental data become available. We believe,
however, that its general features will not change drastically,
and we fecl justified in using it as a basis for the interpretation
of our data,
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D. Alternate appearances and disappearances of the plasma

An important feature of the Explorer X observations is the
alternate appearance and disappearance of the plasma during
the third peried of its flight (transitions from situation A to
situation B and wvice versa). There are, in principle, two inter-
pretations of these occurrences. The first is that the inter-
planetary plasma has a « slratified » structure, in which tubes
of force which are essentially empty alternate with tubes of
force containing substantial amounts of plasma. The second
is that, during the third peried of its flight, Explorer X found
itself alternately inside and outside the geomagnetic cavity (1).

After examining in detail the results of the magnetic field
measurements, we are convinced (as discussed below) that the
second interpretation is the correct one (Rosst [6]; other
authors such as Pipincron [257 have reached the same con-
clusion independently}. These measurements, in fact, strongly
suggest that the field' corresponding to sitvations of type A
was to some cxtent medified by the presence of the ecarth,
whereas the ficld corresponding o situations of type B was not.

In the first place, the field observed in the absence of plasma
(situation A), was found to point almost directly away from
the earth. This is the expected direction of field lines origin-
ating from the carth and contained in the elongated « tail » of
the geomagnetic cavity. Only by pure accident would one
find field lines with this particular orientation in a region of
space where the field arises from sources totally unrelated to
the earth.

In the second place, the data summarized in Tables 3 and 4
show that the strength of the magnetic field observed during
the intervals of type A decreased with increasing geocentric

('} We dismiss here, as unlikely, the possibility that during intervals
of type A the direction of the plasma flow was within the solid angle where
the plasima probe was insensitive (x>63°, see Fig. 12).
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distance, whereas no such consistent irend is detectable in the
magnetic field measured during intervals of type B. These
observations are casily understood if we assume that the field
typical of situation A is the geomagnetic field modified by the
plasma wind, and that the field typical of situation B is of
non-terrestrial origin.  On the other hand, if we assumed that
the field typical of situation A is also unrelated to the earth,
the observed decrease with increasing geocentric distance would
be entirely accidental.

A much more detailed and critical analysis of these questions
appears in HNSS, to which we refer the reader for further
information {1).

The above interpretation of the alternate appearances and
disappearances of the plasma is consistent with our model of
the geomagnetic cavity. To illustrate this point, Fig. 25 shows
the intersection of this cavity with the plane of the satellite’s
trajectory. One sces that Explorer X kept close to the assumed
boundary after leaving the geomagnetic cavity. While we do
not claim that the situation depicted in Fig. 25 represents
more than a crude approximation, we feel justified in assuming
that Explorer X, during the remaindei of its flight, was never
very far from the boundary as it existed at the time of the
first crossing. It is thus very likely that fluctuations in the
position of the boundary brought the satellite alternately inside
and outside the geomagnetic cavity. Such fluctuations are to
be expected, since the position of the boundary depends on

() H. Eroior, in a private communication (October, 1961), first pointed
cur that the strength of the magnetic field detected by Explorer X prior
to the sudden commencement decreased with increasing geocentric distance.
e used this observation as evidence that the field was of terrestrial origin
{although modified Dby the interplanetary plasma). When the distinction
between « sifuation A » and « situation B » was clearly established, it
became evident that Errror's argument was valid for situations of the
first type but not for situation of the second type, The careful analysis of
the magnetic measnrementis carried cut by J. Mipenzr and his collaborators
{see HINSS) has now added considerable strength to the conclusion that the
field chserved in situations of type A was of terrestrial origin.
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¥ra. 25 — Intersection of the geomagnetic cavity with the plane of the

trajectory of Explorer X, The cavity is assumed to have axial symmetry
arcund the direction of the « distant » wind (which is at 6° to the solar
direction in the plane of the ecliptic), and to consist of a spherical cap
joining fo a conical tail with a half-angle at the vertex of 20°

the dynamic pressure of the plasma wind and the Explorer X
data obtained oufside the cavity reveal appreciable changes in
the plasma flux.,

It is possible, also, that the boundary surface might be
somewhat « wavy », thus allowing several successive traversals
even without any temporal changes in the position of the
surface.

In connection with the present discussion, it is of interest
to recall that on March 26, at o250 UT, while the satellite was
still within the geomagnetic cavity, the magnetic field began
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to increase in strength without changing divection (see sec-
tion 4-B}. Presumably, this increase was due to a compres-
sion of the geomagnetic cavity, caused by an increase in the
plasma flux. Possibly, when the plasma wind was first detected
a few hours later, the geomagnetic boundary was still moving
inward at a speed greater than the outward speed of the sa-
teflite. If so, it would be more appropriate to say that the
geomagnetic boundary had moved past the satellite, rather
than to say that the satellite itself had crossed a relatively sta-
tionary boundary.

E. Properties of the plasma delected Dy Explorer X during
the magnetically quiel thivd period

If Explorer X never got very far from the geomagnetic
boundary, the local wind detected by the plasma probe must
have been practically tangent to this boundary. If, moreover,
the boundary was axially symmetric, the wind direction would
lie in the planc passing through the axis of the cavity and the
point of cbservation.

Let us assume that at all times when Explorer X detected
a plasma wind, the geomagnetic cavity had the shape shown
in Fig. 25. We then find that at the point where the satel-
lite’s trajectory first crossed the geomagnetic boundary, the
plasma wind must have had the direction shown by point L,
in Fig. 26. We also find that, despite the motion of the satel-
lite, the wind direction changed very little during the remainder
of the flight, the representative point moving only from L, fo
I,. Points I, and I, are well within the « window » that
contains the wind directions compatible with our observations.
Thus, the proposed model of the cavity is consistent with these
observations.

The directions corresponding to points L, and L, lie prac-
tically in the cquatorial plane of the satellite (represented by
the line « n » in Fig. 26). Therefore, the angle « for the local
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16, 26 — Showing the directions of the «local » wind (I,, L) at the
time when plasma was first detected and at the end of the observing period.
Shown also are the directions of the carth-satellite line (1,, L) at the
same times, and the direction of the distant wind (D),

wind is practically zero. Of course the exact value of  thus
determined is not significant because the assumed shape of the
geomagnetic cavily does not represent more than a crude ap-
proximation. However, it would seem that for all reasonable
directions of the local wind which are consistent with a distant
wind coming directly from the sun, « sbould lie between o°
and 20° (notice that & =20 corresponds to a nearly cylindrical,
rather than conical, « tail » of the geomagnetic cavity).

For angles smaller than 20% the differences between « no-
minal » and actual values of the flux and the energy are within
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the limits of our experimental uncertainties. Thus, we may
use the figures listed in Table 6 as a rcasonable estimate for
the properties of the plasma observed during the third period
of the flight.

We wish to note again that, in all likelihood, Explorer X
never went out of the stationary shock front which has been
assumed to surround the geomagnetic cavity. Presumably,
the mechanical and magnetic properties of the plasma undergo
a change across the shock front; thus, the experimental data
of Explorer X may not represent accurately the properties of
the interplanctary plasma at large distances from the earth.

E. Explorer X observations at the time of the sudden com-
mencement

As noted in HNSS, a class 3 flare appeared on the cast limb
of the sun about 2¢ hours before the sudden commencement
observed on the earth and the almost simuitaneous increase in
plasma flux and magnetic field strength recorded by the instru-
ments aboard Explorer X. If this flare was indeed responsible
for these effects, the mean vclocity of propagation of the
disturbance in interplanetary space was about 1400 km sec™!,

Presumably, the disturbance consisted of a shock wave pro-
duced by the solar outburst and travelling over the « normal »
solar wind. Immediately behind the shock front, one should
expect to find a plasma moving with a bulk velocity smaller
than that of the shock front itself (which corresponds to a
proton energy of about 11 KeV). The protons detected by the
plasma probe had energies below 2300 eV, corresponding to a
velocity of less than 640 km sec=!. The shape of the current
signals is not consistent with the assumption that the probe
was detecting the low-cnergy tail of a broad distribution peaked
at an encrgy greater than 2300 eV,

Thus, the bulk velocity of the plasma appears to differ from
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the computed mean velocity of propagation of the shock front
by at least a factor of two. However, one must consider:
1) that the velocity of the shock front near the earth might have
been smaller than its mean wvelocity, 2) that passage through
the bow wave might have decreased the bulk velocity of the
plasma. 1t is also possible, of course, that the observed ma-
gnetic field and plasma flux increases were not caused by the
flare referred to above.

G. Configuration of the magnetic field lines

In the theoretical model of the cavity produced by the inter-
action of 2 moving interplanetary plasma with the geomagnetic
field, all of the magnetic ficld lines originating from the earth
return to the earth. This is a consequence of the assumption
that the interplanetary plasma does not carry any magnetic
field. Even though it is now known that a magnetic field exists
in interplanetary space, one might be inclined to believe that
the earth’s magnetic ficld is still confined to the geomagnetic
cavity. According to this picture, the lines of force of the
interplanetary field would spread out in the vicinity of the earth
0 as to envelope the geomagnetic cavity and remain discon-
nected from the field lines originating in the earth. The ma-
gnetic field vectors on the inner and outer side of the geomagne-
tic boundary would then be tangent 1o this surface {without
necessarily being parallel to each other).

The general pattern of the experimental data provided by
Explorer X does not appear to sapport this view. In fact,
along those sections of the trajectory which were outside the
cavity, the average magnetic field formed large angles with
the houndary, being often approximately perpendicular to it.
Tnside the cavity, the average magnetic field (which was nearly
radial from the carth) also formed a finite angle with the boun-
dary of the cavity. Thus, it would seem that the field lines
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originating from the carth do not remain confined to the geo-
magnetic cavity but connect to the field lines of interplanetary
space through the boundary of the cavity (1.

Since the interplanetary plasma flows past the geomagnetic
cavity at great speed, while the cavity itself contains a nearly
stationary plasma, it seems difficult to reconcile such a
magnetic configuration with the generally accepted helief that
the magnetic field lines are frozen into the plasma.

In view of this difficulty, it is advisable to exercise great
caution in the interpretation of the experimental results.

One possibility is that the geomagnetic cavity is separated
from the interplanctary plasma by a boundary layer of finite
thickness, and that within this layer violent dissipative pro-
cesses occur which effectively de-couple the field lines of the
interplanetary plasma from those contained in the geomagnetic
cavity. The transitions which we have defined as « complex »
(see section 5-A} appear to suggest, in fact, the presence of a
boundary layer of considerable thickness. However, most of
the transitions were not complex. Moreover, it is possible that
the rapid changes of magnetic field and plasma flux occurring
during the complex transitions may have been due to fluctua-
tions of a thin geomagnetic boundary, The fact that, even
during such transitions, the correlation between plasma flux
and magnetic field direction persisted, supports the latter point
of view. In any case, the character of the fluctuations in the
magnetic field observed during the complex transitions does not
suggest the kind of turbulence that one wounld associate with
strongly dissipative processes. Thus, there is little experimental
evidence to support the view that dissipation of energy within

(") As noted in JTNSS, some uncertainty exists in the direction of the
Explorer X spin axis; the extreme values for its ecliptic longitude are
59.5° and 63°, and the extreme valves for its ecliptic latitude are --30°
and —46.5%,  Tiowever, these uncertaintics do not affect significantly the
conclusions stated here concerning the magnetic field directions.
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a boundary layer of finite thickness may provide a way out
of the difficulties.

Another possibility is that the field lines, hoth inside and
outside the geomagnetic cavity, approach the boundary at a
finite angle and then turn sharply so as to become parallel to
this boundary.

To test such a possibility, we examined in detail the beha-
vior of the magnetic field in the vicinily of the various transi-
tions which, according to our interpretation, represent tra-
versals of the geomagnetic boundary (seec Table 2). We found
no evidence that the magnetic field tended te become parallel
to such a boundary at the times when any one of the 13 simple
transitions occurred, and only a few of the observations made
during the two complex transitions might be compatible with
magnetic fields parallel to the boundary. A typical example
of the changes in the direction of B corresponding to a simple
transition is illustrated in Fig. 27.

It would be premature, perhaps, to draw any firm conclu-
sion from the above results, in view of the fact that the magnetic
field was not measured continuously, but only at intervals of
2m28% One must also consider the uncertainties introduced by
the arbitrary assumptions on which our tentative model of the
geomagnetic cavity is based (see section 6-C). Of these as-
sumptions, the one which affects the predicted orientation of
the geomagnetic boundary most critically is the hypothesis that
the plasma wind flows radially away from the sun. One might
inquire if, by abandoning this assumption, one can construct
a reasonable model for the geomagnetic cavity such that its
boundary is parallel to the magnetic fields observed near the
transitions. It turns out that this is possible, provided one
assumes that the distant wind comes from a direction near the
plane of the ecliptic at about 45° west of the sun (sce ref. [81).
The direction of the « local » wind corresponding to this model
falls within the « window » containing the allowed directions
of the observed plasma flow. However, this model appears
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e, 27 — Directions of the magnetic feld observed in the vicinity of the

transition occurring during telemetry cycles No. 1044 t0 1055 (see Table 2).
TPoints Jabelled by consecutive numbers indicate successive measurcments,
made at intervals of 27 28 All points corresponding to measurements made
before the transition {1 to G) fall within the small area enclosed by the
dotted line. The point I indicates the direction from the earth to the
satellite. The solid curve represents the plane tangent to the geomagnetic
boundary at the monient of the transition, according to ihe schematic model
of the geomagnetic cavity deseribed in section 6-C.  The point labelled
« perpendicular » is the direction perpendicular fo the tangent plane. There
is no evidence froun these data that during the transition the direction of
the magnetic field came near to the tangent planc.

unrealistic on the following grounds: First, it is difficult to
imagine a mechanism that would account for the wind coming
from that particular direction. Second, censidering the inter-
section of the geomagnetic cavity produced by this wind with
the orbital plane of Explorer X, we now find that the satel-
lite, after crossing the boundary at 22 R,, moved rapidly away
from it. Thus, it is no longer possible to explain the alternate
disappearances and reappearances of the plasma hy expansions
and contractions of the geomagnetic boundary, unless these
oscillations had a very large amplitude,

In conclusion, we wish to stress the fact that guestions of
basic importance are still unresolved by present experimental
information on the interplanctary plasma and the geomagnetic
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boundary. It is essential that further experiments be under-
taken, designed to provide a detailed description of conditions
existing in the immediate vicinity of the geomagnetic boundary
and within the boundary layer itself, through continuous record-
ing of magnetic fields and plasma fluxes.
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DISCUSSION

Chairman: B, PETERS

VALLARTA

Now with regard to this questicn of the cavity from the action
of geomagnetic field we have made some calculations on this based
on very unlikely assumptions, so that the results must be considered
only as a very rough first approximation. Other people have also
made similar caiculations; among them I'll mention the paper by
LevererT Davis and MipGrey which appeared in the Jowrnal of
Geophysical Research some time ago, and another paper by Srurz
which also appeared in the same number of the Jowrnal of Geo-
physical Research. Now there are some small differences in our
results, but in the main T think we all agree; the main difference
is that we seem to disagree on the cusp that is formed at the pole:
according {o our results the cusp is much deeper than according
either to SnuTz or to LevererT Davis and Mingrey. Now if I may
use the blackboard a moment perhaps I could draw a figure. As I
was saying, the assumptions that one makes are obviously all wrong,
but onc has to start somewhere, The first assumption is that the
plasma is stationary, the second iy that it has axial symmetry, and
the third is that inside the cavity there is only a magnetic field and
outside the cavity there is only plasma. Now on those assiumptions,
by just equating the gas pressure in the plasma to the magnetic
pressure inside the cavity one comes out with the following result:
tf this is now the meridian plane then this is the dipele axis of the
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carth, let’s say pointing in this direction, then if this is the equatorial
plane, the cavity has this shape: (draw) more or less, symmetrical
of course with respect to the equator,

(Yes, of course, you rotate this whole business round the dipole
axis). Now the main difference I will say between the caleulations
made by MiperEy and LEVERETT Davis and SLutz on the one hand,
and by ourselves on the other. is about the depth of this cusp:
according to us this cusp is very nmmch deeper than according to
flrem. This distance here is about 13.5 earth radii, this distance
here is about & carth radii, and inside here they say there is only
magnetic field, outside here there is only plasma. Now this is the
first result T think one can mention in this connection,

Rossi

Excuse me, were the computations of Davis made under the same
assumptions as yours?

VALLARTA

Yes, Davis uses the same assumptions essentially and also SLUTZ
uses the same assumptions. The size of the cavity according to us
is just about the same as according to SLuTz and LEVERETT DAVIS;
the main difficalty comes about this cusp. It is much deeper accord-
ing to us than according to either one of the others.

Rossi

Are these numerical computations?

VALLARTA
Yes these arc numerical computations as far as the boundary is
concerned.

PARKER

I want to add one note to the complications that Prof. Rossi
has already indicated concerning the cavity and the possibility that
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its size may be fluctuating. That is te remember the magnometer
data from Pioneer V traveliing in the direction of the sun. The
magnometer showed perturbations and fluctnations, which one tends
to attribute te the presence of the earth, all the way out to about
some 150,000 kilometers, some 20 or 25 carth radil. 1 think one
must Iook forward to some kind of terrible complications outside
the cavity boundary at 1o earth radi. Simple models, even includ-
ing shock waves, do not explain a disturbance 25 R into space.

Ross

1 had forgotten about this. [ thought that the perfurbations
are seen out to about rs carth radii. Are you sure it is 20 earth
radii?

PARKER

The number T remember is about 150,000 kilometers,

Errior

There is one poin{ in connection with this change in direction
of the field as you cross the boundary of the cavity. On the slide
that you showed, a few hours, if T remember the scale correctly,
before the sudden commencement there was a sharp change in the
field direction indicating a crossing of the boundary at this time.

Rosst

Before the sudden commencement do you mean?

Errior

Yes, a few hours before the sudden commencement, there is
a sharp change in the field direction which seems to be accompanied
by a very sharp downward spike in the scalar value of the field,
indicating perhaps that there js a very thin transitien layer here
with a neutral surface in beiweoen.
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1Ross1
That’s right.

Gorp

I wonder whether the disappearance of the plasma beyond 4 R,
shounld not be thought of as perhaps a very genuine effect con-
nected with the rotation of the earth. At that distance it needs only
a small thermal velocity for the particles to he centrifuged away.
So since they are ionized they certainly will be constrained to rotate
with the field at that distance and so they certainly will be living in
the centrifugal potential superimposed on the gravitational potential
of the earth. The region where the vehicle was, it being not on the
equator, will be in a very unfavourable place so far as pofential
is concerned for maintaining the plasma.

Ross;
It is a very interesting suggestion. Did you work it out quanti-
tatively whether it would?

GoLp

Yes, I can’t say that I would place it exactly at 4 carth radii
that it must disappear, but that is about the pizce where the centri-
fugal potential will already have made a contribution that is of the
order of 50%,.

SIMPSON

I would like to ask a question. If one imagines the interface of
the plasma with the geomagnetic field as a rather thin boundary,
then, since the plasma generally flows from the direction of the sun,
one might expect some kind of an albedo effect just in the moments
before the magnetic boundary passes through the orbit of the space
craft. Solar wind particles would be suddenly scattered from another
direction. I wonder if there is any evidence that just before passing
through the boundary one sees an « illumination » of particles from
the direction of the boundary.

3] Rossi - pag. 96



SEMAINE D'ETUDE SUR LE RAYONNEMENT COSMIQUI ¥

Rosst

I am just trying to think if there is anything that can answer
this question. I mean, as far ag the average dircction — that is the
position of the maximum of the peak — is concerned, we never
found any deviation from solar direction. Now this would probably
not produce any shift in the maximum as much as a widening of
the curve; and, as I mentioned, towards the beginning of the measu-
rements there was some cvidence that the curve was wider. Whether
that means something of the kind you describe or whether it means
stmply a hotter plasma, T don’t know. I think we need much more
measurements.  This wag just a first attempt, and I think what is
very important in any future measurement is, when you continue
recording both the magnetic field and the plasma, trying to catch
the situation reaily at the transition.

VALLARTA

I would like to add just one more thing to what I said a moment
ago. According to the theory there are particles of ptasma that are
reflected at the boundary — as there must be — so you must expect
something to happen at the boundary of the plasma.
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LARGE SOLAR OUTBURSTS IN THE PAST

T, GOLD
Cenier jor Radiophysics and Space Research - Cornell Universily
Tthaca, N.Y. - TLS.A,

Abstract — The question whether great solar outbursts have oc-
curred in geologic times 1s discussed. A limitation of the possible
severity is given by the consideration of the maximum amount of
terrestrial atmosphere that counld have been swept away by each such
outburst.  Evidence in favor of outbursts incomparably greater than
those that have been observed in recent times may be contained in
solar system nuclear compositions, in the geologic record, and in the
record of rock magnetism,

The question T would like to tackle is whether solar out-
bursts of the present day are representative of all that has hap-
pened in geologic times or whether much greater outbursts
have occurred from time to time. Our evidence that nothing
very violent has taken place in historic times is concerned with
such a short span of time only that it cannot answer the
question.  We should therefore inquire what limits can be
placed on the solar violence that may have taken place in
geologic times.

Tn the early phases of the life of the sun it is likely to have
contained magnetic fields in its interior resulting from the con-
traction of the ficlds in the gas masses forming it. Such fields
are likely to be of such a strength that they will interfere with
the settling down of the star to the main sequence, and a
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process of shedding magnetic fields will take place. If this
process is slower than the contraction against the thermal
energy, the magnetic time-scale will be more important in
defining the speed of setfling down than the usual Helmholtz
time-scale. The ohmic decay of low modes of the field of the
sun would have a time constaut of the order of 10" years; in
fact, one suspects that most of the field will be lost by instabil-
ities that cause surface disturbance and that act more quickly
than ohmic decay.

Fowwrer, GreENsTEIN and Hoyre [1] have shown from
a consideration of the light element nuclear composition of ter-
restrial material that at least in the ecarly phases in the solar
system much high energy proton bombardment must have taken
place, and they have associated that with such shedding of
internal magnetic cnergy of the forming sun. This nuclear
evidence thercfore suggests that at least in the early solar
system the sun’s activily was much more violent than it is now.

The initial magnetic encrgy of the sun may have been 10%
ergs. The rate of loss at the present time through flares and
such surface instabilities is perhaps of the order of 10* ergs
per year, and this rate is therefore very small compared with
the mean rate in the age of the sun. From this point of view
large explosions yielding more energy than ordinary flares, on
a long term average could still be taking place now, ihou0h
no longer as intensely as in the early sun,

The geological evidence is by no means opposed to major
disasters. If substantial extra heating took place for a short
time every few tens of thousands of years, even to the extent
of destroving a lot of plant and animal life, this would not
have shown up clearly in the record; on the other hand there
are many hints in the record of geology that unusual things
have happened from fime to time. Substantial climatic changes
are clearly implied by the ice ages on a time scale of a few
tens of thousands of years, and geologists have often inquired
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from astrophysicists and astronomers whether they could invoke
a variability of the sun for the explanation,

One line of evidence that places a limit on the strength of
past outbursts is that of the permanence of the ferrestrial
atmosphere. The rate at which surplus volatiles may be dif-
fusing out of the material of the carth cannot be estimated very
accurately; but it does appear unlikely that the total loss of
atmosphere from the earth in the whole of geologic time could
have been more than aboutl ten or twenty times the mass of
the present atmosphere. This limil is somewhat different for
the different constituents of the atmosphere, and is in fact
least stringent for the components that tend to separate out at
the higher levels, on account of their small molecular weight.

For one big outburst every ten thousand years, for example,
it would be permissible to have 2 x 107> of the present atmo-
sphere removed every fime. That means the outburst could
be intense enough to drive down to the 2o v bar level and blast
away everything above that level. The change in atmospheric
pressure resulting would only have minor climatic consequences.

It is of interest to consider the magnetic storm effects of
such an outburst. The simple ruie about the magnetic field-
strength generated at a large obstacle in the interplanctary
stream is that the magnetic pressure will rise until it equals

a

1
the stagnation pressure of the flow: —— =gz, The solar gas

driving at the carth will thus augment its field on compression,
and for the intensity of the stream we were discussing where
the stagnation pressure amounts to 20 dynes/cm? the field
strength would be about 20 gauss,

A magnetic storm of that kind of severity would be a totally
different kind of phenomenon from the usual one. The earth’s
magnetic field could clearly not hold up the incoming gas, and
it would indeed drive down to the atmospheric level where the
gas pressure can resist the further flow. At that level the
atmosphere is dense and the ionization that could be maintained
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would not resuit in a good conductivity. The incoming gas
bringing its strong field into the virtually insulating atmosphere
(Fig. 1) would then result in very large electric fields so directed
that the resulting currents would maintain those fields. But in
the atmosphere this can be done only by electrical breakdown.
Since the ground is a good conductor suclh a breakdown is
likely to take a path of breakdown through the entire thickness
of the atmosphere on each side of the magnetic cloud being
pressed in, and through the body of the earth from one site of
breakdown to the other (Fig. 2). This breakdown would be
in the form of a series of sparks, burning for extended periods
of time and carrying currents of hundreds of millions of

Fig. 1 — Magnetized cloud approaching the earth, showing current above
the insulating atmosphere.
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Breakdown

16, 2 — RElectrical breakdown of the atmosphere that would be cauvsed
by a still closer appreach. The field will then penetrate into the solid earth.

amperes. One might search whether there is any geological
record of surface fusing and vitrification of rock or sand which
cannot be accounted for by volcanic or meteoritic events, Large
quantities of glass, far too much to be made by ordinary light-
ning discharges, are indeed {found on the surface in a few places,
notably in the Libyan desert [2], [3]. Perhaps it might be
worthwhile to pursue this clue further.

If fieldstrengths as large as 20 gauss could be brought to
fhe earth, one wonders whether there is no possibility of mag-
netizing the earth from outside, rather than accounting for the
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main field of the earth by a self-excited dynamo action in the
interior. The magnetic changes that occur in the main field
of the earth seem to occur in remarkably short periods of time,
for any effects connected with the very long time constants of
the earth’s interior. The secular changes in the field and the
rate of decrease of the dipole moment which is observed at
the present time are all effects that have a few thousand years
as their time scale and not the millions of years which one
would normally associate with any changes taking place in
the earth’s interior. Evidence from rock magnetism [4], [5],
[6] points strongly towards comparatively frequent reversals
having taken place at least in the last few million years, with
a time scale of only a few tens of thousands of years. The
indications there are that the ficld has changed sign in a short
period of time, but has atl all times retained a strong tendency
to have a direction close to that of the axis of rotation. It
is very difficult to think that any process changing the motion
in the earth’s core could have happened in such, short period of
time, and it is equally very hard to invent any way in which a
self-exciting dynamo could be caused to reverse the sense of its
field, Such explanations are only pursued because one cannot
see any other methoed of accounting for the facts. It seems to
me now that one shonld look very carefully into the possibility
that the earth gets magnetized through a solar action and that
the field we are seeing now is merely that left by the last
magnetization and decaying with the time scale appropriate to
the size and conductivity of the earth, which is likely to be
10 or 20 thousand years.

The experimental fact that the time scale of the ice ages and
the time scale of the reversals of the field deduced from rock
magnetism is rather similar would appear accidental if the
magnetic changes were entirely of interior origin. If however
they were impressed from outside, then perhaps the same events
responsibie for the one were responsible for the other.
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One cannot at the present time make a case for occasional
giant outbursts on the sun; but on the other hand, one must not
ignore the possibility in the discussion of many lines of evidence
in astronomy, geophysics and geology.
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DISCUSSION

Chairman: P. PrrErs

PARKER

1 think Pref. Gorp's ideas ave very interesting. I want to raise
two questions, however, the first with regard to the problem of pack-
ing an intense field into the core of the carth. Some quick figures
here indicate that in order to have sufficient weight the clouds would
have to have a density that is comparable to the present ionosphere.
The relaxation time for such a system is of the order of minutes or
at most hours rather than thousands of years so there seems to be
some difficulty in getting the field into the earth.

The second point that I would like to make is that the energy
required to cject 2 x 10-5 of the atmosphere from the carth into the
space, requires an outburst at the sun of not less than 10!l ergs.
This is equal to the total luminosily of the sun for a period of
somethings in excess of a year, and [ wonder therefore if one could
nol devise an experimental fest of this outburst on the sun, by
making the assumption that the sun is a typical star. Then ask: if
these things come at random do I see outbursts on other stars? We
can see thousands and ten of thousands of them. Now, as I said
the outburst is the equivalent to doubling the luminosity of the
sun for a period of a year; I imagine you have something of a much
shorter time in mind, so that the outburst would be a very brilliant
flagh. 1In short, T think you are suggesting the sun is a recurrent

nova.
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GoLp

I will take the two things in order: in both cases 1 think your
figures are a little high. So far as the maintenance of field close to the
earth is concerned, if you only wanted to maintain the field on the
order of a gauss in order to magnetize the earth to half a gauss,
then that is only a pressure of 4 hundredihs of a dyne. A dyne is
a millionth of the atmospheric pressure.  So the total weight of
atmosphere that you are involved with is only like what it is at
the reoment in the condocting atmosphere of the earth, and not
what is below.

ParxER

But we have examples of how long it takes the other part of
the geomagnetic ficld to relax from magnetic storms, and that is less
than a day usually. At 4 carth radii the relaxation time is only
a day,

Gorp

Yes, but this is a different circumstance where new field and gas
is put into the earth’s domain.

PARKER

Well, if you staff in more gas you decrease the decay time.

GoLp

In this case one will be putting in extra field from outside,
which will be holding the gas apart and which will be giving it a
much greater scale-height. It is then free from the neutral gas and
the condactivity is maintained high. I am not sure though that I
could maintain such a system against disturbances. But it is a dif-
ferent sitwation from the usual case. So T don’t know...

The second point of the intensity of the outburst — no, T am
not thinking of it on the scale of a recurrent nova but the liminosity
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Is not in any very simple way related to the intensity of the plasma
outburst. The field strength I have quoted and the amount of atmos-
phere swept away is concerned with the gas flow {rom the sun, but
if that happens only with the speeds of the present outbursts, only
with much more gas involved, it is not clear to me that the sun
would be extremely Juminous as a consequence. It is the momentum
that 1 have given in this picture, not the exira luminosity of the
sun. It may be that you will be able to show that if one tears that
quantity of gas away from the vicinity of the sun, a lot of luminosity
would be a side cffect. That I don’t know. I agree that that is a
possibiiity and that could place a limit that I otherwise have not
been able to find, on the magnitude of the outburst, because indeed
we cannot tolerate an amount of heat to come out of the sun which
would really, completely destroy animal life and vegetation. I don’t
think that you would place the limit so low as to have a stagnation
pressure of less than one gauss, and even at that stage it begins to
be interesting magnetically.

BIERMANN

1 would like to make also some comments along this line. The
first is the question of the applicaliility of the time scale which is
given by the cross section and the resistivity and the ratio of magnetic
pressure to the gas pressure. This of course plays a great deal in
theoretical and experimental work in plasma physics: specifically
that connected with the problems of controlled thermonuclear fusion.
Tt became increasingly evident in recent years that the early estimates
of this time scale were not quite adequale for several reasons. One
reason is that even equilibrium configuration tend to he more comp-
licaled than one would think at first sight, and that the actual
time scale might differ greatly from simpie estimates. It has heen
found, T think, furthermore. that nearly all experiments in this ficld
have been plagued by a great variety of instabilities. There are the
so called hydromagnetic instabilitics which are perhaps analogous to
those of ordinary hydrodynamics and which are found if one effec-
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tively puts the conductivity equal to infinity. More recently, one has
recognised instabilities which are based on the distribution in velocity
space; even mixed types of instabilities do occur which you cannot
describe in every simple terms. These types of instabilities have the
consequence that the gradient of almost any guantity such as the
pressure, the temperature, the density, the velocity, might eventually
lead to instability. It is now somewhat difficult to see how, under
the circumstances which you describe, one of these instabilities would
not arise just automatically.

GoLn

Since we do not see many, because the sun is rather faint, we
ought to look at an awful lot of stars very carefully for a long time,
in order to see one cutburst every ten thousand years in anyone
of them. So even if they are awfuily bright outbursts, this is not
a very sensitive test, But as to the other point, of the instability,
I suppose you meant the internal field of a star like the sun would
in any case by now have decayed away pretty completely due to
instabilitics. Of course, I was specifically talking of these instabiiities
in s0 far as I regarded the process of flares and explosions as a pro-
cess of an instability getting nid of the internal field energy of the
sun. I would stiil suppose that at present these flares are still getting
rid of some of the internal energy of the sun. Only, T quite agree
with you that in the early phases of the sun there would have heen
a rush of them, much more of them at a much higher rate, and i
would have got rid initially of the field energy at a much faster
rate, s0 one should not take the early decay time as being the genuine
decay time for a star like the sun settling down to its final shape.
But there will certainly be, initiaily, a very high rate of decay due
to instabilities, and then there will be a long tail, and I suppose
that we are still now on this tail and still see, every now and again,
a little bit of internal field being got 1id of. But how do we known
that it has been gol rid of al a steady rate of 10 ergs cach year?
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A more unsteady rate would still make very big events occur in
geologic fime, and this cannot be excluded from known data.

SINGER

The small amount of evidence we have about the solar outbursts
seems to show that the large outbursts aise go with a large mean
encrgy of the particles from the sun. If thatf is so, then of course
these huge outbursts will also carry with them a large number of
particles at fairly high energies, let us say GeV. Then I think one
would have to look into a variety of other effects. In addition to
the purely pressure effect that you discussed herc, I am speaking
particularly of the effect of meteorites, Now, as far as T am aware
there is no positive evidence that the cosmic ray intensity over the
last 100 millions of years has been any different from what it is
at the present time, In addition there is the evidence of the isotopic
constitution of various atmospheric constituenis, I think Prof, Prrrrs
knows more abouat this than I do, which seems to show again that the
cosmic ray intensity has been reasonably constant over a million
years. I don’t know which of these evidences is more firm, but T
have not seen any evidence from any of these nuclear effects which
would indicate a higher average cosmic ray intensity in the past,

PrTERS

May [ make just one remark on this? A 1o thousand years
period seems to be excluded for these major disturbances because
the carbon 14 inventory of the earth, which was taken before the
bombs exploded, wag in agreement with what is to be expected
from the ordinary cosmic ray flax. The data which Dr. SINGER
refers to, I think, are a paper by AryoLp and his group in La Jolla
last year, where 21 isotopes in mefeorites were investigated ranging
in lifetime from 30 days to several million years; they obtained
constancy of cosmic rays over this period within a factor of two.
Now this is pretty good in the short lifetime region and not so good
in a long lifetime region, but I agrece with Dr. SmGer that the
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evidence for very large disturbances, as far as it goes, Is negalive;
there are effects in meteorites which could be studied in moré detail
with the view of finding evidence for major disturbances.

GoLp

Of course such disturbances would have fo be brief, but big
disturbances would of course have to contain a vast flux for the
integrated flux not to dominate. If we are talking about one big
outburst in 10 thousand years, we have to compare the cosmic
ray fiux of one such big outburst with the integrated flux over
this long period of time. What you and Prof. S1nGEr have said
seems cerlainly very valid and should be calculated to give a limit
on the maximum possible number of high energy particles that could
have come out. The light or heat radiations should be considered
in terms of what the geologic record on the surface of the earth
would tolerate for maximum heat flux for a certain length of time,

Denisse
May I ask you if you caonsider that such effect could not change
appreciably the momentum of rotation of the carth?

GoLp

I have not thought about that. My immediate answer would be
yes, they would change the angular momentum of rotation of the
carth, of the order of 1 millionth the angular momentum residing
in the atmosphere, But that of course is not a very large amount;
one could do that very many times and still not beat the mean rates
of change of angular momenfum due to tidal frictien,

VALLARTA

Could the secular change of the carth magnetic field during the
last, let’s say, 150 years be accounted for by some such mechanism
as you have mentioned in your lecture? I mean by the secular
change the motion of the earth magnetic centre, the change in the
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magnitude and the direction of the dipole axis, the change in the
magnitude and direction of the quadripole axis and so on. It is
known that such secular variation exists. Now, I wonder whether it
can be accounted for by such argament as yours,

GoLp

Indeed this is one of the respects in which I think that the present
theories of the origin of the earth field are really guite unsatisfactory,
in that the earth’s field does have a varfability which it is very haxd
to ascribe to a system in the deep interior of the earth. Any of the
time constants of dynamics and the thermal time constants are all
very long, and even the magnetic time constants are uncomfortably
long for the speed of the secular changes. So, one would really
quite like to have something that is more variable and can be
ascribed to the inside of the earth, If the earth could be magnetized
from the outside, then of course we would see in the present magnet-
ization and its changes with lime some replica — some distorted
replica — of the method of magnetization that occurred in the past.
One component of the magnetic field then would behave like heat
conduction; so let us think of this in the way of heat condution. It
is a problem like puiting a blow-torch against a thick wall for a
certain period of fime, making the intensity of the heat that we
apply a certain function of time, and then taking the blow-torch
away. 1f we feel the temperature of the wall, it will change with time
in a way which wilf not be a simple decay, but will be a certain more
complex behaviour which will refiect in a distorted way the part-
icular time pattern with which the heat was applied. 1 we see a
variability in the magnetization of the earth now, it could be ascribed
then to a varability during the time that an external field was im-
pressed on it

SINGER

This heated discussion simply shows that the remarks that
Dr. GoLp made are rcally quite stimulating. 1 agree in a general way

(4] Gold T - pag. 15



174 POXTIFICTAY ACADEMIAE SCIENTTARVM SCRIPTA VARLA - 25

with his philosophy that one should try to find upper bounds to the
amocunt of particles which may have come out of the sun, both high
energy and ion energy. T should like to mention two particular
items: one is the possibility that you might be able to set a Hmit
to the number of protons of about 1 MeV by looking at the amount
of nitrogen 15 in the atmosphere, assuming that all of it is produced
from nitrogen 14 by p-y reaction. Now for 1 to 10 KeV protons,
you can again set an upper Hmit by the amount of the erosion
which is produced in the meteorites and that is a severe one. It may
give an upper limit which is a Jot less than the proton flux which
Dr. Gowp has been speaking about here.
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SOLAR-CYCLE VARIATIONS OF COSMIC-RAY
INTENSITY, COSMIC-RAY ACTIVITY AND
GEOMAGNETIC ACTIVITY, 1937-1961

515 FORBUSH

Carnegie Instilution of Washingion, Departmeni of Terrestrial Magnelisni
Washington 15, D, C. - U.S.A.

Abstracl ~— In the consideration of models to explain the solar-cyce
variation of cosmic-ray intensity it seems desirable to know its phase
relation relative to that for geomagnetic aclivity and cosmicray
activity., Thus, for the period '1g37-1661 the amplitudes and phases
of the solar-cycle variation were derived for cosmic-ray ionization and
cosmic-ray activity at Huancayo, and for geomagnetic activity and
sunspot numbers,  The best estimates from the lmited amount of
data available indicate that relative to that for the solar-cycle variation
in sunspot numbers, the maxémwn Tor magnetic activity oceurs about
three months later while the mindmum for cosmic-ray intensity occurs
about six months later, Thus, the mininuen of the solar-cycle variation
in cosmic-ray intensity occurs abouf three months later than the
maxtmuar {or magnetic activity. No significant difference was found
between the times of maxima for geomagnetic activity and cosmic-ray
activity, Estimates are derived of the lower limit for stafistical un-
certainties in differences between times of maxima, Differences {D-Q),
from yearly means on magnetically disturbed and quiet days for cosmic-
ray intensity are compared with those for the equatorial geomagnetic
field, {ILRC), relative to the magnitude, (8-C),, of their respective solar-
cycle variations for quiet days. For cosmicray intensity (S-C),/{D-Q)
is about ten times that for ERC. (5-C), in ERC probably arises entirely
from the fact that yearly means of ERC for quiet days gencerally are
not free of the efect of preceding storms. [ this effect were com-
parable for cosmic-ray intensity, for which the recovery from observed

{51 Forbush - pag. 1
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magnetic storm decreases occurs at a rate comparable to that for ERC,
then (5-C)y/(D-0) for cosmic-ray intensity shoukd be comparable to that
for ERC. Thus, it seems clear that the (§-C), variation in cosmic-ray
intensity is not directly due per se to the cumulative effects of cosmic-
ray intensity decreases often observed during magnetic storms.  Thus,
during the solar cycle a state prevails in interplanetary space, or beyond,
which resulis, excepl near solar minimum, in a persistent lowering of
cosmic-ray intensity even on magnetically quiet days, which is not
directly due, per se to storm-time decreases in cosmic-ray intensity,
This appears to be in accord with the apparent lag in the minsmum of
the solar-cyele variation in cosmic-ray intensity relative to the maximum
in that for geomagnetic activity.

1. INTRODUCTYON

In a previous paper [1] it was concluded qualitatively that
the maxima in the solar-cycle variation of cosmic-ray intensity
appeared to occur as much as a year or so after the minima in
the curve for sunspet numbers. Recently NEHER and ANDER-
SoN [2] examined the correlation between sunspot numbers
and the ionization at 15 g cm™? measured at Thule on several
days during the summer of most of the years from 1951 to
1961. They concluded that the best correlation (negative) was
obtained using sunspet numbers for periods g to 12 months
prior to the ionization data.

Since the results may be of importance to models for explain-
ing the solar cycle variation of cosmic-ray intensity, it scems
desirable to determine as well as possible from the data avail-
able the phase relation between the solar cycle variafion of
cosinic-ray intensity and geomagnetic activity. Geomagnetic
acfivity results from solar streams or plasma striking the carth.
smmpsoN et al. [3] showed from measurements on LExplo-
rer VI and Pioneer V that a reduction in cosmic-ray intensity
occurred at a great distance from the earth when the front of
the solar stream, which resulted in a magnetic storm, envelop-

[5] Forbush - pag. 2
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ed their detector. The reduction of cosmic-ray intensity at the
carth during that magnetic storm was thes shown to be due to
envelopment of the earth by the solar stream or « magnetic
bottie », within which the cosmic-ray intensity was below nor-
mal. Since, apart from such rare observations as these, the best
indication for arrival of solar streams is geomagnetic activity,
we choose to relate the phase of the solar-cycle variation of
cosmic-ray intensity to that in geomagnetic activity.

The cosmic-ray data used are those from the ionization
chamber at Huancayo, Peru, corrected to constant barometric
pressure and for drift, Forpusn [1], for the period 1¢37-
1961. For magnetic activity we adopt the w-measure of Bag-
TELS which for a given month is the average of the absolute
values of the changes from each day to the next in the daily
mean geomaguetic equatorial field [4]. Monthly values of u
are published in Geomagnetism, CuarMaN and BarTeLs [s5]
for the period January 1872 to April 193g. Monthly values
of » were similarly derived for the period April 193¢ to Decem-
ber 1961, Annual means of these #-values are given in Table 1.
BarTELS [4] showed that the correlation coefficient between
annual means of #; and of sunspot nwumbers for the years 1872-
1930 was +0.88. BawrreLs derived his #,-measure by a trans-
formation of # using a variable scale designed to render similar
the frequency distributions of monthly means of #, and of
sunspot numbers.  This tfransformation was particularly im-
portant to his demonstration not only of the reality of the
equinoctial maxima in the six-month wave in u,, but also
enabled him to show that the maxima in this six-month wave
occur close to the equinoxes, March 21 and September 23, and
not close to March 5 and September % when the sun’s axis is
most inclined to the sun-earch direction. Since we find that the
yearly means of u (not u) for the period 1872 to 1g61 have
a frequency distribution similar to that for vearly means of
sunspot numbers, we adopt the annual means of u to measure
magnetic activity.

(51 Forbush - pag. 3
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TABLE 1 — Annual Means 1937-1961: Sunspot Numbers (S5),
Magnetic Activity {(u), Cosmic-Ray Ionization (") at Huancayo

(C-RY, Cosmic-Ray Activity (s) and Magnetic Activily (A,).

5S 1t C-R ) Ay
unit: 10y 0.1%, unit: 0.019/ unit: 2y

1937 - 114 1.38 53 43 12
1938 . 110 1.4T 53 67 15
1939 - 89 1.34 55 48 17
1940 . 68 1.22 50 38 16
1941 . 48 1.20 54 37 i)
1942 . 31 0.80 G 30 14
1643 - 16 0.77 6o (%) 25 () 17
1044 - 10 0.72 71 24 II
1045 . 33 0.84 68 29 10
1946 . 93 1.05 48 83 19
1947 . 152 T.46 38 61 19
1948 . 136 1.14 50 52 15
194G - 135 1.53 54 50 15
1950 . 84 1.38 56 38 18
1951 . 69 1.21 54 49 22
1952 - 31 1.06 59 52 21
1953 . 14 0.83 H4 28 10
1054 . 4 0.64 68 21 11
1955 . 38 0.85 68 3T 11
1956 . 142 1.50 58 55 18
1957 . 1G0 T.82 39 100 20
1958 . 185 1.78 4T 63 19
1959 - 159 1.56 39 9o 27
1960 . 112 1.63 4T 64 24
1061 . 54 T.22 53 38 16

84.7 545 49.0 16.6

I.24

Mean

('} Corrected for drift (see ref. [1]} and also corrected for adjustments
in balance after March 23, 1934 {—71.0%) and October 4. 1957 (+0.4%).
() rr-month mean, October 1943 missing,

(5] Forbush -
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2. CORRELATION COETFICIENTS AND REGRESSION LINES FOR SE-
L.ECTED COMBINATIONS AMONG SUNSPOT NUMBERS, COSMIC-
RAY INTENSITY, COSMIC-RAY ACTIVITY, AND MAGNETIC ACTI-
VITY, I937-196T

Annual means, 1g37-1961, are given in Table 1 for sunspot
numbers, S8, magnetic activity, #, cosmic-ray intensity, C-R,
- The corre-
lation coefficients #{x, ) between selected pairs (x, y) of the
above variables arc of some interest per se. However, these
values of » and the appropriate regression lines which depend

cosmic-ray aclivity, s, and magnetic activity, Ar

on #, are essential for providing some estimate for a lower limit
of statistical uncertainties in the harmonic dials for the differen-
ces in the solar cycle variation for selected pairs of variables.

Fig.  1(A) shows the regression line for annual means of
A, on §S Nos. and the correlation coefficient, 7(A,, SS Nos.)
= +0.47. The superior correlation 7(#, SS Nos.)= +0.90, be-
tween annual means shown in Fig. 1(13) dictated the use of # for
a measure of magnetic activity. In Fig. 1(B) in addition to the
single line for the regression of # on S Nos., the data are also
fitted with two regression lines () and (b) which indicate, as
shown Dby BarreLs [4] that changes in # with changes in
SS Nos. are greater when SS Nos. are less than 30 to 50.

Fig. 2(A) shows the lines for the regression of C-R on
SS Nos. and 2(B) that for the regression of C-R on #. For
2(A) and 2(B) r is essentially the same.

Figs. 3(A) and 3(B) show respectively the regression of
cosmic-ray activity, s, on # and of C-R on s for which the
correlation coefficients are also similar. Cosmic-ray activity
is derived from the yearly pooled standard deviations of daily
means of C-R intensity, at Huancayo, from their monthly
means [I}.

{5 Forbush - pag. 5
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3. CURVES COMPARING THE SOLAR CYCLE VARIATION FOR SE-
LECTED} VARIABLES

Fig. 4(A) compares the solar cycle variation in S5 Nos.
and in %. The triangles are annual means of » from Table 1.
The solid curve indicates annual means of calculated, u,,
from SS Nos. using the single regression line in Fig. 1(B3)
while the dashed curve is for values of # calculated, #,, from
$S Nos. using the twa regression lines (¢) and (b) in Fig. 1(B}.
The latter values of w, agree better with observed values than
the values, u,, calculated from the single regression line.
Fig. 4{B) compares observed annual means of cosmic-ray in-
tensity C-R with values (C-R), calculated from u using the
regression line of Fig. 2(B). Tig. 4(C) compares observed
values of cosmic-ray activity, s, with values calculated from
using the regression line in Fig. 3(8). An inspection of Fig. 4
provides no reliable indication of phase differences between the
solar cycle variation in observed and computed values.

4. HARMONIC DIALS FOR SOLAR CYCLE VARIATIONS

To determine whether significant differences exist in the
phases of the solar cycle varlation for selected pairs of variables
harmonic coefficients were derived from the data of Table .
The resulting coefficients for each of three groups are given in
Table 2. Since Fig. 4 indicates the interval between S5 minima
is close to 1o years, the coefficients are those derived for a
period of exactly to years. The resuiting times of maximum
given in Table 1 for S5 Nos. show that the intervals between
maxima are indeed quite close to 10 years during the period
1937-1961.

The coefficients in Table 2 are obtained from a 10-ordinate
schedule using successive differences of the ordinates. This
procedure of Bawrrers [6] was used since it automatically

(3] Forbush - pag. 9
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provides coefficients corrected for any non-cycle (i.e., linear
change). The cocfficients are also corrected for the use of yearly
means, BARTELS [7]. Since group 3, of Table 1, overlapped
group 2, greup 3 was given half weight in the weighled
means. Except for the iast row of Table 1, the amplitudes ¢,
in each group exceeded that for ¢, (the amplitude for frequency
two per 1o years) by factors of 2.5 or more. For s, in the
last row cach ¢, excecded ¢, by a factor of 1.6 or more. Thus,
only the ro-year waves were used to examine relative phases.

In Fig. 5 are plotted the amplitudes ¢, for pairs of variables
shown in Table 2 and the weighted means. These graphs show
the values of ¢, were greatest for group 3 and least for group T,
and for each pair the two values of ¢, were somewhat correlated.
The ratios of the weighted mean amplitudes (shown in Fig. 5)
are about the same as the slopes of the corresponding regras-
sion lines shown in Figs. 1, 2, and 3.

In the harmonic dial of Fig. 6{A) the vector from SS. Nos.
for each group shown in Table 2z has been rotated through
an angle o to zero time of maximum, and each vector for
(and C-R) for the corresponding group has been rotated
through the same angle. Thus IFig. 6(A) shows the times
of maxima of the # and C-R vectors relative to that for the SS
vector.  Likewise, Tig. 6(B) shows the times of maxima for
the (C-R) vectors relative to that for the » vector, and similarly
for Figs. 7 and 8. Also, for convenience, on the amplitude
scales in Figs. 6 and & (not 7) the weighted mean amplitude
(Table 2) for cach vector is unity. In addition, the amplitude
for cach of the rotated vectors was first corrected (using the
slopes shown in Fig. 5) for amplifude deviations from the
weighted mean amplitude for the wvector rotated to zero time
of maximum. Thus, for example, for Fig. 6(A), if ¢,,(u),.
and c,(u), denote respectively the corrected and observed
amplitudes from u, for group # (#=1, 2 or 3); and if ¢,(SS)
and ¢, (55), denote respectively the weighted mean amplitude

Is} Forbush - pag. 12
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and that observed from SS Nos. for group =, then ¢y, (u),
= ¢, (1) + [¢,(SS) ~ ¢,,(88),] % 0.00575, using the factor shown
in Fig. 5(A). The amplitudes of the other (non-zero time of
maximum) vectors in TFigs. 6, 7 and 8 were similarly cor-

rected.

5. STATISTICAL PARAMETERS FOR MARMONIC DIALS

The cosmic-ray data limit the derivation of 1o-year waves
to 2.5 solar cycles. To determine the statistical reality of the
difference between average vectors for r0-year waves from
two different variables in the harmonic dial, the « safe » pro-
cedure is to determine the dispersion of the cloud of end points
for many such vector differences. These safe procedures and
the consequences of not using them were thoroughly emphasized
by BarTELs [7] and in earlier contributions. Tor a « cloud »
of only 2.5 points (1.5 degrees of freedom) the two-dimensional
standard deviation derived from it is subject to a large
uncertainty. Some estimate for the lower limit of this disper-
sion can be made. If each of a large number of sets of
equally spaced random ordinates is harmonically analyzed,
the distribution of end points for the resulting cloud of points
in the harmenic dial for frequency, v, is governed by the
expectancy M. BarreLs [7] showed that M=2¢/1/7, in
which & is the standard deviation for the population from which
the random ordinates are drawn, and that M is the same for
all v except for the case when # is even and v=7/2. Thus,
from an estimate of the standard deviation for « random »
errors in the differences between pairs of ordinates {for cor-
responding years in our case) an estimate may be derived for
the expectancy M, for random vector differences in the har-
monic dials for 10-year waves. For example, the line in
Fig. 2(A) for the regression of C-R on SS Nos. predicts values
of (C-R), from 5S Nos. This line minimizes the variance, say

[5] Forbush - pag. 16
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A2 of the residuals or differences, D, between the N =25 pairs
of observed values {C-R), and (C-R), when all error is in the
(C-R) values. In Table 3, row 2, this estimate for the standard
deviation, A, of D; is listed in the column headed A(24) to
indicate 24 degrees of freedom among the 25 differences. The
values of A{z4) in Table 3 are similarly determined for the other
pairs of variables (column 1), the regression lines for which
are shown in the indicated figures.

In the harmonic dials of Figs. 6, 7, and 8 the location of
the vectors (or their end points) for ene variable relative to
the vector (which has its time of maximum put to zero) for
another variable is in effect determined by the ro-year wave
in the residuals, D, for the corresponding period (or group in
Table 2). If the D; were completely random there would be
no significant difference between the wvectors for the pair of
variables; in addition, the expectancy, M,, for single differen-
ces between vectors could then be estimated from M=2zA/\/#
with #==10 for the number of ordinates, used in the harmonic
analysis. It should Dbe noted, for example, in Fig. 6(A) that
the differences between the vectors for # (triangles) and SS Nos.
are the vector differences between these triangle points and
the end point of the SS vector, while the differences hetween
vectors for C-R and SS Nos. are geometrically the vectors from
the circles (for end points of C-R vectors) to the end point of
the negative vector for SS Nos. This remark applies similarly
to Figs. 6(3), and 8(A). TIf the difference between such pairs
of vectors is statistically significant, then values of 1, would
not be completely random, and there would be a tendency (more
or less marked depending on the magnifude of superimposed
random errors) for I; to be correlated with Dy, o (with =1, 2,
3...10). To remove the effect of any such tendency, the stan-
dard deviation, &,, was estimafed from the ten differences:
(D; - Dypjo) with i=1, 2, 3...10 and é=1 for 1937, using 9
degrees of freedom.

(5] Forbush - pag. 17
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If these successive differences were random, or statistically
independent, then the standard deviation of « random » errors
in single values of ID; would be g, =¢,/+/2. These values of g,
are listed in Table 3 in the columns headed g,(g9). Most of the
values for ¢, are only slightly less than the values of A(z4)
indicating that the residuals D; are not greatly reduced when
any systematic waves (the same for 1937-1940 as for 1947-
1957) are removed. If the differences {I3; - D; ;o) were random
(statistically independent) the expectancy, M;, for siugle vector
differences (i.e., between the vector with maximum set to zero
and that for another variable) could be obtained from the re-
lation M, =2e,/4/7 of BarrELS [7] referred to above with
r=10. These values of M, are listed in Table 3. These values
of M, divided by the appropriate weighted mean amplitude, ¢,
from Table 2, gives M,* which is the estimated expectancy
for single vector differences in units for which the weighted
meau amplitude is uuity. In the fourth row of Table 3 the
values in parentheses in the last three columns are not so
uormalized but are instead in the same units as #. The ra-
dius, p,*, of the so-called probabie error circle for single ran-
dom wvector differences is then p,*=0.833 M;* [7] and for
the wvector difference between weighted means of 2.5.
vectors, ¢*,.. =p,%/4/2.5. In the harmonic dials the larger
circles are the « probable error » circles, thus derived, for single
vectors and the smaller ones for the weighted means. On the
whole, roughly half the points lie inside the larger circle as
should be the case for large numbers of points if the radii of
the circles have been properly estimated. Deviations, from
the weighted mean, as large or larger than that for point num-
bered 2 in the left side of Fig. 8(A) should occur only for
about one point out of 60 in the long run. It must be emphas-
ized that if the differences (D, -1, ;) are not random, then
M, and the other parameters derived from it are underestimated.
BarTELS [7] emphasized that in the harmonic dial even the
deviations (from the average) of vectors, derived from suc-

[57 Forbush - pag. 19
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cessive intervals, were in many geophysical cases not statistic-
ally independent; and showed how to obtain the effective
number of statistically independent values.

In addition to the value A{z4), in Table 3, for the standard
deviation for single values of D, values of the characteristic,
A(h)}/ 'k, were derived for the means of % successive values
of D, with A=1, 2, and 3 (for h=1 by definition A(24) and
A(h)/h are identical). If successive values of 1), are statistic-
ally independant the value of the characteristic is independent
of & as shown by BarTeELs [%], otherwise the characteristic
values increase with /., at least for small values of k. For the
D, from which values of A(24) in Table 3 were determined none
of the characteristic values A{R)./k showed any certain tend-
ency to increase with 7. With only 25 values of D, available,
such a test is not very reliable. Thus, the statistical parameters
which we have derived must be regarded as lower limits since
the data arc inadequatc for testing statistical independence
among vector deviations for successive intervals or even among
the ten consccutive vatues for the differences (D; - D; o). With
this reservation, the results may be summarized.

6. SUMMARY OF RESULTS FROM HARMONIC DIALS FOR TO-YEAR
WAVES

The time of maximum (or minimum) for the weighted mean
r0o-year wave for one variable (x) relative to the maximum
for the weighted mean for another variable is shown in Table 4
for different pairs. T, and T, indicate the times between which
the maximum (or minimum) in the variable, », would, from
further samples, ordinarily be expected to occur with proba-
bility = o.5 and P (T<Z0) is the probability for the maxima
(or minima) in waves from the variable x to occur at T<O
(relative to the wave with maximum at T=0). The interval

{5] Forbush - pag. z1
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between T, and T, and P (T<Z0) are both too small if the suc-
cessive differences (D; -1, ,,) discussed earlier are not sta-
tistically independent. However, the values in Table 4 are the
only estimates possible from the data available.

7. SOLAR-CYCLE VARIATION ON MAGNETICALLY QUIET AND DIS-
TURBED DAYS FOR COSMIC-RAY INTENSITY AND GEOMAGNETIC
FIELD

In Tig. ¢ yearly means from the five magnetically quiet
and from the five magnetically disturbed days of each month
are shown for cosmic-ray intensity at Huancayo and for the
southward cquatorial geomagnetic field, ERC (equatorial ring
current field). The values of ERC for 1939-1945 were obtained
from those published by Xerrz [87; those for 1g60 were
computed using the Kerrz's procedure.  As previously pointed
out [1], the solar cycle variation of cosmic-ray intensity
is nearly the same for magnetically quiet and disturbed
days, although the vearly means for the latter arve, except
for 1953, always less. The 1o-ycar wave from cosmic-ray in-
tensity for quiet days differs insignificantly in phase from that
for all days (used in the harmonic dials) although its amplitude
is about 10% less. TFig. g shows that the change in ERC
for quiet days during the solar cycle is small relative to the
difference, (I ~ Q), for disturbed minus quiet days. For cosmic-
ray intensity, however, the ratio of the difference, (I} - Q), to
the magnitude of solar-cycle variation for quiet days is small;
actually it is about ten times smaller than the ratio for ERC.
The larger values for ERC on disturbed days are due to
magnetic storms and most probably the variation of ERC on

“quiet days is due to the fact that on many of the quict days
(5 per months) the post-perturbation effects of preceding storms
are still present since the time for recovery of the ERC is several
days. The recovery time for cosmic-ray magnetic storm as-

[5) Forbush - pag. z3
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sociated decrease is about the same as for ERC. Thus, the
solar cycle variation of cosmic-ray intensity on quiet days can
not arise in large measure from post-perturbation effects from
magnetic storms preceding the quiet days (as for ERC) since
this would result in a much greater difference in (D - Q) for
cosmic-ray infensity than is observed.

This conclusion is also supported by comparing for cosmic-
ray intensity the standard deviations: (1) for single days from
monthly means pooled for the period 1937-1961; (2) for
monthly means from yearly means pooled for 1937-1661;; and
(3) for yearly means from the mean for 1937-1961. These
values are for (1) 0.54; (2) 0.57; and {3) 0.95 in per cent of
the total intensity. If (3) is derived from yearly means for
quict days, the value is 0.85"0. This also shows that the effect
of magnetic storm changes on cosmic-ray intensity can not
per se account for the solar cycle variation in C-R.

8. COMPARISON OF SOLAR-CYCLE VARIATION IN COSMIC-RAY TONIZ-
aTioNn C-IR, AT HUANCAYO WITH NEUTRON INTENSITY AT
OTTAWA

Fig. 10 compares six-month averages of (C-R) and
neutron intensity at Ottawa, values for which were kindly
provided pressure-corrected by Rosk and co-workers. These
solar cycle variations follow rather closely except possibly for
the period April 1954 through June 1955, when apparently
neutron intensity decreased at Ottawa but not {C-R) at Huan-
cayo. The solar cycle variation of neutron intensity is about
five times greater than for (C-R) at Huancayo. During sev-
eral storms in 1957 the ratio of the percentage decrease in neu-
tron intensity at Uppsala to that in ionization at Huancayo is
only about 2.5, as found by Sanpsteom et al. [g]. This
also indicates that the solar-cycle variation of neutron intensity
is not due per se to decreases during magnetic storms. A com-

[5) Forbush - pag. 23
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parison of the results obtained by Nemer [2] for ionization
at 15 g em~? over Thule, with those in neuntron intensity at
Ottawa indicates that the solar cycle variation in the former is
about 2.6 times greater than for neutron intensity at Ottawa.

g. SOME DETAILS OF THE SOLAR CYCLE VARIATION IN COSMIC-RAY
INTENSITY AND SUNSPOT NUMBIERS

Fig. 11 shows the variation of monthly means of cosmic-
ray ionization, C-R, at Huancayo and of sunspot numbers
from June 1936 to March 1962. Tig. 11 indicates that the
maxima in C-R tend to occur somewhat later than those in
SS Nos.; or, in other words, that following SS minima the
increase in SS Nos. may continue for some months without an
accompanying decrease in C-R. A similar tendency was noted
by BaRTELS [7] in .

A conspicuous feature in Fig. 171 is the large decrease in
C-R from January to February 1946 and the low values of
C-R that prevailed for several months thercafter.

Fig. 12 shows the variation of daily means of C-R and
of magnetic horizontal intensity, H, at Huancayo for the period
January 1 to April g, 1946. Conspicuous in this figure is the
large decrease in C-R which began after February 3, 19406,
and which preceded the magnetic storm which resulted in a
low value of H on February 7. The low values of C-R that
prevailed for at least two months or more seem to indicate that
the earth was for menths continually inside one enormous
« magnetic bottle of GoLn ».

Discussion

The insignificant difference between the times of maxima
for the weighted average ro-year waves in magnetic activity

(5] Forbush - pag. 27



SCIENTIARVM SCRIPTA VARIA - 25

PONTIFICIAE ACADEMIAR

202

Monthly means € - R and S8 nos rg37-1961.

II

Fia.

[5% Forbush - pag. 28



203

ETC.

COSMIQUI

T

SUR LE RAYONNIEMI

T D ATUDE

SEMALN!

‘gt6r ‘6 -xdy - 1 cue[ ofedueny I g pue YD Huss £Z4) susewr L] — 2I DI

O0i-
I
g
3
OF ro
(]
o
)
e
ootk 7
~
Q02+
00¢
grel «dy 96! JoN 9r6: 994 St6l uor
1 1 i 1 1 k3 i i
& (6:9 Qe Ql g2 8l g [y m_ 6

Le

LE

Lt

4G

L9

{51 Forbush - pag. 29



204 PONTIFICIAK ACADEMIAR SCIENTIARVM SCRIPTA VARIA - 25

u and cosmic-ray activity s {Iig. 8 B} would be expected since
s is due principally to so-called Forbush decreases associated
with magnetic storms which account entirely for .

On the other hand the solar cycle variation in cosmic-ray
intensity is apparently due to less transient effects. Since the
In-year wave in cosmic-ray intensity appears to lag about 180°
plus 3 months behind that for magnetic activity, #«, this may
indicate that the solar cycle variation in cosmic-ray intensity
results from magnetic field irregularities, in the planctary
system, due to a cumulative effect from many emitted solar
plasma clouds which has no counterpart in magnetic activity
since once past the earth these plasmas can no longer affect the
carth’s field.
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THE DYNAMICS OF INTERPLANETARY GASES
AND IIELDS AND THE RESULTING COSMIC
RAY MODULATION

EN. PARKER
National Cenler for Atmospheric Resewrch
University of Colorado - Boulder, Coloradoe

Enrico Ferind Instilute for Nuclear Studies and Department of Physics
University of Chicago - Chicago, I, - U.S.A.

Abstract — The dynamical propertics of the solar wind are used to
compute the general background configuration of the interplanetary
magnetic field. The propagation of energelic charged particles through
the interplanetary magnetic field is developed, using the approximate
concepts of propagation aleng the field, drift across the field, and ran-
dom walk in the small scale Irregularities in the field. The energy
spectrum of the quasi-steady depression of the galaciic cosmic ray
intensity by the quiet-day solar wind, and the fransient depression
by solar blast waves, is computed. The latter spectrum is somewhat
flatter than the former. Models discussed by other authors are con-
sidered too, It is suggested that blast waves are responsible {for the
Forbush-type decreases, and the quiet-day wmd plus the superposition
of decaying blast waves beyond the orbit of Earth are responsible for
the ri-year variation of the galactic cosmic ray intensity.

The propagation of energetic particles from the sun is considered,
with computations of the delayed arrival and decay following a flare
on the sun.

About fifteen years ago Forpusu [1] showed that the
galactic cosmic ray intensity at Earth varies with time, In the
course of his studies he showed that the cosmic ray intensity

[6] Parker - pag. 1
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anticorrelates with solar activity over both short and iong
periods of time: there was shown to be a general depression of
the cosmic ray intensity throughout the years of solar activity,
called the 11-year cycle; there were shown to be short decreases
of cosmic ray intensity following a day or two after large solar
flares, usually in association with intense geomagnetic activity,
Such decreases, with their frequently abrupt onsets, have come
to be called Forbush-type decreases. About eight or ten years
ago Simrson [27 was able to gather evidence that the variations
in the galactic cosmic ray intensity are not the result of ter-
restrial atmospheric, electric, or magnetic conditions, and so
by inference are caused by changing magnetic conditions in
interplanctary space. At about the same time BrErmann [3]
pointed out that the analysis of comet tails showed a steady
ejection of particles from the sun outward threugh interplanctary
space., These fundamental qualitative points made it clear that
interplanetary dynamics is not an empty subject, and, along
with the work of CHapman and Fekraro [4] on magnetic
storms, made it clear that we are dealing with interplanetary
gases and magnetic fields streaming out from the sun.

The first theoretical step was taken by CHArMaN [5] who
showed that the enormous thermal conductivity of the 10f °K
solar corona leads to extremely high temperatures, at least
10° °K, at the orbit of Earth. With all these points in mind it
was then a simple matter to write down the hydrodynamic
cquations and integrate them (Bernoulli’s equation) to show
that the observed coronal temperatures of 1 or 2 x 10 °K lead
to supersonic expansion of the solar corona ('). The velocity
of expansion increases outward through the quiet-day corona
from less than 1 km/sec at its base to something of the order

(7} 1t should be noted that the hydrodynamic equations are applicable to
the large-scale motion of a plasma without collisions if a weak magnetic
field is present, A weak magnetic field mainrains the thermal metions
approximately 15()f1()1)m through such means as the heose and mirror insta-
bilities, With p, 223, p the moments of the collisionless Boltzmann
equation reduce to the classical hydrodynamic equation,

[6] Parker - pag. 2
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of 300-500 km/sec at a distance of several million km out into
space {see PARKER [6], [7] and references therein). It was
also possible to show (Parkegr, [8]) that the transient heating
of the corona to 4 x 10® °K or more following a flare leads to
blast waves of 1-2 x10* km/sec, arriving at the Earth orbit
in one or two days. Such blast waves are to be Identified, pre-
sumably with the « corpuscular clouds » responsible for the
geomagnefic storm and the Forbush-type decrease. The steady
expansion of the quiet-day corona of 1-2x 10%°K is to be
identified with the quict-day « solar corpuscular radiation ».
This quiet-day solar wind, together with the frequent blast
waves during the years of high solar activity, are evidently
the cause of the IT-year variation of the galactic cosmic ray
intensity with solar activity, This paper presents a brief
discussion of some of the more obvicus and unavoidable cosmic
ray effects that follow from the dynamics of the solar corona
and the solar wind in interplanetary space.

The cosmic ray modulation is brought about by the magnetic
fields carried in the solar wind. The wind moves approximately
radially outward from the sun, so that with the solar rotation @
the lines of force near the equatorial plane make the Archimedes
spiral # @ v (0 - @,}/Q in the equatorial plane of the sun, where
v is the solar wind velocity, and ©_ is the azimuthal angle, or
solar longitude, at which the line leaves the sun. The occasional
blast wave propagates outward into this quiet-day field, com-
pressing it in the radial direction so that the field is sharply
kinked in the blast wave itsclf and nearly radial in toward the
sun behind (see figures in ref. [8]). It is to be expected
theoretically that both magnetic configurations, the quiet-day
spiral fields and the blast wave kinks wili be complicated by
smali-scale (~>10°107 km) irregularities produced by the mirror
and hose instabilities, perhaps by turbulence, by small shocks,
etc.  Observation is required to determine the degree of this
disordering.

{61 Parker - pag. 3
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Now consider the propagation of cosmic ray particles in
these interplanetary magnetic fields. A charged particle in a
large-scale magnelic field moves more or less frecly along the
lines of force of the field (subject to such restrictions as constant
magnetic moment, ctc.) so that to a first approximation it is
possible to say that the rate of propagation of cosmic rays
along a field is essentially given by the particle velocity w.
A particle may drift across a large-scale magnetic field B as a
result of a gradient in B which is perpendicular to B and as a
result of the curvature of the lines of force. The drift velocity
is proportional to wR, where R is the radius of gyration of
the particle in B and is a direct measure of the magnetic rigidity
of the particle. In the presence of smali-scale variations in
the magnetic field the charged particle wili be deflected and
scattered. To a first rough approximation we will suppose that
under such circumstances a random walk is added to the
systematic motions in the large-scale field. If the small-scale
fluctuations in the field lead to large deflections, then the cf-
fective mean free path A for the random walk may be written
%=1 /NI where N is the number of fluctuations per unit volume
and I is the effective cross-section of each fluctuation. If the
small-scale fluctuations in the ficld lead to small deflections,
then the small deflections R /I will accurnulate, presumably in a
random way, leading to an effective mean free path % 2 R%/NP.
If the principal effect is the random deflection of particles, then
the particle density (%, £, ) at position r, time ¢, and energy &
(in units of the rest cnergy mc?) may be computed from a dif-
fusion equation.

(1) R G ’IT w kNP7 (o)
if we assume that the scattering is isotropic. The termV+) o)
takes account of the fact that there is a general transport of the

fields, and therefore transport of the particles, with the velocity
v of the solar wind,

f6] Parker - pag. 4
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It will not be attempted to combine diffusion with the blast
wave after a flave, thowgh it may be that observation will some
day soon require that we do so. Instead we take the simple
course of supposing that the blast wave at a radial distance 7(#)
has a transmission coefficient W for cosmic ray particles (¥ is
approximately the ratio of the ficld ahead and the field inside
the blast wave). Then conservation of particles requires that
the cosmic ray density (at some velocity w and energy k)
ahead |1, and behind p; the blast wave are related by
(2) el = Y 5— W0 (L= 105} + thy —% + 5
where S is a source term allowing for leakage from the sides
into the region behind the wave. If ApsEp - p, then put
S= % Erfudn, where £ is a constant of the order of unity and «
is the effective drift velocity perpendicular to B; = vw, RYI
whete 1/I73(VB) /B.  For an approximately radial field
Boctf#? Ixv; we have uxr. We expect that this approximate
aquation (cq. 2)) should be valid up to those energies (of
the order of 10* GeV) at which the particles begin to penetrate
all the way through the blast wave.

In addition to the actual reduction Ap in the cosmic ray
density, there is an apparent reduction, which we shall denote
by AM, brought about by the adiabatic cooling or deceleration
in the expanding fields carried in the solar wind. Roughly
speaking, AM is proportional to the rate of expansion of the
fields and to the length of time the particle spends in the solar
wind. The expansion at a distance » from the sun has a cha-
racteristic time #/v for a wind velocity ». Noting that Ap also
is proportional to the amount of expansion occurring during
the time that the particle is in the solar wind, it is readily seen
that AM and Ay depend upon the same things, and can be
shown to be comparable for the observed cosmic ray spectrum

[6] Parker - pag. 3
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E-26 (a steeper spectrum leads to AM - Ap, and a flatter
spectrum to AM<ZAn). It will be sufficient for the present,
therefore, to compute An from {1) and (z), and then multiply
by two, to obtain an order of magnitude expression for the
reduction of the cosmic ray intensity brought about by the solar
wind.

Now consider the modulation of the cosmic ray intensity
which follows under various circumstances in the quiet-day
solar wind and in the blast wave from a flare. Tirst of ali,
suppose that the simple Archimedes spiral in a uniform quiet-
day solar wind were present without small-scale perfurbations
etc. Tf the angle between the spiral lines of force and the radial
direction is denoted by ¢, then the net inward flux of particles
of velocity w is Aw w cos /4 and the outward conveetive flux
is zpr. The resulting stationary reduction of cosmic ray intensity
in the inner solar system is accordingly

Anfpee 4 viw cos =4 (v/w)(1+ 2 v?) Py g 2w

Then with w2 ¢, and Q=3 x 107% sec, we have Ap/p=0.1 i,
for instance, it is assumed that the spiral extends to r=15 AU.

As a matter of fact, there is good evidence, from the observ-
ed trapping of energetic solar particles following a flare, that
the quiel-day interplanetary field is seriously disordered beyond
the orbit of Earth., Thus we do not take seriously the idea that
the quiet-day spiral field extends very far into space. Instead
it seems more reasonable to suppose that the diffusion equa-
tion (1) is appropriate for treating the quiet-day modulation
of the cosmic ray intensity. The diffusion coefficient is not
expected to be truly isofropic as implied by the simple form
of (1) but assuming spherical symmetry about the sun eliminates
the effects of any anisotropy by reducing the problem to one
dimension. We are interested in the radial component of the
diffusion coefficient 2./3. Suppose that the perturbed inter-
planctary field extends from #; to », and that there are effec-

[6] Parker - pag. 6
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tively # scattering centers of scale [ in the line of sight from
7, to 7y, If R <1, then the stationary sclution of (1) is
readily shown to be

U N A+ 1
¢ [k{k+1)]"

(3) u(ry, Ay==w(r,, £)exp | —

This equation applies to sufficiently low particle energies that
R<l. Af higher energies for which R/, the effective number
of scatterings by the # centers in the line of sight is reduced to
ne2/R?, and if R, is the radius of gryration of a particle with
energy k=221, then it is readily shown that

son I? 4T
R kil 23}

{4) w(ry, By=ulre, Kyexp| —

It is evident that (3) gives a flatter energy dependence than (4).
For k> 1{4) approaches Apack~2. Obgervations of the amount
of reduction of the galactic cosmic ray intensity at Earth
during the years of solar activity suggest that 3um/c is of the
order of 2. With v=7500 km/sec, this suggests that » = 400.

=40 AU yields =5 x 10" em. The radius of gyration R of a
typical cosmic ray proton of 2 GeV (kx 2) is 8x 10" em in
a field of 10 gauss, and 0.8 x 10! em in 10~ gauss, so that
neither of these two values of % is unreasonable in the observed
interplanetary field, The precise value of R determines the
energy at which the modulation changes from (3) to (4). The
energy dependence of A given by (3) at low energies and (4)
at higher energies is similar to what is observed in the ri-year
variation. The one real test that can be applied at the present
time is to sec whether the values of » and & deduced here are
consistent with the values of A which follow a little Jater from
the diffusion of energetic solar parficles.

Consider the transient depression of the cosmic ray intensity
resulting from a blast wave after a solar flare. With S=o0 and

{6] Parker - pag. 7
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Ap gy (Wewez>v) the formal solution to (2) may be approxim-
ated by

Aty ¢ -
RN T
where A is the parametr such that the blast wave radius » is
proportional to #*(see Parkir [8] for detailed discussion), The
value A=3/2 corresponds to a wave coasting outward from the

by the enhanced corona, in which case ¥ may be as small as
0.1, The depression Ap is then inversely proportional to the
particle velocity and recovers like #77. Including the source
term S the formal solution of (2) approximates to

Ay a4z ="y ar
""" Wt 1! 32 W et

(a4 —%+3i%hwu,//2a)+ !

were u, 1s the drift velocity at »=a for the particle energy %
in question. The approximation is an expansion based on the
assumption that 2 (A-1)8u»/2Wwa< 1. The resulting An(k, #)
is shown in Fig. 1. The interesting feature is that the cnergy
spectrum is very flat in the beginning but the high energy
particles recover much more quickly than the low energy
particles so that the spectrum is soon steep. The recovery is
the result of both decreasing #/¢ (since probably 37>1) and drift
of particles in at the increasing area of the sides of the blast
wave.

It is interesting to apply (2) to the magnetic tongue, pro-
posed by Mogrison, Gorn, Coccont and others [g]. The lines
of force of the magnetic tongue form a closed configuration, so
far as the entrance of galactic cosmic rays is concerned, so
put W=o0. The solution of (2) is then reducible to the ap-
proximate expression

(6] Parker - pag. &



SEMAINE IETUDE SUR LE RAYONNEMENT COSMIQUE ETC. 215

032 T T T [T T | I M

024

a
: =15 xi0 cm/sec

0186
il o
<%
008
¥=025, )%
L 1
[oR| 02
Fic. ¥ — Plot of the I[ractional cosmic ray intensity reduction A /i,

behind the blast wave with position rec{*as a fungtion of proton energy k,
for various wvalues of time and for various drift rates g, putting
He=0.9 % 10° k(k +2)/{(k4 1) cmfsec,

Such a spectrum decreases like 1/% at high energies, in disagree-
ment with observation, which suggests a much flatter spectrum
(see paper by AMALDI [10] and by Ervior [11]). Apis plotted
in Fig. 2 as a function of time.

Another maodel of interest to the Forbush decrease is the
cloud of disordered field proposed first by Morrison [12] a
number of years ago. Using the diffusion equation (1) we show
in Fig. 3 the time dependence of the particle intensity at the
center of a disordered magnetic cloud which suddenly increases
its radius by the factor (4/3)'/%. In Fig. 4 we show the particle
intensity at a fixed point in the path of a steadily expanding
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in a hypothetical magnetic tongue with radial length roct as a [unction

of proton energy &, for varicus values of time and for various drift rates £,
putting m=0.9x 70 k{k+2)/(k+1) em/sec.

spherical cloud with radivs r=z, ¢, and diffusion coefficient
wh/3==q t, where z, and g are constants. TIn order to fit
a disordered cloud model to the observed Torbush decreases,
with their flat energy spectrum and abrupt onset, it is necessary
to assume in many cases that the interplanctary field is of the
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order of 2 x 107* gauss, as was first pointed out by MorrIsSON,
This is easily demonstrated by the requirements of a flat spec-
frum to at least 50 GeV (implying that R<_)) and a decrease
of 30 per cent or more (A<Z10" cm). There is no observational
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evidence to support the assumption of such enormously strong
fields in space, and in fact the hydrodynamical considerations
of the selar wind suggest that the field cannel be so strong,
except perhaps under the most extraordinary circumstances.

To summarize these remarks on the modulation of the ga-
lactic cosmic ray density in interplanctary space, we point cut
that the simple dynamical picture of a quiet-day solar wind,
with occasional blast waves following a flare, scem to account
for hoth the 11-year variation and the Forbush-type decrease.
Other models, such as the magnetic tongue and the disordered
cloud, which are not based on calculations from the hydro-
dynamic equations, have some difficulty in duplicating the flat
spectrum of the early period in a Torbush decrease.

Consider now the related problem of the propagation of
energelic solar particles out from the sun into interplanetary
space. The two noteworthy features are the delayed arrival,
sometimes by many hours, and the subsequent partial storage
in the inner solar system, usually for many hours or days. On
the basis of the model discussed above in connection with the
11-year cycle, it would be supposed that the storage of the
particles in the inner solar system is the result of the disordered
magnetic ficlds near and beyond the orbit of the Earth. The
delayed arrival can also be accounted for by supposing that
the energetic particles propagate immediately from the flare
outward along the spiral quict-day lines of force into the di-
sordered field beyond the orbit of Earth. Unless Earth hap-
pens to be situated directly on the lines of force carrying the
particles, it will see no particles at the time. However, upon
reaching the disordered field the particles begin to diffuse,
spreading laterally around the sun and eveniually arriving at
the earth with an isotropic distribution. The delayed arrivals
by this means from a flare at an angular distance #/2 and =
around the sun are shown in Fig. 5, showing the rapid attenua-
tion as the particles diffuse through large angles at a radial
distance around the sun. The broken lines indicate the intensity
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¥, 5 — Iinergetic solar particle intensily at angular distance of wx/2 and

7 around the sun from the point of particle release, based on the assumption

that diffusion occurs only outside a radial distance ¥=« (wsr AU). The two

broken lines show diffusion to distances of 2a and wa in a homogeneous
diffusing medium for purposes of comparison.
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at distance of za and =a in an infinite homogenecous diffusing
medinm, Investigation of the numerical values for the dif-
fusion coefficient wh/3 vyielding the 1r-vear variation, the
delayed arrival of solar particles, and the storage of solar
particles following their arrival suggests that 1o com?/sec
(o210 em) for diffusion perpendicular to the quiet-day
magnetic field and 1% em?/sec (A2 10" cm) for diffusion pa-
rallel to the quiet-day magnetic field will fit most events very
nicely. These are only very rough estimates, of course, but
they serve to show the consistency of the present model for the
two unrelated phenomena of energetic solar particle propagation
and the 11-year modulation of the galactic cosmic ray intensity.

Tt is to be expected that studies of the galactic cosmic ray
intensify from the existing world-wide network of detecting
staticns, as well as continued monitoring of encrgetic solar part-
icles, will help to clear up many vague points in the picture of
interplanetary cosmic ray medufation. Present and forthcoming
observations of the particle intensitics in space, as a function
of particle energy, time, and position, together with field and
plasma measurements, provide a new means of attack on the
problem which may afford decisive settiement of most of the
main questions existing at the present time. We expect that
the modulation model presented here, based on the dynamics
of coronal expansion, will need numerous additions and read-
justments as obscrvational knowledge improves. One might
altempt to anticipate some of the adjustments by compiling an
exhaustive list of possibilities. But we feel that the inefficiency
of such a priori guessing makes it an effort of doubtful value
to scientific progress. The reader who s inlerested in some of
the currently held models which are distinct from the dynamical
model presented here is referred fo the papers presented by
GoLp [13] and Ervtor [x1].
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DISCUSSION

Chatriman: L. AMALDI

Gorp

1 would like to make a few points. First, about the structure
of the magnetic field in the expanding corona. The shapes that
one sees nearer the sun within one radius or two radii of the solar
surface, which we can see during an cclipse, do suggest usually a
mucl more complex shape than just a combed out radial field, and
ane wonders how a uniform expansion of the corona ean fit into that
kind of a structure which qguite clearly seems to be a magnetically
enforced one, 1 suppose that the situation is this, that in the comb-
ing out process of a field, in the stretching out that an expansion
would make, one would commenly position side by side opposing
lines of force. In the picture that Dr. Parxer drew on the board for
example, it is clear that there are going to be many interfaces where
one line has one sense and the neighbouring line must have the
opposite sense, and all such interfaces are nowadays recognized fo
be very unstable and to lead to quite quick dissipation. Dissipation
where opposing lines of force are concerned would of course mean
that the lines of force would be relinked and make a loop closing
on themselves closer to the sun and make a corresponding closure
for a part which is flying away, so that such a cerona would not
remain combed out but it would constantly reform loops of fields
and would make blobs of field with closed lines of force in them
fly away. In that way I suppose one can reconcile an expand-
ing corona with the pictare that one sees in the inner corona which
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does contain all the time such loops. In fact it contains more than
such loops; it even contains the shapes that very strongly suggest
such a process, namely shapes where you see loops up to a certain
distance and then failing over into a spike. Now then in turn one
has to discuss, it seems to me, the pressure gradients which this
magnetic field would impose and T would think that would make a
great variability over the surface of the sun, in the amount of expan-
sion that would in fact result. A place which has got lines of force
going far away will allow the material to stream away under its
thermal-driving pressure, as Dr. PARKER explains, quite frecly; but on
the other hand a region which has iooped lines of force will make a
substantial pressure gradient and we can in fact sce that this is so
because we sec great variations in the density in the corena, So 1
suppose that bringing i the magnetic field rather than mercly think-
ing of it as out of the way by smoothly combing it straight, will
complicate the picture somewhat and may alter the rates of out-
streaming that result from a given temperature distribution near
the sun,

The other two points [ would like to make concern the particles
- the particle fluxes. The greatest problem of the back-to-front
radiation is not just that we see no flares from right around the
back but that we don’t even sec flares from a little way ronnd,
apparently; and yet we have the impression that the best region for
seeing particles from flares is way over to the west of the sun.
We have the impression from the time-delay investigation that the
lines of force go by some spiral shape so as to favour 2 place some
00° W of the central meridian of the sun, Buf on the other hand
we have seen flarcs send particles to the earth — usvally with a
greater time delay but leading to guite subslantial increases — from
the cast side. If G0 W is the best place, and if particles counld
diffuse equally well in cither sense, then we ought to be sceing
them when emitted up to 120° behind the west limb. That is a
substantiai angle behind the sun in which lots of flares should have
occurred and the present statistics don't allow us to think we see
their particle fluxes except the cne that was just round the corner.
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This is rather embarrassing, and it seems to me that one has to
search for an explanation for particles to drift in the field more
easily in the one semse than in the other. That seems to me the
weight of evidence that we have at the moment.

The other point is the question whether the diffusion of the
flux happens far out from the sun, so that when particles are
emitted somewhere else on the sun they can first get far out and
then be diffused to the line of force on which the earth is situated.
Well, some of that may of course be taking place, but we have con-
trary evidence at least on some occasions; namely that even if the
time delay between the flare and the arrival of fast particles has
been quite substantial, nevertheless the fast particles have amived,
to start with, with a preferential direction. That seems to indicate
that the particles were placed on the lines of force cleser to the sumn,
so that they were travelling down an expanding field which will
always guide them into the direction of the field. This is the only
explanation that we have for a substantial anisotropy in the fiux,
and we could not nse that if we only had the diffusion far from
the sun. So I think there is strong evidence from the direction of
particles that a diffusion happens close to the sun; and that then
goes back to the picture that close to the sun there must be lots
of loops of lines of force cn which particles can be stored for sub-
stantial periods of time, in which they can he hung up and delayed
before reaching the lines of force which reach the earth. Only then
can there be a time delay and nevertheless an arrival at the earth
with a collimated direction.

PARKER

T quite agree with Prof. Gorp on all these things. 1 can think
of several more difficulties myself but time does not permit going
into them.
BIErMAaNN

I would lke to make a remark concerning also what Prof. GoLb
and myself said in the discussion yesterday. Among the types of
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instabilities which may have to do with the disconnection of mag-
netic lines of force there is one which is due to the finite resistivity.
As you know from the history of the subject, there has been a
general inclination for a long time to use the conception of magnetic
lines of force the flux of which is assumed {o be effectively constant,
This means that the resistivity is taken eqaal to zero. Now it has been
realized quite recently that although the resistivity may be low,
its influence on instabilities should by no means be neglected: thaf is
one of the reasons why in experiments we see quite often situations
in which the plasma does not behave as an ideal magneto-hydro-
dynamic fluid. T think that is generally speeking also in line with
what we sec on the sun.

Another point which I would like tc ask is this: if we have
continuous radial outflow from the sun and spirailing magnetic lines
of force, then we have an induced electric field {//v x B} which may
be a potential field. In reality I think the velocity field and the
magnetic field are much more disordered: 1 just wonder if that
would affect the main point of your picture or whether it only means
that everything is more irregular and gives just that {ype of disorder
which is another essential feature of the picture.

ParxEr

I don’t think one could give a hard and fast answer to the
question. [ am sure things are chaotic, with all sorts of irregularities
imposed on the basic spiral and blast wave picture discussed here.
The discussion of the cosmic ray effects was based on the simplest
possible model that is adequate to satisfy the observations available
at the moment. I am sure there are many disorderings: the ones
you mentioned, perhaps the one that Prof. Gorp mentioned. How-
ever with regard fo the potential field that exists, it is true that in the
fixed frame of reference there is this large potential difference duc
to the electric field minus —vxBje. However, T would point cut
that field is only present because the electric ficld in the {rame of
that this field is only present because the electric field in the frame of
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reference moving with the gas is zero. So I really don’t know
what to expect from it.

SINGER

I have just a basic theoretical point 1 want fo ask aboui. It has
actually no bearing to the real sun. My tendency has been to look
at a quiet solar corona in terms of an evaporating exosphere,
I was therefore interested in your remark that you use the hydro-
dynamic equations even in the absence of collisions, but that you
then used instabilities to establish an isotropic « thermal » distribu-
tion, presumably an isofropic Maxweilian distribution. My question
really is: how do you reconcile an escape by cvaporation with a
completely isotropic distribution of gas?

PARKER

I don’t understand the question. You say, how do you reconcile
evaporation with an isotropic thermal distribution?

SINGER

That is right.

PARKER

Well, in the first place, 1 don’t think there can be any evapo-
ration because there are weak magnetic fields which contain the
particles to within their radius of gyration. Or, if there were evapo-
ration T think it is completely overwhelmed by the hydrodynamic
expansion.  You can get the hydrodynamic solution equivalent to
evaporation from the hydrodynamic equations if you like. It is the
one that CramseErLAIN worked out. The velocity of the evaporating
gas at the orbit of the carth, as I remember, would be of the general
order of 30 kilometers per second. Whereas the hydrodynamic
expansion, which Is equivalen{ to expansion through a Laval nozzle
into a vacuum, is hundreds of kilometers per second. It just is not
clear to me how evaporation could fit into the picture.
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ErLior

Prof. GorLp has already mentioned the question of coronal shapes,
and I wish to ask particularly about the shapes one sees in the polar
regions, the polar plumes; these we know are nol radial, that is
quite certain, It seems clear that the extension of the corona is not
spherically symmetrical. I wonder, in this connection, if there is
for instance any evidence at all about the streaming of comet tails
at high inclinations te the ecliptic?

PPARKER

No, cleatly it is not spherically symmetric. I know there is
evidence from higher altitudes and T will let Prof. Breramann describe
what if is,

BIERMANN

Well, there is definife evidence insofar as there have been comets
which moved over the pelar regions of the sun and did not behave
at all differently from cthers. But the relative number of such
comets Is somewhat smaller than those moving in the vicinity of
the ecliptic plane. If you will permit me I will go into this in more
detail in my talk later during this study week. 1 think that the
evidence for this fits quite well with Parxer’s theory, which, if 1
remember correctly, was preceded by some discussion about the
behaviour of the comet tails which we had at that step.

Firior

But does not fit with the coronal plume shapes then?

PArKER

The corenal plume shapes, which as you point ouf are not
precisely radial, nonetheless are principally radial. If you write
down the hydrodynamic equation, the asymptotic velocify at infi-
nity is relatively independent of whether the lines open exactly
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radially or enly approximately so. And Prof. Bizraanw is right
in pointing out that in fact we are presenting the whole argument
backwards here — it went the other way round. First I had full
assurance from him and his observations that gas did flow in all
directions from the sun, and fhen I wrote down the spherical sym-
metric model - not vice versa.

ErLior

If you accept that the barrier is not symmetrical, the question
of diffusion from the side comes in, and in this connection I see
that you have put in this source function $. But I wouid like to
inquire about the scale size of the field which in this case is presum-
ably determined by the scale size in the photosphere increased
linearly with distance from the sun and has nothing at all to do with
the turbulence of the medium. 1 wondered what sort of scale size
you put in to determine S,

PArRKER

What I did was to assume that the scale was equal to the distance
from the sun., In other words, 1 am saying: let me assume that field
does not reverse an a small scale in this region. Now I am fully
aware that this may be totally wrong, but I found that I obtain the
right kind of nwmbers by making the simple assumption. I just
do not want to go inte more complicated models until required to
do so by the observations,

FrvLior

Well, perhaps the scale size should be something like the size of
granules on the sun.

PARKER

1f that is the case, then my calculations should be replaced by
the diffusion equation: and, as [ say, one simply needs to look at
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the cosmic ray evidence. 1f these crude models are wrong, T won’t
be surprised and they are readily extended to other cases.

Havaxawa

I would like to ask you about the 1t-year variation. The mo-
dulation factor you wrote down depends on energy and consequently
on velocity but the modulation factor observed by MacDonarp and
WesBER seems fo depend on the rigidity alone.  What is your
apinion on this?

Parxer

Well, the point I would make is this: the modulation that I wrote
down depended upon a product of velocity and rigidity; for a rela-
tivistic particle the velocity may be regarded as constant and so T
am left with a rigidity dependence, which for relativistic particles
is the same as energy, nniess you distinguish belween particles of
various charge to mass ratios.

Havarkawa

As far as [ understand MacDonarp and Wessir made observa-
tions of protons, g-particles and heavy particles. And all have the
same rigidity spectra.

Parxnr
That is not inconsistent with these equations,
Errior
1T I may I will have something more to say about this tomorrow.

I am not so sure that it isn't inconsistent.

ParRKER

That remains to be seen.
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VALLARTA

For some time now we have been playing with the idea that the
modulation mechanism is a change of the threshold of the cosmic
radiation. In order to be able to carry through this idea one must
integrate equations of motion, that is trajectorics of particles coming
from the sun and from external space in the external magnetic field
and also of course in the intermal magnetic ficld of the earth, and
the difficulty about carrying fhrough this programme is that we do
not know enough at this time about the external ficld. Now by
assuming a simple model such as Prof. Parker drew on the black-
board a moment ago, one can carry through some preliminary com-
putations thaf are quite encouraging. Now the question [ would
like to ask is this: this concentration of the ficld that Prof. PARKER
drew on the blackboard behind the blast wave, how good is the
evidence for the existence of this concentration field bhack of or
behind the blast wave? That would play a very important role in
the calculation I am describing now.

PARKER

I think one could say there is no observational confirmation of
any of the pictures that have been drawn, There is just enough
infermation from Pioner V for Tommy Gorp and I to sit down and
argue at great length and come to no precise conclusions in the end.
Ome thing we can say is that whatever the fields are, they are com-
pressed in the blast wave, as is unavoidable. The field densities there
were up o 4x10-% gauss, if I remember correctly. T wouid not
take any of these simple models of magnetic field too seriously. I am
sure that there will be many revisions that are necessary. 1 feel that
at the moment we are groping with the simplest possible models, and
as observations continue to come in, we'll get a clearer and clearer
idea of what is going on. Most of the theoretical progress is going
to be ad hoc.
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VALLARTA

May I just add one more word to this, and this applies to those
people who have something to say about what kind of instruments
are put aboard the space vehicles and satellites. It is fundamental
importance from our point of view that the external magnetic field
be explored. Now T hope that those of you who have something to
say about this can persuade people to put a magnetometer ahoard
every space vehicle and every satellile so that we may be able to
know something aboul the external field, otherwise any such pro-
gramme as this cannot be carried through.

PARKER

Well I assure you that every time anything goes info space there
is a strong move to put a plasma detector and a magnetometer aboard
and if they don’t get aboard it is over some dead bodies that they
fail to. I think Tommiy Gorp will confirm that.

SIMPSON

I might comment further on the question Prof. Varrarra raised
earlier about whether there is evidence for a magnelic field behing
an interplanetary shock front. From the space probe Pioncer V data
there may be open questions about the observed orientation of the
magnetic fields during quiet periods. Idowever there is no doubt that
the magnetic field strength suddenly built up by moere than an order
of magnitude in intensity behind what we understand {o be the
shock front. The magnetic field intensity increase was 40-50 . This
is the first experimental evidence that there is a high intensity mag-
netic field region Lehind shocks. The fluctuations of this high inten-
sity field provide evidence of disorder in the field lines behind the
front of the region arriving at the earth on March 31, 19060,
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School of Physics University of Minnesola - Minneapolis, Minn. - U.8.A.

Abstract — Energy spectra of solar protons and g-particles were
measured in the event following the November 12, rg6o flare. The
ratio of the abundance of protons 1o the abundance of e-particles
above the same rigidity was found te be 2. Speclra of protons, «-
particles, and medium nuclel were measured after the November 15,
1960 flare. ‘The proton spectrum showed that the magnetic cutofl
existing at Minneapolis until approximately 1o hours after the flare
had a value of abont 0.7 GV but was not sharp. The ratio of the
abundance of the various nucleonic components above the same rigidity
was found fo be pie:CNO =100 : 100 : 1. The abundance of electrons
of rigidity greater than o.7 GV was found to be less than 2% of the
abundance of protons, A model is suggested by which it would be
expected that the ratios of protons to g-particles and protons to medium
nuclei would change considerably between solar eveats, but the ratio
of a-particles to medinm nuclel would remain constant.

The relationship between our measurements on selar protons and
heavy nuclei with the solar emission of radio waves, white light and
X-rays at the beginning of the flare is reported. Tt is shown that the
spectrum of the electromagnetic waves emitted by the sun is consistent
with the assumption that these electromagnetic waves arise from
synchrotron radiation is shown to be compatible with the rigidity
spectriun of the solar cosmic rays, protons, and heavy nuclel as
measured at the earth, The total number of electrons required to
account for the synchrotron radiation from the sun is alse shown

(*) Present address: Schoel of Physics - University of Sydnev - Sydney
Australia.
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to be the same order of magnitude as the total number of protons and
heazvy nuclei accelerated by the flare. It therefore seems consistent
on the hasis of these calculations to believe that the elecirons show
their presence by the emission of electromagnetic waves, whereas the
heavier particles because of their greater mass are unable to radiate
synchretron radiation and therefore arrive at the vicinity of the earth.

It was shown in 1942 by ForBusu (1] and Eumirt [2]
that increases in sea level ionization could be produced by
large solar flares, That the magnitude of the solar injected
fluxes of parficies was quite large in a solar flare event was
demonstrated in the February 23, 1956 event, This event was
analyzed in detail by Srvpson and his coworkers [3] on the
basis of data acquired in the rather extensive neutron monitor
network which had been established by Simpson prior to the
International Geophysical Year.

In 1958 Kinsey ANDERSON [4] showed that solar protons
could be detected at balloon altitudes from a flare which
produced no sea level increase, At this time it was suggested
by Rem and Lemvsach [5] and by Daxa Batey [6] that a
good indication of the arrival of medium energy (approximately
50 MeV) protons at the carth was the enhanced absorption of
cosmic noise as measured by riometers and forward scatter com-
munication links at high latitude. The riometer absorption was
used as a warning system so that balloon flights could be made
at times when solar particles were arriving. In this way about
thirty events have been rather completely observed.

Since 1958 it has become evident that many if not all large
solar flares on the wvisible disk of the sun produce solar cosmic
rays.

The first very intense high altitude event in which solar
particles were observed in nuclear emulsions occurred on May
T2, 1959. Tig. 1 shows a photomicrograph of an emulsion
exposed for four hours during this event. A normal exposure
to cosmic rays would have shown on the average less than

[7] Ney - pag. 2
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IPis. 1 = Photomicrograph of emulsion exposed to solar protons on May 1z,
1959, A normal exposure to cosmic rays would have produced less than one
track in the area shown here, The particles observed are largely low energy
protons.

one track in the area of this photograph. Solar cosmic rays
have now been detected with nuclear emulsions and counters
flown on balloons and rockets and satellites and with halloan
borne cloud chambers.
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The principle characteristics of solar accelerated particles

are the following:

I.

The cnergy spectra are much steeper than galactic cosmic
rays. If the spectrum is expressed as an integral energy
spectrum then

N (>E) = const, L

with # having values between 3 and 6.

The beams centain H, He, C, N and O and heavier elements
and when we compare the spectra of the various components
we find that the rigidity spectra are the same. A frequent
representation of these spectra is given as a power law in
rigidity, However, when the power law representation is
used the exponent changes with the rigidity. TFrEizr and
WEBBER (') have suggested that the data are all well
represented by an exponential rigidity spectrum of the form
dN/dR=C exp (- R/R,). The value of R, may vary from
event to event but a characteristic value of the « e-folding »
rigidity 1s 200 MV,

The relative abundance of He/CNO is essentially constant
but the ratio of H/He varies widely from event to event.

. The observed abundance of electrons is small. In the No-

vember 12 and November 15 events the clectrons were less
than 2%, of the positive particles, and in the September 3
event they constituted less than 0.3% of the particles.

Geomagnetic cut offs sometimes exist for solar particles but
they are frequently lowered by the presence of coexisting
plasma streams. The lowering of the cut offs usvally occurs
during the main phase of a magnetic storm. At the time

('} This result which will be published soon is based on a study of data

obtained from balloons, satellites, riometers, newtron monitors ete.
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when cut offs are lowered by the magnetic storm, the Van
Allen radiation belt at the same focation seems to be
essentially unaffected.

6. The cut offs, whether they are the normal geomagnetic cut
off or iowered one, are not sharp as would be expected from
basic geomagnetic theory and Liouville’s theorem.

Two of the best documented events are the September 3, 4,
1960 and the November 12, 15, 1960 cvents. We shall use
these events to discuss the characteristics of solar cosmic ray
beams. Fig. 2 shows the pertinent data on the November 12,
15 events. In this figure we plot the various measured quan-
tities ws. time for the period November 12 to November 10,
Reading from top to bottomn are magnetic activity, the Min-
neapolis neutron monitor, the sequence of flares and the
associated sudden cominencements and Forbush decreases, the
times of polar cap absorption (marked PCA), the times and
duration of balloon flights; and in the lower half of the figure
arc the measured fluxes of solar particles. In this figure N, is
the flux of particles in units of cm™? sec™! ster~!, Rh*
represents roentgens per hour, # the exponent in the energy
spectrum, and N, /e the ratio of vertical flux to the density of
ending particles in units of cm emulsion per sterdian.

The gross characteristics of the events were the following.
During approximately 2o hours starting late on November 12,
when our first {light was made, the intensity of particles at the
balloon altitude of 6 gm/cm? remained high and approximately
constant. The vertical flux above an energy of 8o MeV was
about 200 p cm? sec™! ster~!. (Normal cosmic ray flux is
0.1 p em~?sec tster~!).  During this entire time particles
arrived down to the lowest energy allowed by the range through
the air mass overhead. The energy determined by this range
is 80 MeV and the corresponding rigidity is 400 MV. The
normal geomagnetic cul off at Minncapolis is 700 MV which
corresponds to an energy of 220 MeV for protons. The Jower-

[7} Ney - pag.-5
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ing of the cut offs in the November 12 event is believed to be
due to one or more of the two magnetic storms which occurred
on November 12. Finally at about 1400 UT on November 13
the intensity of the solar cosmic rays began to decrease rapidly,
dropping by a factor of 10 in a few hours. We believe that the
long period of constant intensity was produced by a relatively
stable magnetic trapping condition existing in interplanctary
space. The rapid decrease in intensity was probably caused by
the destruction of this stable magnetic trap at about the time
of arrival at earth’s orbit of the plasma cloud injected by the
same solar flare that accelerated the solar cosmic rays.

During the November 12 event the exponent in the integral
energy spectrum changed from 3 to 6 and back to 3 again.
The change from 3 to 6 can be interpreted in terms of high
energy particles leaking out of the magnetic trap faster than
lower energy ones. The low value of N, /e during the November
12 cevent is a sensitive indicator which shows that geomagnetic
cut offs are destroyed. When no cut offs exist the value of N /¢
can be shown to be =~0.6, the value during the November 12
event, However when cut offs are present the value of N, /e
rises to a high value because the ending particles (those of low
energy) are absent.

Fig. 3 shows a very diagramatic view of the solar system
during Noevember 12 and November 13. The sequence of events
can be explained in detail by the model proposed by GorLn [7]
in which magnetic loops coupled to the sun can guide and frap
solar injected cosmic rays. Presumably the ecarth was well
connected with the sun in this event because alf of the flares
which ejected magnetic fields occurred in the same region of
the sun as the cosmic ray injecting flare at 1323 UT on Novem-
ber 12,

Fig. 4 shows the neutron monitor profile for the November
15 event, Two flares occurred one on November 14 and one
on November 15. The flare on November 15 produced solar

(7] Ney - pag. 7
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SOLAR SYSTEM CONF/BURATION NOVEMBER 12 EVENT

1330 T NOV. 12

L FRODUCED BY FLARE AT /003 UT.NOV. /O
I PRODUCED BY TVYRPE [ RADIO NOISE AT 0316 UTNDY. /7
T PRODUCED By FLARE A7 7323 U.7. NOV. /2

/8930 U.T.NOV. 12

/
P
Ly - By
Iy ]
{5~ I 1 -.\:}‘
Lrryriit)
T, 3 — The solar systemr configuration snggested to account

for the observations on the Nov. 32, 1960 event,
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Tre. 4 —— The energy spectra of the protons durin gthe Nov. 15 event.
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cosmic rays and the flare on November 14 produced a plasma
cloud which could guide and trap solar particles.

Three balloon flights were made. Flight A was flown after
the cosmic ray flare but before the arrival of any plasma clouds,
Flight B after the arrival of the plasma cloud from the first
flarc and Flight C late in the event. Also shown in Fig. 4
arc the integral fluxes as a function of energy measured in
Flights A, B and C. Flights A and C both made at magnetically
quiet times show the presence of cut offs at about 200 MeV
0.65 GV rigidity). In Flight A (Flare + ¢ hours) the integral
flux is approximately T50 times cosmic rays and in Flight C
(Flare + 38 hours) the flux is about 4 times cosmic rays. At
the time of Flight B, the cut offs have been destroyed by the
plasma cloud from the November 14 flare and this cloud has
produced an excess flux of low energy particles which we believe
are trapped in the interplanetary guiding fields associated with
the plasma cloud. Note that when the cut offs are removed,
the fiux rises to about 10,000 times cosmic rays, but the excess
particles are ali of low energy. The flux of particles of energy
greater than 300 MeV can be seen to decrease steadily with
time from Flight A to Flight B to Flight C. This time decay
at high energy is well fit by a power law of the form
N {>»300 MeV)= const. £=% where ¢ is the time atter the cosmic
ray flare on November 15.

Fig. 5 shows the solar system configuration for the Novem-
ber 15 series according to the madel of Gold.

Flight A of Fig. 4 was at a time of high solar particle
fiux and the normal geomagnetic cut off was present. Because
of these unique conditions, this flight is the only balloon flight
in which solar particles heavier than a-particles could be
measured, The intensity of solar particles was high enough
to give a measurable flux of CNO nuclei and the presence of
the cut off removed the large numbers of low energy protons
ordinarily present. The combination of circumstances is much

[7] Ney - pag. 10
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SOLAR SYETEM CONFIGURATION NOVEMBER 15 EVENT

L PRODUCED BY FLARE AT Q248 UT ~NOV, 14
LI PROOUCED BY FLARE AT 0207 U7 NGOV, /5

PRO0 LT NOV. IS
(DURING FLIGHT 8)

F16. 3 - Solar system configuration which could account for the events of
Nov. 15, 1960.

like the use of a magnetic rigidity selection combined with a
range requirement frequently used in accelerator physics.
Fig. 6 shows the differential rigidity spectra for Flight A
of the November 15 event. The figure shows the fluxes of
protons, alphas, and CNQ nuclei. Becaunse of the range con-
dition imposed by the air above, the various components can
not be studied in the same rigidity range. However the indica-
tion is strong that the rigidity spectra of the several components

(7] Ney - pag. xr
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Fre. 6 — The differential rigidity spectra of protons, alphas and CNO in

the Nov. 15, 196c solar cosmic ray event,
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are the same, It is important to note that the fluxes of protons
and a-particles at the same rigidity are equal in this event,
but that the CNO flux is 100 times less. The maximum in the
differential rigidity spectrum of the protons is due to the presence
of a geomagnetic cut off at 600 to 700 MV and the data clearly
show that this cut off is not sharp as would be expected from
simple geomagnetic theory.

Further cvidence on the lack of sharpness of the cut off,
has been obtained by J. Earr [8] in the September events.
Fig. 7 shows cloud chamber pictures obtained at various times
on Sept. 4, 1660. The two top pictures were taken before the
decrease of the cut off energy, Note the scattered tracks of
moderate energy solar protons. The two pictures at the bottom,
which were taken after the change in cut offs, show many low-
energy solar protons stopping in the plates.

Fig. 8 shows the measurements of EARL on the energy
spectrum as a function of time and it can be seen that the
maximum in the differential energy spectrum shifts to lower
and lower energies as time goes on, but that the cut off is not
sharp. Fig. g shows a plot of the Minncapolis flux divided by
the free space flux as a function of rigidity. Although the cut
off is not sharp, the attenuation of particles at low rigidities is
very great.  The attenuation of particles below the cut off is
approximately a factor of 100 for a factor of z in rigidity. The
intensity changes by 20 db for one octave of rigidity. Therefore
if one considers the cut off as a kind of filter, it is a very effective
filter, (In an electrical circuit an R-C filter attenuates 6 db per
octave),

The ratios of abundances of the components of the solar
beam are of some interest. The observations of all components
have been made in two events, the November and September
series to which we have previously referred. Table T gives a
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g

2245 U.T, 2015 U.T,

Fre, 7 - Cloud chamber pictures taken during the Sept. 3, 4 event by the balloon
Lorne ¢lond chamber of . Eani,
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summary of the measurements on the nucleonic component, The
following facts seem well established:

1. Electrons consfitute a very small fraction (less than 29%)
of a solar beam as observed at the carth, when the com-
parison 1s made for particles of the same magnetic rigidity.

2. The rigidity spectra of the H, He and CNO nuclei are
simiiar,

3. The relative abundance of He/CNO is 70:4-30 and seems
to have the same value in both events (Sept. and Nov.).

4. The ratio of protons to a-particles differs widely from event
to event. In the November serics H/He=1--0.2 and in
the September events H/He=30:1 5.

Several important conclusions may be drawn from these
observations.  Since the ratic of He/CNO is approximately
constant from event to event, the conclusion is that all heavy
nnclei (at least up to charge 8) are treated the same in the
acceleration and propagation through space. There do not
therefore seem te be important differential effects in the acce-
leration which depend on the ionization potential of the elements
invoived. Completely stripped He and CNO nuclei have the
same mass to charge ratio and will therefore have equal
velocities at the same rigidity, They seem to be accelerated and

belicved to be characteristic of the abundances of the source
region.

When we compare heavy nuclel with protons, however, we
realize that at the same rigidity as the stripped heavy nucleus
a proton will have twice the velociiy. In a static magnetic
configuration the heavy nucleus and proton of the same rigidity
will travel the same trajectories, but the proton will travel ils
trajectory twice as fast. In any situation involving time varying
magnetic fields or leakage of particles out of a magnetic trap

(7] Ney - pag. v8
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one would expect that the protons woeuld be propagated dif-
ferently than the heavy nuclei. When we look at the two series
of events previously described we find that the magnetic coup-
ling to the sun was good in November when the H/He ratio
was 30. We suggest that the richness of the November beam in
helinm is due to the differential escape of hydrogen leaving the
region rich in alphas. In September it is likely that the particles
observed are those which have escaped and for this reason the
beam is rich in protons. The abundance of H/He at the sun
is supposed therefore to be 1 <7 W/He <7 30. This means that
there is considerable uncertainty about the ratio of H/He at
the sun, but thal the solar cosmic-ray measurements furnish
a good value for the He/CNO ratio which is 70:£:30. The value
of the He/CNO ratio shows that the solar cosmic rays cannot
he the source of the bulk as ALvviEN [g] has suggested because
in galactic cosmic rays the heavy nuclel are much more
abundant with He/CNQ = 15, The difference in the energy
spectra of solar and galactic cosmic rays is also an argument
(but not such a convincing one) that the sun does not produce
the galactic cosmic rays. In order for stars like the sun to
be the source of galactic cosmic rays one would have to have
a further acceleration in space which flattened the encrgy
spectrum 4.e. produced more high energy particles) and also
a mechanism which could accelerate high elements propor-
tionately more (in order to increase the abundances of heavy
nuclei over «-particles in the galactic beam).

The following tabulation gives the principal properties of
the November 12 and 15 flares:

Maximum observed particle

= (oo particles/ cm? sec ster
flux above 80 MeV I /

Total integrated flux above 8o

‘ . = 10% partictes/cm?
MeV at orbit of earth ! fen

[7] Ney - pag. 19
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Total encrgy in particles pass-
ing the carth if the particles
are distributed over zm ster-
adians

= 3% 10" ergs/cm?

Total energy in particles above
80 MeV emitted at sun, as- =4 x 10" ergs
suming isotropy at the sun .

Total energy emittet at the
sun, assuming emission into = 4 x 10% ergs
0.1 steradians

Total radiation does in space
due to particles of energy
greafer than 8o MeV .

I

Eo roentgens

Average energy density in part-

3
icles observed at the earth 20eV/ cm

i

Magnetic field necessary for
magnetic energy density to
be equal to particle energy
density

3% 1077 gauss,

Total number of protons acce-

33
10
lerated at sun .

L

One final point must be discussed in connection with abund-
ances and this is the observed very low abundance of electrons
of the same rigidity as of positively charged nucleons.
Mr. WayNE STEIN has approached this problem in a very
interesting way. He has investigated the possibility that the

7] Ney - pag. 2a
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electrons are indeed accelerated in such a way that they acquire
the same rigidity spectrum as the protons and are in approxim-
ately equal numbers, but that the elcctrons lose their energy
by synchrotron radiation in solar magnetic fields. The task is
to see whether the observed electromagnetic radiation from flares
is consistent with the above assumptions. To anticipate the
result, it seems-that the electromagnetic radiation both in the
radio range and in the wvisible portion of the spectrum may be
accounted for, Mr, Stemv and 1 take as an important feature
of the cosmic ray flare, the emission of visible light. Although
the sun is #of monitored in white light, visible light has been
frequently seen by chance during large flares which accelerate
cosmic rays. Examples of white light flares are Sept. 1, 1950,
Aug. 30, 1957, Sept. 3, 1960 and Nov. 15, 1060, STEIN and 1
have investigated the possibility that the white light is due
to one or more of the following canses:

1. Scattering by free electrons.

Free-bound transitions and capture of H-ions,
Cerenkov radiation.

Bremstrahlung or free-free transitions.

Synchrotron radiation.

9 R oW

6. Black-body radiation.

We have shown that mechanisms 1, 2, 3, 4 and 06 fail by
orders of magnitude to account for the white light. Con-
sequently we have looked for the conditions under which 3
could be responsible for both the radio emission and the white
light from the flare. We consider that the acceleration of
particles takes place during the flash phase of the flare and
have taken flux values for the time appropriate to this. It is
true that radio emission is observed long after the flash phase
but the frequency spectrum of this late radio emission seems
characteristic of low energy electrons.

[7] Ney - pag. 21
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Fig. 10 shows the order of magnitude of the fluxes required
as a function of frequency. Note that when one includes the
white light point at 10" ¢/sec the spectrum is one in which
the intensily increases with increasing frequency from 10° to
1o” ¢fsec. It can be shown that any power law spectrum of
electrons ¢.e. N(>E)~E-" with #>>1 will give a synchrotron
spectrum with the opposite slope i.e. one in which the intensity
decreases with increasing frequency). The physical reason for
this is that power law spectra have too many low energy elec-
trons and therefore produce excess intensity in the radio range
of the frequency spectrum.

Fig. 10, however, does have a certain qualitative resembl-
ance to the universal synchrotron spectram for monocencergetic
electrons of Oort and Warravew [107 which is reproduced in
Fig. 11. In Fig. 11 we plot Oort’s T{a) which is relafed to
the power/c/sec by the equation P = 2.3 x 1072 BN, F(«)
where B is the magnetic field in gauss and N, the number
of radiating electrons. It appears that the general form of
the electromagnetic spectrum could be fit by the radiation of
monoenergetic electrons.  Although various combinations of
electron energy, magnetic field, numbers of electrons and half
life against radiation are possible, the following sct of values
represents a reasonable situation:

Electron energy . . . . . . = 500 MeV
Number of electrons . . . . = 103

Magnetic field . . . . . . = 300 gauss
Half life of clectrons . . . . = 6 seconds

It can be seen that rather high energy electrons are required,
but that the total number of these electrons is equal to the
inferred number of accelerated protons. Also the magnetic
field required is not excessive, and the time constant is com-
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Fig. 11 — The universal synchrotron radiation curve of Qorr and WOLRAVEN.

patible with the idea that the clectrons lose their energy before
they can escape the high fields near the sun.

However, it seems that the assumption of monoenergetic
electrons is somewhat artificial and Mr, StEv looked into the
possibility that an exponenticl rigidity spectrum of the kind
the protons are known to have, could also fit the observed elec-
tromagnetic spectrum.

Fig. 12 shows STEIN’s result, He has numerically integrated
the synchrotron radiation egnation for an exponential rigidity
spectrum and he does in fact find the same general form of the
power wersus frequency curve that the monoenergetic spectium
gave. His curves are calculated for various values of R, the
« e-folding » rigidity in the spectrum. An R, = 200 MV cor-
responds to the kind of proton spectrum observed in the
November 1960 events. The exponential rigidity spectrum of
electrons with an « e-folding » rigidity of ~ 200 MV and with
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spectrum of electrons,

about 10” to 10% electrons will account for the radio and visible
light from the flare provided the magnetic field is of the order
of 500 gauss. When we turn to the X-rays however it seems
that the synchrotron model gives too small X-ray fluxes in
general and it is probable that some other process such as brem-
strahlung must be responsible for them as has previcusly been
suggested by WINCKLER,
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DISCUSSION

Chatrman: 1. AwmALD

Havaxawa

As far as I understand, you correlate the radio spectra with the
eleclrons near the solar surface. 1 wonder whether these electrons
can get out of the magnetic barrier? If you correlate the cnergy
spectra for the type IV outburst, emitted far from the solar suzface,
these eclectrons can certainly reach the earth, but other electrons
would nof,

Nuy

Let me show another slide (Fig. 13), The shide is constructed
for a magnetic field of 500 gauss. It shows the way the energy
spectrum will be expected to change with time. At Z=0 it is
assumed to be an exponential spectrum, at later times it becomes
steeper, and by the time oo scconds have elapsed the encrgy spec-
trum has gone so steep that probably it would be undefectable at
the earth. What we believe is that this is the reason why the
clectrons do not escape to be detected at the earth. Was that the
question or did you have another point in mind?

Havaxawa

I was just woendering whether your model was concerned with
radio emissions near the solar surface where the magnetic field is
very strong.

[7] Ney - pag. 27
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I'16. 13 — The energy spectrum as a Tunction of time for sclar electrons,

initially bhaving an exponential rigidity spectrum in a magnetic field of
500 gauss.

Ny

Yes, in the chromosphere,

Tlavarkawa

Bat if we pay attention to radio waves emitted far from the
solar surface, say at one solar radius, the elapse then would be much
longer, so that energy spectrum cannot appreciably change.

[77 Ney - pag. 28
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Niy

Yes, because the magnetic field would be lower. T would not
want to go too high up in the chromosphere, but be where the
electron density is low enough so that collisions do nol dominate but
where the field is still adequate for synchrotron radiation.

BiERMANN

This question of whether or not the continuous light can also be
regarded as a non-thermal emission is a very interesting one. For
some years Reruar LisT and I have endeavoured to see in which
various ways the non-thermal energy is Dboth gained and spend.
Up to now our impression was that if you take the tfotal energy
which is spent in a flare, the largest amounts are possibly given out
in the form of corpascular radiation, which in Prof. Parkar’s picture
becomes the blast wave, and of white light, whercas the amount
going into nearly or fuilly relativistic particles such as protons and
electrons is something like 10-2 of this {sec for instance the work
of the Chicago group on the February 1956 flare, which appears to
he consistent with the evidence from other flares). If we have really
a white light emission, then the emission is comparable to the
ordinary flnx of thermal energy on the surface. I bave some dif-
ficulty in accepting that this is due to synchrotron radiatien which
would make it necessary to assumme that we get a much larger pro-
portion in the form of energy of relativistic particles than we have

assumed so far.

NEY

I can say that what we consider as possible alternatives are:
1} scattering by free electrons, 2) free-bound transitions and electron
captare to produce H~, 3) Cerenkov radiation, 4) brehmssirahlung
or free-free transitien, and 5) synchrotron radiation. The first four
fail by orders of magnitude in accounting for the intensity of the
white Hght, but the synchrotron radiation with essentially mono-

{71 Ney - pag. 29
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energetic electrons or with an exponential rigidity speclrum does
in fact work ouf quantitatively,

BiErMaNN

As far as I know it s not at all impossible, as {or instance has
been discussed by Unstiin, to give a picture of & chromospheric
flare, in which one accounis for the continucus radiation by as-
suming a temporarily higher temperature of certain levels of the
upper photosphere,  That, T think, is the most conventional way of
looking at the phenomenon. Did yeu consider this?

NEY

We considered black-hody radiation and we concluded that it
required excessive particle densities.

S1MPSON

The poeint that Dr. Ney has emphagized regarding the absence
of high energy electrons beyond the solar corona i3 a very important
one. There is one case, however, that we know of where clectrons
are present following a flare. The spectrum has Deen published by
Mryer and Voer for the flare of July 14, 1961, An electron spectrum
for cnergies > 100 MeV was observed at a higher level than the
background electron flux. This is an area of research which needs
a great deal of exploration before the time of solar minimum activity
to understand solar particle acceleration and propagation through
the corona.

Ny

1 think if it can be verified that the ohservation of Mrver and
Voot really represented electrons from the sun, then what I said
about clectrons is probably nonsense. TIHowever, I think there are
some real questions about the observation. It is a very small event
and very late after the flare. Also Meyer and VooT get a spectrum

7] Ney - pag. 30
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which is not as steep as the spectrum of the protons themselves, and
it is hard to see how electrons can have a less steep spectrum when
they are subjected to synchrotron radiation losses, If it is right,
fhen one has to have a compleiely different picture from the one I
have outlined,

PuTERS

I did not quite understand whether you suggested that the
fractionation mechanism which changes the proton to g-particle
ratio occurs during acceleration or during storage.

Nev

My own belief is that it happens during propagation becausc
of this auxiliary information that the well connected event was the
one that wag rich in g-particles and the poorly conuected cvent
was rich in protons, That is the cnly argument that [ can make
for it, but I believe that is an argument for fractionation occurring
during the prepagation rather than during the acceleration.

PrTERS

Dees this imply a non-magnetic effect acting on the particles
after they leave? 1 do not understand how you can get different
propagation for particles with the same rigidity,

GoLp

The particles are stored to a considerable extent in fields in the
vicinity of the sun. What the fractionation seems to imply is that
between the source and the arrival at the earth particles are dif-
fused not only in a static field, which would not achieve this effect
at all, but that they are diffused in a field in which time variation
plays an important part. Now, that is just what one would expect
to occur near the sun where the feet of all those loops are anchored
in the turbulent photosphere and where therefore the process of
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getfing particles from one region to another will be more of shunting
them around in an arbifrary and random fashion. The particular
magnetic regions accessible to a particular particle will rapidly
change from one time to another. Thercfore particles that have a
different transit time will go through this maze in quite a different
fashion, so one could expect a large difference in the proton to «
ratio at the earth. But if, on the other hand, we only had a diffusion
by a nearly static, or at any rate a very slowly varying system out
in space, then it weuld only be the rigidity that should count,
although of course the time of arrival might still be very different.
But over the whole of an event we should not have a very different
ratio of proton to g.

VALLARTA

A comment about the disappearance of the geomagnetic threshold
that you spoke about. According fo standard theory the threshold
that we expect at the latitude of Minneapolis and beyond would
be essentially determined by the shadow cone, so if you find a
disappearance of the geomagnetic threshold it means essentially
that the shadow conc has disappeared. That is quite in agreement
with the theory, it lakes a very small perturbation for the shadow
cone to disappear. And we must expect that there is an external
magnetic ficld quite different from the ordinary external field when
you have the appearance of a solar flare,

Now, 1 should like to raise one question at this point: how do
you known that these protons you are talking about are really solar?

Ney

At the time when these things happen, the fluxes can be as high
as a thousand fimes cosmic rays and it is hard to imagine that the
particles would be coming from anywhere else.

[7] Ney - pag. 32



LES ERUPTIONS ET L’EMISSION DES RAYONS
COSMIQUES SOLATRES

1.F. DENISSE

Section d Astrophysique - Observatoire de Parts - Meudon - Trance

Sommaire — Les éruptions solaires chromosphériques qui sont asso-
cides A une émission de rayons cosmigues possédent plusieurs propriétés
caracléristiques. Optiquement elles se caractérisent par une structure
en forme de flaments allongés, généralement double, qui se situe au
dessus des ombres des taches elles-mémes, o est-d-dire au-dessus des
régions de forts champs magnétiques. Ces éruptions sont souvent accom-
pagndes d'un phénoméne explosil caractéristique (effet Moreton) et d’un
assombrissement du spectre continn {nimbus d'Ellison).

Dans le specive Hertzien, elles émettent un rayonnement trés carac-
téristique: le sursaut du type IV, interprété comme le rayomnement
de parbicuies relativistes. La longue durée des émissions radiodlectrigues
associées 4 ces Gruptions suggére qu’il existe wn mécanisme capable de
pidger une partie au moins des rayons cosmiques au voisinage du goleil.

La découverte des rayons cosmiques produits par le Soleil
et Iinterprétation des émissions radioélectrigues et des rayons X
solaires laissent 3 penser que le phénomeéne essentiel qui se
produit au cours d’une éruption est la production de particules,

Absiract — Solar flares associated with cosmic ray emission show
several characteristic properties. Optically they are characterised by
an eclongated filament straciure, double in general, which is sitnated
above sun spots 4.¢. above regions of high magnetic Gelds. These fiares

[8] Demisse - pag. ¥



206 TONTIFIC

ACADEMIAE SCIENTIARVM SCRIPTA VARIA - 25

ions ct électrons, d’énergies élevées, Siles cas ou les énergles
atteignent quelques GeV sont exceptionnels, il est probable
que des ¢nergies de l'ordre du MeV sent produites méme lors
d’éruptions relativement banales.

Jusqu’a ces derniéres années, l'extréme diversité de 'aspect
optique et de I’évolution des éruptions chromosphériques n’avait
pas permis d'en donner autre chose qu’une classification rudi-
mentaire par ordre d'importance, selon des critéres d’ailleurs
assez variables suivant les observateurs et surtout les moyens
d’observation qui s’appuient suivant les cas sur I’étendue, sur
la brillance, ou sur la largeur de la raie Ha, cte. de V'éruption.

La découverfe, au cours de ces dernitres années, de nom-
breuses émissions de rayons cosmigues lids aux éruptions [1]
(2] et d'un rayonnement hertzien caractéristique: le sursaut
de type IV [3], apparemment dii & 1’émission synchrotron des
électrons relativistes produits [4], a permis d’isoler dans Ia
masse des éruptions une catégorie particuliére d'événements sin-
gulierement efficaces quant & leurs possibilités d'accélération.

Il n'est pas douteux qu’une étude approfondie de ces érup-
tions particuliéres a 'aide des différents moyens dont on dispose
actuellement dans les domaines optiques, X, v, hertzien, cor-
pusculaires, permetira de dégager des caractéres communs 3
cette catégorie particuliere d'éruptions qui représentent grosso-
moda 25% des éruptions 3, 4% des éruptions 2z et 0,4%, des
éruptions 1 5].

On peaf espérer que ces caractéres communs aboutiront,
entre autres choses, 4 une connaissance plus précise des énergies
mises en jeu, des configurations des régions intéressées, de

are often accompanied by an explosive phenomenon (Moreton effect)
and by a darkening of the continuwm spectrum {Ellison nimbus).

In radio wave spectrum these flares are emitting a very peculiar
radiation, the type IV burst, which is interpreted as magnetic brems-
strahlung by relativistic particles. The long duration of the radio
emission associated with such flares suggests the existence of a mech-
anism suitable for trapping at least a part of cosmic rays near the sun.

18] Denisse - pag. 2
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I"échelle de temps des phénomenes essentiels, du nombre et de
la nature des particules aceélérées, ete. el permettront de mieux
connaitre le mécanisme d’accélération des particules.

Nous nous bornerons, dans cet exposé, & déerire les caracte-
res communs qui apparaissent i 'heure actuelle significatifs de
cette catégorie d’éruptions. Dans ce domaine, les observations
radioastronomiques, bien qu’encore rudimentaires, ont apporté
beaucoup d’éléments nouveaux et bien caractérisés. Ceci tient
au fait que les particules de haute énergie ne se manifestent
gu’indirectement dans les domaines optigques ou X par ’exci-
tation du milien environnant auand celui-ci est suffisamment
dense, alors qu’elles peuvent étre détectées dans le domaine ra-
dio directement par le rayonnement synchrotron, pour les élec-
trons, et indirectement, pour les particules des deux signes, par
["excitation Cerenkov du plasma trés pen dense de la couronne,

On peut schématiquement décomposer 1'évolution d’une
éruption typique en plusieurs phases distinctes. Ces phases sont
bien connues, et, comme nous venons de le dire, nous en dé-
crivons seulement les gnelques caractéres qui nous paraissent
plus significatifs que les autres.

I. LA STRUCTURE DU CENTRE ERUPTIF ET LA PHASE PRELIMI-
NAIRE

Les éruptions qui nous intéressent ont tendance  se produire
a l'intérieur de plages faculaires qui enserrent un groupe de
taches multipolaires complexes & champ magnélique fort.

Observé sur le disque, le centre est le sitge de structures
allongées le long desquelles se produiv généralement 1'éruption.
Parfois, cette structure est matérialisée par un petit filament
sombre caractéristique dit filament de plage [6], généralement
actif, d'intensité variable et de courte durée de vie. Parfois, la
structure allongée se présente au contraire comme une région
plus brillante que e reste de la plage faculaire.

[87 Dewisse - pag. 3
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A priori, ces structures ne paraissent pas occuper de position
tres définie par rapport aux taches visibles (Fig. 1); pourtant
elles se retrouvent nettement dans la forme de "éruption, elles
restent fixes en dépit de leur variation d’éclat et figurent cer-
tainement un domaine d’importance essentielle pour la suite des
évenements.

Quand on Pobserve au voisinage du limbe, le centre actif
apparait surmoenté d’arches brillantes d’éclat variable.

Dans le domaine radioélectrigue, le centre d’activité est le
siege d’une source d’émission de faible étendue et de brillance
exceptionnelle sur ondes centimétriques [7]: ces condensations
étroites, dont le rayonnement est polarisé circulairement, indi-
quent que la haute chromosphére, au lieu ot se produira Iérup-
tion, présente une densité et une température qui sont anorma-
lement élevées,

Quelques dix minutes avant gue ne sc produise 1’éruption
proprement dite, se manifestent les signes avant-coureurs du
phénomene explosif. Ils se traduisent par une activation d’abord
progressive du centre, de petits points brillants apparaissent sou-
vent le long du filament de plage, celui-ci parfois s’évanouit
en partie ou complétement au cours de cette phase qui voit
également angmenter progressivement 1'émission radicélectrique
de la condensation alors que les arches visibles au bord du dis-
que intensifient leur éclat {8].

2. LA PHASE EXPLOSIVE

Brusquement, en I'espace d’une demi-minute environ, se
produit la phase explosive de Déruption [9]; généralement
[éruption s’étend le long des structures allongées et souvent
se forme en deux filets brillants qui U'encadrent [67 (Fig. 2).
Dans presque tous les cas, Pemplacement du filament est dé-
terminant méme lorsque 1'on assiste en méme temps a sa dispa-
rition particlle ou totale. Errison [1¢] a montré que dans le

[8] Dewnisse - pag. 4



SEMAINE D'F 269

UDE SUR LI RAYONNEMENT COSMIQU

Fig. t - Denx aspects du centre d’activité avant et pendant 1'éruption
du 3 Juillet 1957 (Mrunox),
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SEMATINE D'ETUDE SUR LE RAYVONNEMEN

cas particulier des plus fortes éruptions qui ont produit des
rayons cosmiques observables an voisinage du sol, cette struc-
ture des éruptions en forme d’un double filet est tout & fait
caractéristique. La phase explosive de I'éruption est particulie-
rement nette dans le domaine radic ot elle se traduit non seu-
lement par un accroissement trés brutal de la brillance du centre
éruptif en ondes centimetriques, mais aussi par I'éjection d’une
perturbation qui traverse la haute couronne avec une vitesse
ascentionnelle égale 4 une fraction de la vitesse de la lumiére
(60.000 4 270.000 km/s): c’est le sursaut de type III [11].
La durée de ce « flash » n’excéde gudre quelques secondes et
occasionellement peut d’ailleurs se reproduire plusiewrs fols en
Pespace de quelques minutes. Bien que le mécanisme exact du
rayonnement de ce sursaut ne soit pas complétement élucidé,
on peut penser qu’il est di a Pexcitation d’oscillations du
plasma coronal par des électrons rapides. Ainsi ce phénomenc
montre qu’aux premiers instants de I"éruption, pendant la phase
explosive, des particules de haute énergie sont déja produites.

Moins d’une minute apres le type IIT apparait parfois un
continuum  fugitif (sursaut de type V) probablement dit an
rayonnement synchrotron de ces mémes particules [12].

Quelguefois, au cours de cette phase de 'éruption, on
observe des émissions de rayons X [13] qui doivent sang doute
lear origine au rayonnement de freinage des électrons rapides
et dont l'intensité doit dépendre beaucoup de l'altitude a la-
quelle se produit 1’éruption.

3. LA PHASE D'EXPANSION

Au cours de cette troisitme phase, la luminosité de 1'érup-
tion continue i s’ étendre progressivement le fong des configura-
tions stables décrites plus haut (Fig. 2 et 3); les deux filets
hrillants ont tendance A s’écarter I'un de Vautre [6] et dans
fe cas des plus importantes éruptions & rayons cosmiques {10},

[8] Denisse - pag. 7
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Fig. 3 — Eruption du 25 Juillet 1946 (Muunon),
I 5 4

[14] ces deux filets se situent au-dessus des taches optiques
elies-mémes [14] et apparemment recouvrent chacun des taches
de polarité différente. En méme temps, la luminosité diffuse len-
tement pour s’étendre aussi 4 d’autres régions du champ. Tm-
médiatement aprés la phase explosive, des masses de matiéres
absorbantes voisines de la zone éruptive sont projetées dans
Uespace avec des vitesses généraiement de Uordre de guelgues
centaines de km/s (Fig. 4).

Cette phase d’expansion est caractérisée au point de vue ra-
dio par deux perturbations distinctes.

L'une d’elles, bien localisée dans ’espace, le sursaut de
type II [12], ¢’éléve dans la couronne avec une vitesse de

{8] Denisse - pag. 8
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IF16. ¢ — Eruption du 4 Décembre 1957 (Mrunox).

Pordre de 1000 km/s ef s'interpréte comme I'excitation du
plasma coronal par I'onde de choc produite par Pexplosion
initiale,

La scconde apparait immédiatement aprés et se présente
comme un nuage dont les dimensions atteignent une dizaine de
minutes d’arc et qui s’éléve aussi dans la couronne avee une
vitesse comparable a celle du type 11, Le rayonnement de cette
source, le sursaut de type IV [37 se présente comme un con-
tinuum trés stable et a ét¢ interprété comme le rayonnement
synchrotron d’électrons relativistes peut-étre pidgés dans le mi-
licu aval de I'onde de choc [4].

Pour le moment, il n’existe que de trés rares mesures simul-
tanées des positions des sources de type II et IV et la laison
physique qui existe sans doute entre ces deux phénoménes n’a

(8] Denisse - pag. 9
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pas été précisée. Certains types IV ont pu étre suivis dans leur
ascension jusqu’a des distances de 6 & 8 rayons solaires. L."émis-
sion observée sur une scule fréquence parait ensuite s’éteindre
sur place au bout d’une heure environ, mais il n’est pas str
que la perturbation ne poursuive pas sa progression en rayon-
nant sur des fréquences de plus en plus basses.

C’est ce sursaut de type IV qui parait le plus étroitement
lié & I’émission des rayons cosmiques solaires [5], comme d’ail-
leurs aux orages géomagnétiques {157 et aux déeroissances de
Forbush [16].

Deux phéromenes optiques récemment découverts, mais qui
n’ont pas encore regu d’interprétation satisfaisante sont proba-
blement la contrepartie dans le domaine visible de ces sursauts
radio.

L'un d’eux a été décrit par MoreTOoN [17]: il s'agit d'une
modification progressive de la visibilité des matitres filamen-
teuses obscures situées dans la chromosphére alentour du centre
éruptif; les films de la chromospheére pris avec des filtres mo-
nochromatiques montrent que ces changements d’aspect s’éten-
dent progressivement jusqu’a des distances de I’éruption de plu-
sieurs centaines de milliers de km avec des vitesses d’expansion
comparables 4 celles dn type II.

I’autre phénomeéne est le « nimbus » d’ErLison [18] qui
se traduit par un obscurcissement diffus de quelques pourcents
de la plage qui entoure e centre éruptif et qui n’apparait que
lors des éruptions les plus importantes.

4. LES SUITES DE L ERUPTICN

A la suite de la phase d’expansion, s'établissent progressi-
vement dans la couronne des régions stables qui continuent a
émettre un intense rayonnement radio, principalement sur ondes
longues, pendant des heures et méme des jonrs aprés le début
de I'éruption, c’est-i-dire bien longtemps aprés qu’alent cessé

8} Denisse - pag. 10
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complétement toutes les manifestations optiques de D'activité
éruptive. Ces régions sont probablement associées aux jets co-
ronaux et leur rayonnement, polarisé circulairement, constitue
la famiile des orages radicélectriques [5].

On ne voit guére que les particules énergiques accélérées au
cours de 1'éruption qui soient capabies d’entretenir aussi long-
temps l'activité de I'orage et il faut alors imaginer que celles-ci
restent piégées au voisinage du soleil dans des configurations
magnétiques convenables. Une difficulté de cefte interprétation
réside dans le fait que ces sources d’émission sonf « unipolai-
res » dans Ie sens que leur sens de polarisation est rattaché 3
la polarit¢ de Ja plus grosse tache du groupe associé, générale-
ment la tache de téte [19], alors que les configurations les plus
simples que 'on puisse imaginer pour pidger les particules de-
vraient étre bipolaires, Si toutefois Iémission de ces sources est
die, comme if semble, au rayonnement Cerenkov des particules
dans le plasma, seuls des gradients élevés de la densité coronale
peuvent permettre & ce rayonnement de sortir de la couronne
sans absorption excessive et il est possible que ces conditions
particulitres créées par I'éruption elic-méme ne soient réalisées
qu'au voisinage d'une polarité privilégice,

[8} Denisse - pag. 13
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DISCUSSION

Chatrmagn; T8, AMALDI

BIERMANN

I think that the asymmetry you are talking about could he
connected with the following structure of the magnetic field. Suap-
posing the flux which comes out of the spot region is going back
over a much larger area, which is often the case according to the
magnetic field measurements,  The field configuration should be
such that at some lateral distance the particles are reflected mostly
in a region where the field is weaker. In this way these might
result in a pronounced asymmetry of the radio emission, Is that
a picture with which you wounid agree?

DENTSSE

I can agree with this scheme, if we can actually have a reflection
on the regions of opposite polarity at high enough altitude for those
particles not being absorbed in the chromosphere. We have to
consider that those storm sources may last for a week or more,
and in spite of the fact that they seem to be replenished by other
flares, it is probable that the particles have to spend most of their
life at high altitude to be able to survive. If those conditions are
satisfied, I do not think the observations are contradictory to your
proposal, but if such is the case it is rather surprising that we do not
observe more often some storms with polarisation of both senses,
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Rossi

Pourrais-je vous demander un renseignement sur la hauteur a
laquelle ces émissions se produisent?

DEnissE

Cela dépend de la Jongueur d’ondes d'observation; par exemple,
ces émissions sont ohservées 4 un demi rayon solaire d'altitude,
sur 2 m de longueur d’onde. On a pu en observer jusqu’a des alti-
tudes supérieures & un ou deux rayons solaires,

Ross:

Vous avez dit que I'émission dure pendant des journées entiéres?

DENISSE

Ces emissions peuvent se prolonger avec de trés grandes fluctua-
tions d'intensité, 5 & 06 jours aprés i'éraption solaire.

VALLARTA

Quel est le spectre du rayonnement électro-magnetique émis par
le soleil pendant un orage?

DinNISSiE

Pendant ce type d’'orage le spectre émis est assez étroit; il est lié
visiblement & la fréquence critique du milieu coronal; on abserve
de nombrenx effets ¢’ocenltation et de réfraction qui montrent que
Iindice est certainement voisin de zéro dans cette région; ¢’est pour
cette raison, que Pon peut interpréter comme un rayonnement
Cerenkov.

(GHERZI

Les différentes fréquences que l'on enregisire en radioastrono-
mie sont-clies émises par des sources distinctes, ou est-ce qu'une
trés haute fréquence initiale devient graduellement plus basse? On
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enregistre sur un métre, etc... est-ce qu'il y a des formations succes-
sives de ces radiations électro-magnétiques?

DEenisse

Dans le cas des orages et surfout des sursauts de {ype II et T11,
les fréquences émises diminuent quand augmente I'altitude d’obser-
vation., Ce n'est pas entierement vrai pour le type IV dont toutes
les fréquences sont approximativemen{ émises au méme endroit.

GoLp

Is the polarization asymmetry equally strong at the highest fre-
quencies that you can sec in these outbursts as at the lower frequen-
cies? The reason I am asking this is because the mirror peints of
the particles would of course be expected to be at the same field
strength in the loop, no matter whether this field is dense on one side
and loose on the other, so the emission should be similar from the
two sides. On the other hand, if the critical plasma layer intervened,
then it would obscure perhaps one side from your sight, and allow
the other side to be seen,

DENISSE

If, as you say, the mirrer point was lower on the opposite pola-
rity we should observe the cther polarisation, say, on decimeter
wave, and this is not observed: this emission is mostly ordinary.
In the frequency spectrum, there is actually a shift from extra-
ordinary to ordinary, which occurs in the decimelric region as was
shown by Japanese observers. But this decimetric emission only
lasts half an hour or so just after the flare, and disappears during
the noisc storm,
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A STUDY OF THIE CHANGES IN THE PRIMARY
COSMIC RADIATION DURING A SOLAR CYCLE

1.V, NEHNER
Caltfornie Institule of Technology - Pasadena, Cal, - U.5.A.

Abstracl — Some leatures of the variation of the primary cosmic
radiation during the solar aclivity cycle are presented with particular
reference to the upper atmosphere measurements near the North geo-
magnetic pole in the period 1g37-16561.

Several questions are discussed which arise in trying to fit this
information into a consistent picture of the conditions in interpla-
netary space.

One of the important characteristics of cosmic rays is the
fact that they change by a large factor during the period of a
solar cycle.  So far, our knowledge of this change is rather
meager, but it is to be hoped that with space probes now avail-
able, more information will be forthcoming.

The reasons for our lack of knowledge of the nature of the
11-year variation in cosmic rays (which is also the period of a
solar cycle) arise from several causes, First, we might mention
the obvicus reason of the necessary length of time involved.
It has only been realized within the last 1o years that such a
phenomenon exists. It is then not surprising that our informa-
tion is not complete since we have not yet witnessed, since the
discovery, a full solar cycle of change. We recall that the time
from a minimum solar activity to a maximum is, on the average,
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Ir years, but it is also known that the real solar cycle is 22
years. There are some things in nature we cannot hasten — man
cannot as yet control the activity of the sun!

Another reason why our information is incomplete about
the 11-year cycle variation in cosmic rays, is that to study the
effect as such, one needs to make experiments in the polar
regions near the top of the atmosphere, if the effect is to be
studied from the earth. The reason for this is that the largest
effect on cosmic ray particles during this secular change, is
among those particles with low energy, and it is only at the
higher latitudes that such low cnergy particles are admitted.
This is becanse the magnetic field of the earth turns away the
slower particles at lower latitudes. Hence, there is a question
of accessibility. Also, since the particles have low energy they
are easily absorbed in the atmosphere, and hence high altitude
balloons are required. These two requirements, of high altitude
and high Iatitude, thus present experimental difficulties.

We do, however, have considerable information about this
T1-year solar-cycle-connected change in cosmic rays.

a) The most important property is that there is an inverse cor-
relation between solar activity and cosmic-ray intensity.
Thus, when the sun is most active the cosmic-tay intensity is
& minimum and when the sun is least active, the cosmic-ray
intensity is a maximum. This inverse relationship was point.
ed out by ForBUSH in 1953,

b) The two above phenomena are not exactly anti-correlated.
There appears to be a 9-12 month lag of cosmic ray effect
from being inversely correlated with solar activity. This
was also first pointed out by Forpuss.

¢) The change in the numbers of cosmic-ray particles during
an Ir-year period is quite large, amounting to a factor of
3 to 5 from solar maximum to solar minimum. The major
part of this change is in those particles that can penetrate
the earth’s magnetic field only above geomagnetic lati-
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tude 50°. For protons this corresponds to an energy of about
1.6 GeV.

d) During a time of medium to high solar activity, there ap-
pears to be a definite cut-off of particles with energies below
those that could arrive at the earth above 53" to 55° geo-
magnetic latitude. This is evidenced by the fact that at very
high altitudes, there is a latitude at which an abrupt change
in the spectrum of the primary particles occurs as one pro-
ceeds toward the poles. Most of the time during the solar
cycle, this cut-off exists even though the number of primary
particles may vary by a factor of 2 or more. The latitude
at which this so-called « knee » occurs shifts slightly during
such a change of the primaries, but the shift is only a degree
or two. However, during the last solar minimum, there
were two years, namely in 1954 and 1955 when this knee did
not exist and primary particles down to 100 MeV for protons
were present in the primaries. Normally when the knee
exists the cut-off is about 8oo MeV for protons.

¢) The particles that change have the same atomic numbers as
those always present in cosmic rays. Thus, the major change
is in the protons, but there are also changes in the «-particles,
and in the light, medium and heavy nuclei.

f) These changes are of such a nature tbat it appears that
magnetic fields are responsible for the change.

A remark or word of caution should be injected here in
regard to what one might anticipate in future years. The solar
minimum of 1954 was lower than had ever been recorded.
Further, the solar maximum of 1958 was higher than amy
solar maximum that has been recorded. Consequently, in
view of the chance of a recurrence of such behavior of the sun,
we might not find cosmic rays increasing to as high a maximum
as they exhibited in Tg54, during this next solar minimum of
1g64-65. Likewise, cosmic rays may not reach the very low
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value at the next solar maximum of 1969-70, that they had
in 1958-59.

An illustration of what may occur is illustrated in comparing
the years 1937 and 1958. Ballcon flights were made at high
latitudes during cach of these years. Also, the sun was at a
maximum of activity during these two years. However, the
infensity of cosmic rays was about 60% higher in 1937, at
high altitudes and latitudes, than in 1958, This is in keeping
with what would be expected since the solar maximum of 1958
was much more pronounced than it was in 1937,

In Fig. 1 are shown the changes in the intensity of cosmic
rays near the north geomagnetic pole that have taken place
over the years. The change in the number of particles involved
1s even more than the change in the areas under these curves.
In Fig. 2, the data in Fig. 1 have been replotted and other years
have also been included, showing the changes that have taken
place during the period 1951-19671, at given atmospheric depths.
At the top of this figure are also given the changes in the sun
spot numbers and the magnetic character figures that have
taken place during the same period.

In Fig. 3 are the results of baloon flights made in the
southern hemisphere during 1958 [3]. These curves show the
way in which the cosmic ray intensity suddenly ceases to
increase as one proceeds to higher latitudes. In Fig. 4 the
change of the geomagnetic latitude is shown at which the knee
occurs for different amounts of air overhead. The indication
is that even with no air overhead, the latitude ai which the
knee occurs would not move much further toward the pole.
The evidence points to an absence of primary particles below
a certain magnetic rigidity.

In trying to fit the above information into a consistent
picture of the conditions in interplanctary space, one is faced
with a number of questions. Some of these may be stated as
follows:

. During a solar minimum is the vicinity of the earth expe-

[91 Neher - pag. 4
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Fis. 1 — The ionization produced in the atmmosphere by cosmic rays is
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data were faken with balloon borne instruments sent up near the north
geomagnetic pole.  Analysis shows that the number of primary cosmic ray
particles changes by a factor of at least 4 during a solar cycle.
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riencing the full galactic intensity of cosmic rays? Is there
any evidence that it is not?

2. Indeed, is the major part of the cosmic-ray particles that
we normalfly measure not of galactic origin at all, but, as
Prof. ALrvin [4] insists, of solar origin?

3. Assuming that cosmic rays are of galactic origin, over what
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region of the planetary system is the rr-year modulation
mechanism effective?

4. There appears to be a time lag of ¢ to 12 months of cosmic
ray changes from being anti-correlated with solar activity.
Are we to inferpret this as being the time for the solar
plasmas, with their associated magnetic fields to travel out
into, or to collapse from the planetary system?

5. Is the rr-year cycle of change in cosmic rays of the same
nature as the Forbush type of change? Thus, arc solar
plasmas responsible for both kinds of change, with the chief
difference being in the extent of the region over which the
mechanism is operative?

6. 1t appears from Bascock’s work [5] that the sun is a
magnetically variable star with a period of 22 years.
Evidence is that it reverses polarity at a time of a maximum
solar activity. How is this to be taken into account in our
picture of the influence of the sun on charged particles in
the planetary system? Also, how does this affect some of
the mechanisms that have been proposed for magnetic effects
on solar produced high energy particles?

7. What is the mechanism responsible for the cut-off of low
energy particles in cosmic rays when the sun is active?

8. How sharp is the cut-off and is this consistent with what is
to be expected from the action of plasmas with their magnetic
fields, or, is some other mechanism involved?

A few remarks might be made in, at lfeast, partial reply to
the above questions. In regard to the first question, in 1940
a series of balloon flights was made from Bismarck, N.D.
(A4 56°N} to San Antonio, Texas (%, =38°N). At the higher
latitude station, namely Bismarck the cosmic ray intensity
was some T0% higher at high altitude than it was at the same
station in 1954. In Igs4 the sun was at a minimum of activity

and one might expect that the full galactic intensity of cosmic

lo} Neher - pag. o
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rays would be arriving at the earth. There is every reason to
think that the data of 1940 can be compared with those of 1654
since the same instrements were used for standardization in the
two years. The high values of 1940 were persistent for at
least a few days and were present during the three flights
made at Bismarck. The data taken by the ionization chamber
at Huancayo also shows a larger value than normal for these
few days. The interpretation is then, that cosmic rays were
more intense at this time than during the very inactive period
of the sun which occurred in 1g54. The two interpretations
seem to be, 1) that during 1954 there was still some modulation
of cosmic rays occurring or 2) that the galactic intensity of
cosmic rays can change in relatively short periods of time.

In regaxd to the second question there seem to be several
strong arguments against a general solar origin of cosmic ray
particles. While the sun is known to give rise to high energy
particles at frequent intervals, Arrvin has argued that the
sun could be a source of all cosmic ray particles with energies
less than say 10' to 10™ eV. If the region in the vicinity of
the sun were effective in accelerating particles to high cenergies
one would reasonably expect such a mechanism to be most
effective during an active period of the sun. To account for
the inverse relationship between solar activity and cosmic ray
intensity it would be necessary to have a storage mechanism
which would give a delay of 5 or 6 vears. Thus one would
expect a maximum of solar activity to be followed by a
maximum of cosmic ray activity some 5 or 6 years later.
Experimental evidence points to a close anticorrelation but with
cosmic rays lagging about 6 to g months behind,

A second objection to the sun being a major source of
cosmic Tays is that one would not expect the chemical composi-
tion in that case as is actually found in cosmic rays. Thus the
sun has a very low relative abundance of Li, Be and B com-
pared with C, N and O. Tt is difficult to see how these nuclel
could be produced in sufficient quantity by spallation effects
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if they are acceleration in the possible Van Allen bands of the
sun or in its corona.

‘There are certainly further objections to the idea that any
large proportion of cosmic rays are produced by the sun. I give
this to you for further comments,

In conclusion T want to give some of the preliminary results
Huer Awverson and I have already obtained from the Venus
space vehicle, Mariner-Rz. This space probe is bechaving very
well, having transmitted back to carth about 5 weeks of data
so far. The ionization chamber on hboard was carefully
calibrated against our standards. Also the Geiger counters
were calibrated in terms of particles cm—2 sec~! for the whole
solid angle. We have flown with the same balloon one of these
space vehicle ion chambers, which has a thin wall (10 MeV for
protons) along with one of cur usval balloon chambers which
has a wall twice as thick. The space instrument also is smaller,
being only 5 inches in diameter compared with To inches for
the balloon instrument.

These instruments were carefully compared with our stan-
dards before making a flight. The data from the space craft
instrument was 3% lower than that from the other instrument.

Data from the space craft show an ionization of about 610
ions em™ sec~! atm=! of air. Instruments flown at Thule,
Greenland some three weeks before showed an ionization near
the top of the atmosphere of 370 ions cm=3 sec! atm=! of air.
One would expect a factor of 2 when comparing these data,
since the earth shields out one - half the solid angle at Thule,
Thus one would expect 740 ion em=3 sec~! atm=! of air in
space from the results at Thule. Allowing for 3% mentioned
above, one is left with a difference of 12%. Tentatively we
think this is due to the albedo effect which exists af Thule,
which is not present out in space.

A further result is as follows: The quantity that connects
the number of particles passing through a given volume of
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gas and the ionization they produce, is the average specific
ionization, Thus I= 6 ]J. Now the Geiger counter on board,
that has the same wall thickness as the ion chamber, has been
counting 3.0 particles cm=2 sec™!. Thus the average specific
lonization is

I

- 610 . —t
G = e == e == 203 1005 CINTY,
3.0

J

This number is close to that estimate for the average specific
ionization of cosmic ray particles in space.
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DISCUSSION

Chairman: S. HAvARAWA

SIMPSON

In view of your possible 12% albedo effect, could you guess
what the revisions would be on the rest of the latitude curve, taking
into account albedo at lower latitudes?

NEHER

No, 1 am afraid 1 cannet do that. Other people have iried fo
make estimates of this, but T would rather not try and make guesses
at this time. We hope to do this experimentally in rgb4 if we get
on the satellite POGO.

BIERMANN

Reference was made to Prof. ALrviEN’s proposal of a solar theory
of the origin of cosmic rays. Now of course this theory is quite
old, but as you say it has been more or less forgotten about for
guite a long time. What is in this scheme the explanation of the
very large differences in the energy spectrum, that is to say between
the values of ~ 2 and ~ 6 of the exponent of the power law?
Another comment would be that the magnetic fields, which are
necessary to store energetic particles of solar origin, would have to be
assumed for this purpose. I do not know of independent reasons
for assuming such fields of suitable structure to be present. Coming
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back to the energy spectrum is there any answer to the question,
what causes the solar particles, which are produced whith a very
steep energy spectrum, to be transformed into particles whicl have
a much flatter spectrum?

Nreurr

I think that this is a serious difficuity, One would have to have
some selecting mechanism by which you lost a large fraction of the
low energy parlicles.

Ervior

There is a small point, concerning your 129, discrepancy. Pre-
sumably there is some reduction due to the shielding of the space
craft. Is it possible accurately to account for this?

NEHER

The space craft subtends a small solid angle at the instrument,
and it is not clear actualiy whether the body of the space craft would
increase the number of particles or decrease them. In any case,
the contribution one way or another should he very small.

Ny

1 just want to agree completely with Prof. Bizrmawy that all
one knows about solar cosmic rays makes it less likely that the sun
is the source of all cosmic rays. Solar evenls give you a chance
to see just how effective the trapping is. What one observes is that
one gets a thousand times as many particles as galactic cosmic rays,
and then they all go away, and you are right back fo the original
value. I would, however, like to make a direct comment on your
paper. Do you believe that in 1940 the cosmic ray intensity was
the highest recorded and de you think that it is not associated with
& solar proton event?
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NEHER
It lasted over a period of at least a few days and I do not think
that it is due to any single solar event as we think of them.

GoLD

1 quite agree with what Dr. Bmrmann and Dr. Ney think.
ALFVEN's suggestion would require a very long storage, because of
the great variability of solar high energy bursts which would need
to be smoothed over several solar cycles to lead to the observed
constancy of the cosmic rays over several solar minima.

In the vicinity of a star like the sun the galactic field suffers a
bulge which is always held cut by the pressure from the star, by
the gas pressure and the radiation pressure, and this forms @ mirror
machine so constructed that it would hold the particles in. But
the quality of that mirror machine is just putrageously high if it is
to store particies over periods like several solar cycles, and we know
that galactic motions are erratic and irregular. One cannot envisage
a machine that is constructed so precisely as all that.

Qort

One might remark that there is some direct evidence at any rate
of cosmic rays in the galactic system. From the radio frequency
radiation we know that there are at least electrons with cosmic ray
energies and it is very likely that they are accompanied by very
much larger quantities of cosmic ray protons.

Prrers

The galactic radiation differs from solar flare particles not only
in its energy spectrum but also in its composition. This makes it
still more unlikely that what we call galactic particles are actually
particles from the sun which have been stored for long periods,
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EXPERIMENTAL DATA ON SPECTRAL
VARIATIONS DURING FORBUSH DECREASES

E. AMALDI, 17, BACHELET, P. BALATA, N. JUCCI

Ictilnto @t Fisica della Universita di Rowa
Istituto Neazionale di Fisica Nucleare, Sezione di Roma.
Roma - Halia

Abstract — The rigidity dependence of the cosmic ray variation
during Forbush decreases has been studied for many years, in connec-
Hion with theories of medulation of galactic cosmic rays through inter-
planetary space by solar perturbations. Only in recent years, however,
the large network of C.R. neutron stations set up for the IGY and the
high rate of recorded events during last solar maximum have allowed
several invesligators to carry out systematic studies on the variation
of the primary rigidity spectrum on the oceasion of such perturbations.
A critical review is given of experimental analyses on the subject made
by Dorman (1957}, Lockwoon {1g60), SarasHAT et al. (1962), Konpo
(1962), FiLrerov and Suaver (1962}, Kuzmin and Krivmsgy (1g62),
Marugws (1962}, Bacurrer et al. (1963) and Kawg (1963}, The con-
clusion is reached that in the low rigidity region (1gR<rs GV) the
spectral variation of the T.1). can be fairly well representad by an
inverse power law with an exponent smaller than one. The resulis
of varions authors in the high rigidity region do not agree, so that
not cven a first quantitative conclusion can be reached.

1. INTRODUCTION
The variations of the primary spectram of cosmic rays

(C.R.) during Forbush decreases (F.D.) is one of the many
effects on which is based any attempt alming to determine a
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model of the modulation mechanism of these events. Other
effects that can be used for the same purpose are:

a} the transit fime of the perturbation from the sun to the
earth;

b) the time length of the perturbation;

¢) the shape of the decreasing and recovering phases;

d) the enhanced diurnal variations;

e} the propagation of solar C.R. at the time of a F.D.;

f) the corrclation with geomagnetic storms and solar events;

g) the depression of C.R. in space far from the Earth:

k) the plasma and magnetic field determination in interplane-
tary space;
and finally

i) the astrophysical information on the sun, solar flare radio-
bursts, extended corona, ete.

In the present contribution we review and discuss the ana-
lyses of the experimental data on C.R. observed at ground and
underground stations during F.ID. which aim to get inform-
ation on the variation of the primary spectrum just after the
decreasing phase.

Systematic investigations on this subject have been made
only during and after the 1.G.Y.; the number of stations, in
particular of those with neutron monitors, has been consider-
ably increased and the observations have been made with more
continuity; the maximum of the solar activity supplied a large
number of Forbush events; and finally the study of the in-
fluence of the geomagnetic field on C.R. has been considerably
improved,

The data at ground and underground arc in practice the
only ones suitable for a systematic analysis; upper atmosphere
balloon data have been obtained only occasionally.  Direct
measurements of the primary spectrum at high altitude during
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F.D. are still very scanty. Besides a balloon measurement
made by McDonar in the rigidity region 0.5-3.0 GV [T}, we
only know of a recent satellite experiment made by Y AGODA
with emulsions exposed during the event of December 7, 1960,
the analysis of which is still in progress [2].

2. (GENERAL PRINCIPLES OF THE ANALYSIS

The first information on the unperturbed primary spectrum
has been deduced by combining the absorption in the atmo-
sphere with the latitude effect of sccondary components. A
similar procedure can be followed for the variation of the
primary spectrum occurring during IF. 1D,

The connection between the intensity of the various second-
avy components with the differential primary spectrum D(R),
expressed as a function of the magnetic rigidity

(1) R= D% w1,
Le

involves the so called mudtiplicity function or yield funclion
e (IR):

’ co sl
(2) I, (R)= [ Moy (R D (RV AR = / W,(R)dR'
J R J R

where I (R) is the intensity given by a monitor of component ¢,
placed at depth x in the atmosphere, at geographical position
where the vertical geomagnetic cut-off rigidity is R, and

{3) W (Ry=m (R} D(R)

is the so-called coupling cocfficient or differential response.
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If the primary spectrum undergoes the variation & D(R), the
corresponding relative variation of the secondary intensity, cor-
rected for atmospheric effects, is given by the relationship

o0 <o 5D
[ #,, 8 DdR' W, = d R’
& 1o R Jr D
(4) I = oo = oo
w j e, DAR' j W, dR'
R R

the validity of which is suhject to the assumption that the rigi-
dity cut-off R remains constant during the perturbation.

This assumption, usually not sufficiently emphasized, is
net a priori fulilled becauvse of the strong correlation exist-
ing between the F.D. and the geomagnetic storms; the import-
ance of the superposition of the effect of a change of the cut-off R
to the modulation of the primary spectrum has been pointed
out by Konpo [3]. Therefore one should be careful in using
Eq.(4) only when the F.D. is not accompanied by a strong
geomagnetic storm.

Another assumption implied by Fq.(4) is that the variation
ED/D of the primary spectrum is isotropic; that this is not
true, at least in the equatorial plane, is proved by the presence
of diurnal variations which are enhanced during the 7., The
use of Eq.(4) seems, however, to be justified when it is applied
to the interpretation of the mean value of & I, taken over at
least one full solar day. Then, obviously, & D/D represents
the relative variation of the primary spectrum averaged over
the components of the anisotropy lying in the equatorial plane.

No experimental evidence is available about any anisotropy
of & /D in the meridian plane. The possible existence of such
an anisotropy could be detected if the asymptotic directions of
the primaries, whose secondaries are measured by monitors at
different stations, were known, and furthermore, if they turned
out to cut in the celestial sphere well defined regions. This is
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the actual sitnation met in the case of the solar C.R. whase
spectrum extends only fo 4 GV rigidity for stations at
high geomagnetic latitude, according to McCrackeN calcula-
tion [4] [5]. Similar computations are not yet available for
the galactic C.R., except for the simple dipole model of the
geomagnelic field which is certainly inadeguate for such a
discussion.

Therefore the existence of an anisotropy in the meridian
plane is difficult to prove [6]; such a possibility has been
neglected in most of the investigations discussed below.

The relationship between the measured quantity L./,
and the unknown 3 D/D given in integral form by Eq.(4), can
be expressed in differential form in that interval of rigidity in
which the secondary intensity I, is sensitive to the geomagnetic
field (1):

g1
dlo Sl
_m,3DdR  d3], [,E,’m Tew ]

&
(5) —_i'm)m( ) - My DR dIm v dg-m
where
. _ L. (R)
(6) £ (R) = T

is the so-called lattiude effect, which is connected to the coupl-
ing coefficient W, (R) defined by Lq.(3), by the relation

drR

(7} We, (R)= T (R)

{*} This can be understood from LEq. {5} which can be used for a given
component only for those values of R for which JI./dR is diflerent
from zero.
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In Eq. {6) and (7} R, is an arbitrary value of the rigidity; the
factor T, (R,) is useful for normalization purposes,

The various authors have adopted two different approaches
to the problem, which wiil be indicated in the following for the
sake of brevity, as integral and differential method.

The integral method is based on the use of Eq. (4) in which
one infroduces for €D/ a particular law containing at least
one free parameter. The calculated values of 81/1 are then
compared with the experimental values to find either the values
of the parameters or the form of the law as well as the values
of the parameters which give the best fit to the experimental
results,

The differential method is based on the use of Eq. (5) by
replacing the differential increments with the experimental finite
variations of the intensity of the secondary component {lati-
tude effect) and of the amplitude of the F.D.

3. REMARKS ON THE DEFINITION OF THE EXPERIMENTAL AMTPILI-
TUDES

In both methods of analysis of the F.D. one is confronted
with the difficulty that the relative amplitudes & T /1 of the
same component ¢ measured at the same depth x and at the
same geomagnetic cut-off R turn out to be spread more than
expected according to the statistical error. The causes of such
a wide spread can be:

1) inadequate correction for atmospheric effects. These correc-
tions are usually made by cach station on its own data and
one can not foresee a considerable improvement in the near
future, since it would be necessary to dispose of more accu-
rate studies, such as those recomniended by SCRIV for the
next period of solar activity minimum [6]. It should be
remembered that these corrections are more uncertain for the
muon component than for the nucleonic component;
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2)

3)

4)

changes in the efficiency of the recorders occurting during
the events;

uncertainty in the adopted value of the geomagnelic cut-off.
Since the purely dipole mode! has been recognized inade-
quate, various improvements have been achieved by RorH-
WELL [8], QueNsy and WEBBER [g] and QuENBY and
WENK [10]. The results of the last group appear to be
superior to the previous ones since they produce a remark-
able reduction in the spread of points about the curve of the
latitude effect of the nucleonic component measured at air-
plane altitude (x=680 g/cm?) by PoMERANTZ [11}. We
have some indication that, using these cut-offs, the spread
of the relative amplitude & I/T of the F.D. also is reduced;

uncertainty in  the definition of the velative amplitude
€I/I of a F.D. In this connection the following points
should be born in mind:

@) only the inspection of the bi-hourly data at all the sta-
tions allows the choice of an interval of time unique for
all the stations to sample both the unperturbed and the
perturbed phases, so that the transition phase is avoid-
ed (%);

b) by the same inspection one can easily recognize the pre-
sence of perturbation other than the diurnal variations
(see point ¢} which, overlapping the F.D., do not allow
a clear definition of hoth the pre-storm and full-storm
intensity ;

¢) as mentioned above, in order to average the anisotropic
component in the meridian plane, the inferval of time
mentioned under &) should be chosen equal to at least
one or a few solar days;

(") The expression « transition phase » refers not only to the decreasing

phase of the FF.ID. but also to the passible precursory increase.
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d) the adoption of point b) and ¢) introduces a very strict

selection of the events that can be used for the analysis.

4. ANALYTICAL EXPRESSIONS USED BY VARIOUS AUTHORS FOR
& D/ as A FUNCTION OF R

The first expression for & /D used for this kind of analysis
81D/ AS A FUNCTION OF R '

&b a for R<R¥4

(8) DT 6 for R>R¥/4
where
(9) R¥ecd, Ho

with 7, representing the linear dimensions of the solar plasma
beam inside which the frozen magnetic field has the average
value H,. The constant a is determined by the direction of the
incoming particles with respect to the direction of the magnetic
field in the beam.

Eq. (8) is a simplification of the theoretical expression

a for R < R%4
(10)‘ ——BD“=\-?~% arc sin ( E* - r) for R¥q <R <R*
D % TR fa<R<RY2
' Lo for R = R*%2

Locxkwoon [137 uses the expression

5D A
(rry - T T"' ay

with A and ap constants. This equation contains the first term,
proportional to R=1, of the theoretical expression suggested hy

Sivger et al. [14]:
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. 5D &y [ AN
(12) ﬁ““ﬁﬂol(T) e ,

plus a constant term introduced by Lockwoop in order to fit
the experimental data.
Finally various authors have used the expression

5D
— —k
{13) B BR

where B and % are both adjustable parameters. This expres-
sion appears to be convenient for fitting — by means of the
differential method -— the experimental data obtained with
neutron monitors.

In spite of the fact that B and % have no direct connection
with the parameters of any theoretical model, Eq. (13) is suit-
able for a comparison between the experimental results and
the various theories.

5- (GENERAL REMARKS ON THE DIFFERENTIAL METHOD

In order to appreciate the advantages as well as the limit-
ations of the two methods outlined above, let us first examine
in detail the coupling coefficient defined by Eq. (3) for the
various components of C.R. These are shown in Fig. 1 which
has been obtained by taking from WEBBER and Quensy [15]
the curves veferring to neutrons at moumtain  altitudes
(x=0680 g/cm?) and neutrons and muons at sea level (x=1033
g/cm?) and from Marurws [16] the curves relative to under-
ground muons (40 and 60 mw.e.}. The primary spectrum [15]
given in the same figure serves only as a term of reference.

From Iig. T we see that neutrons hoth at mountain altitude
and at sea level, constitute the components most convenient
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dl
DIFFERENTIAL COUNTING RATE (W R *amﬁ-) AS

FUNCTION OF VERTICAL CUT-OFF RIGIDITY R

ALL CURVES NORMALIZED SUCH THAT
1{15)=100
1.2,3.4 - AFTER WEBBER AND QUENBY 1959

5.6 - AFTER MATHEWS 1962
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16, 1 - Differential respense for different secondary components at different
depths, Primary spectram given for reference.
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for the differential method because of the two following
reasons.
a) at the same cut-off rigidity the quantities

1 I, 1 451,

(14) i AR and I AR

are both larger than for any other component;

b) the interval of values of R for which the quantities (14) are
different from zero is larger than for the other components
(see footnote on p. 5).

For muons at ground, on the contrary, the quantities (14)
are so small and the experimental errors so large that the
differential method in practice fails completely. The muons
underground are due to primaries belonging to a rigidity region
completely above the geomagnetic cut-off interval and therefore
they cannot be used for the differential method.

For what concerns the quantity EI»J]—) (R) derived from

Eq. (5), it is obvious that the differential method provides
information only for rigidities below the geomagnetic equatorial
cut-off.

Finally one should keep in mind that any perturbation of
the geomagnetic field, if not corrected for, affects the resulls
of the differential method more than those of the integral
method,

6. DISCUSSION OF NEUTRON MEASUREMENTS

Let us now consider the analyses made by Lockwoon [13],
Fivierov and SHAYER [177 and Bacuerer et al. [18] all based
on neutron measurements. The results of these authors, when
expressed in the form (13), give a value of the exponent %
appreciably different from zero, say between 0.4 and 1.
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The main features of the analysis of the Rome group [18]
are: the use of the differential method applied to neutrons at
ground, the definition of the rclative amplitude of the IF.D.
according to the criteria listed in Sect. 3, the use of the more
recent geomagnetic cut-offs by Quennsy and WEeNK [r10], the
separation of the F.D. in two classes, the first including events
in which the main phase of the associated magnetic storm is
negligible, the second including events accompanied by a storm
with a Jarge main phase. All the analysed events took place
between 1g57 and 1959.

The strict selection of the events brings the disavantage of
reducing their number to four, for the first ¢lass, and to three,
for the second class, but guaranices that the results of the
analysis refer to {ypical large and « clean » events.

By applying Eq. (5) to all these events, these authors find
that the power law (13) fits very well the experimental points
of &1/, with an exponent % between 0.3 and 0.4 for the
events of the first class, and with % between 0.8 and 1.3 for
the second class.

The difference of behaviour of the two classes can be at-
tributed to the variation of the geomagnetic cut-off, which is
expected to take place in the second case. An indirect check
of this interpretation is obtained by assuming that the power
law (13} with the exponent % as unique parameter to be de-
termined, holds not only for R<R,  uou but also for rigi-
dities extending to infinity, Then the integral method is ap-
plied for predicting the ratio of the relafive amplitudes of the
muen and the neutron components measured at stations above
the corresponding latifude knees where the actval cuf-off is
determined by the atmospheric absorption. The amplitude of
the T7.1). observed at these stations clearly are not affected by
the possible changes of the geomagnetic cut-off.

By choosing the value of & which gives the Dbest fit fo the
experimental value of the ratio
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8 Lz sea level 8 Ip. .
i ( Rgco:nag. < Rabsorpt. )

In sea level

the BaCHELET group finds values of % between 0.4 and o.5 for
all the events of the two classes defined above.

The same results is obfained by applying again the integral
method as explained above to the ratio

- OIIu mountain / O‘IIN sea jevel ( R ceomag, < Rabsorpf.)
1 mountain o sea level

refative to the neutron stations at mountain altitude and at

sea level,

In these results they find a strong indication that the expo-
nent % of the law (13) is for alf the typical events appreciably
smaller than 1, provided the effect of the perturbation of the
geomagnetic field is eliminated in some way.

At an carlier time, Friirrov and SHAFER [17] had analysed
by the differential method the average spectral variation of
15 F.D. occurred during the 1.G.Y, They found that the power
law (13) with the exponent k=0.81:0.2 fits their data well
These had been obtained:

a) by using the geomagnetic cut-offs of QUENBY and WEB-
BER [g], the most refined available at that time;

b) by taking the pre-storm level averaged over 20-30 hours
hefore the decrease and excluding any possible precursory
sharp peak, and the intensity in the full storm averaged
over 4-8 hours,

In. spite of these minor differences of procedure, the results
of Frrippov and SHa¥ER do not appear to be in disagreement
with the results of the Rome group especially if one considers
that the higher value of % can Dbe explained as due to the
inclusion of events of the second class.
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The even previous analysis by Lockwoon [13] is discussed
here because it refers only to neuntron data. However, it is
based on the integral methods assuming a priori the law (11)
taken to be valid for

R = 100 GV .

He had individually analysed 18 events -~ which occurred
in 1957-1959 — with the geomagnetic cut-off of QurNgy and
WEeBBER {g]. The amplitude of each event was defined by this
author taking the pre-storm level by averaging at least 2 hours
prior to the onset of the decrease (*) and for full-storm level the
towest bi-hourly vatue.

The spread of the points in the plane & [ /I versus R is
rather large, probably because of the amplitude definition which
appears to be very sensitive to any spurious perturbation.

In spite of the uncertainty involved in fitting a curve to
widely spread points, Lockwoopn represents his events with the
law (11}, some with ax>>0, other with ar=o0. These two groups
of events, when represented in terms of Eq. (13), correspond
respectively to k<1 and k=1,

One can conclude that the Lockwoon results also do not
disagree with those of the other authors mentioned above.

4. (FENERAL REMARKS ON THE INTEGRAL METHOD

As already stated above, the p-meson data at ground and
underground can be used, along with neutron data, only for
the application of the integral method.

On the other hand for the muon component the errors in
the amplitude of the F.D., duc to incomplete atmospheric cor-

{(*) The onset time is defined by Lockwoon as the last hour before the
main phase commences as indicated by the decrease in the counting rate
of at least z standard deviations,
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rection and to variations of the counter efficiency, are consider-
able, Moreover the knowledge of the coupling coefficients is
more uncertain,

Therefore, if the best fit of a given law to the experimental
points were applied only to the muon-component data, the de-
termination of the adjustable parameters would be very uncert-
ain. The uncertainty, however, is strongly reduced by the fact
that the best fit can be extended to include all the components.

The method is complementary to the differential method
because it involves information on the variation of the primary
spectrum at rigidities greater than the equatorial geomagnetic
cut-off,

On the other hand, the problem of the statistical analysis
is rather difficult, especially when the number of free parameters
is large. For thesc reasons the results of this method should
be taken with caution.

8. DISCUSSION OF MUON MEASUREMENTS

Research including the analysis of the muon components
has been made by Dorman [12], SARABHAT et al. [6], Kuz-
MIN and Krmvsky [197, MatHEws [16] and Kane [20].

The paper by Kang is illuminating on the difficulties met
in the application of the integral method: if the fitting of the
experimental data is made with a single law with too few free
parameters, the result turns out fo be rather arbitrary; while,
if the fitting is attempted with various laws and/or many pa-
rameters, the sensitivity of the method is so low that no definite
discrimination can be obfained,

The analysis made by Kawe refers to a large number of
events during the I.G.Y. out of which 11 are large or medium
F.I). For each of these he utilized the neutron and muoen data
at ground {from about 70 stations) with the geomagnetic cut-
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offs of QUENBY and Wenk [10]. The amplitude of the per-
turbations are estimated on daily averages irrespective of the
onset time.

He tries first to fit the experimental data with the law (13)
for R<R? and 8D/D=o0 for R>R,. Thus, for cach event,
he has to determine three free parameters: B, %k and R,, of
which only the two latter are of interest for our discussion. For
the T°.1D. the k-values turn out to be all in the interval 0.3-0.6
and the R, values between 6o GV and oo,

Each event can be fitted equally well by several pairs of
values of % and R,,; the correlation is always in the sensc
that a higher value of % is associated to a higher value of R,.
From this remark, KanE concludes that it should be possible
to fit the same data even by an exponent k=0 provided the
high energy limit R, is adequately reduced. This is equivalent
to try the expression (8). He prefers to {ry the expression (10)
from which he derives values of R* of the order of 100 GV.
Thus, KANE artives at the clear conclusion that the exponent
f should be smaller than one; but he recognizes the impos-
sibility of a discrimination between the expression (13) with
k=<6 and the expression (10),

In contrast with this unbiassed attitude of Kawg, both
DorMaN [12] and Sarapsat et al. [6] interpret their data as
definitely in favour of the expression (8) with R*/4 = 40 GV.
Besides the general remarks given above, one can add the
following points. The analysis by Dorman refers to data col-
lected before the 1.G.Y. which do not include neutron measure-
ments and is based on the use of the geomagnetic cut-offls
derived from the pure dipole model. SaraBrAT ot al. [6] use
only a few stations chosen in view of a study of a possible
anisotropy in the meridian plane. Therefore it appears to us
that the results of both these two groups of authors, although
interesting from other points of view, do not bring a definite
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contribution to the determination of the shape of the variation
of the primary spectrum.

Kuzmin and KrimMsky [1g] analyse the muon data col-
lected at sea level as well as al various depths underground
(from 7 to 60 m w.e.; Yakutsk station] during 26 F.D. oc-
curred during the 1.G.Y. They try only the power law (13)
extending to oo, since this expression had been suggested by
the analysis of the neutron data made by Firiprov and SHATER.
They find an exponent % of the order of 0.8,

In the light of the discussion of the neuiron data given in
Sect. 6, as well as the discussion given by Kang, this result
appears to be compatible with a lower value of k (say 0.5) in
the low rigidity region, combined with a cut to zero at high
rigidity.

Finalty Marnews [16] considers the data referring to
neutrons at ground as well as to muous at ground and at 40
and 6o mw.e. underground, for 2 events occurred in 1g6O-
1961. He compares the experimental data with three different
theoretical laws given by SINGER [first term of Eq. (12)], PAR-
ger [21] and Eivior [22]. The comparison is made, for
cach law, for a selected set of values of the paramefers; no
agreement is found in any case.

The inspection of the deviation of the SiNGER law from the
experimental data of MATHEWS suggests again that a better fit
could he obtained by using Eq. (13) with a % value smaller
than 1.

9. CONCLUSIONS

In this situation it does not appear easy to derive definite
conclusions. The only points which seem to emerge are that
in the low rigidity region (1<cR<Z15 GV) the spectral variation
of the F.D. can be fairly well represented by Eq. (13) with
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5

k>>0. Furthermore, if the discussion — given in Sect. 6 — of
the effect of geomagnetic perturbations superimposed on inter-
planetary moduiation is correct, than we belicve that one could
conclude that % should be smalier than 1 in the low rigidity
region. For the high rigidity region all the analyses made to
date do not appear to be adequate even for a first quantitative
conglusion.
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DISCUSSION

Chairman: S, HAYARAWA

ErLior

Perhaps 1 can try to add something to Prof. AMAIDI's remarks
about Marmirws' work and 1 can say a little more about it on
Thursday. [ think perhaps one might convey slightly the wrong
impression by saying that MaTimrws found no agreement, He didn’t
find perfect agreement, and being a young man perhaps he hoped to.
There are quite serious difficulties in interpreting the underground
data which I think one should not faii to mention. Iirst of all the
yield functions are really a bit uncertain and the second thing is
that at a depth of 6o m.w.e. quite a large part of the Forbush
decrease is certainly not isotropic - this one can see. 1 think that
this makes for some difficulty because even if one takes averages
over 24 hours this still does not solve the problem since the daily
variation may not be a modulation up and down equally about a
true mean. Instead it is more likely that additional particles are
missing at some parts of the day and consequently, taking a daily
average does not eliminate the effect of this anisotropy. I think that
in view of these things the discrepancies that Marunws gives are
not to be considered as overwhelmingly against any of the models
that he discusses.

One other remark concerns the interpretation of the Forbush
decrease — the energy dependence of the Forbush decrease rather
— In terms of power laws, T think that this can perhaps be a littie
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misleading because there is no reason to suppose that K should be
constant over the whole of the energy range; and to fit a constant I
to it may be to throw away some information that one should have.

AMALDI

First I would like to comment on the agreement or disagreement
between MatueEws' results and the varicus theories mentioned
above. Of course, you know MarHews’ paper and what is behind
it more than we do. Reading the paper we had the impression that
there was mno agreement, alsc because MATHEWS expressed this
opinion; but cven if the disagreement is not too bad, it seems to
me that our conclusions remain valid, that very little can be said
today about the shape of the spectrum in the high energy region
(R>15 GV), In particular I agree with Prof. ExLior on the fact that
for the muon component the coupling coefficients are very uncertain;
I actually tried to stress this point in my report.

My second comment refers to the low rigidity region. It is quite
clear, as already emphasised, that any one of the used laws is an
oversimplification of the reality; particularly it is clear that there
15 no reason to believe in a simple inverse power law. But if one
introduces more complicated laws, with more parameters, then their
deterrnination from the experimental data becomes llusory, because
of the various errors and uncertainties that 1 mentioned in my report.

SiMpsoN

I have two comments on Prof. AMaLpt’s interesting paper, My
first remark foliows from Prof. Eviior, namely the K value is
undoubtedly rot a constant for most events. We see this most clearly
from the neutron intensity over a wide range of geomagnetic latitudes
obtained in aircraft during and after a ForsusH decrease. From the
value of §D/D over a wide range of latitude we find that K is
constant up to 6 GV, but at higher rigidities the value beging to
change.

fro] Amaldi - pag. 22
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My sccond comment is that we confirm your conclusions that
there exist two groups of rigidity dependencies, one related to a
large geomagnetic field effect and the other which is not. We have
isolated them by deducing the location of the maximum of the pri-
mary differential spectrum; i.e. looking for a « knee » shift in the
neutron intensity latitude curve. Most Forbush decreases show no

« knee » shift 2= 1° latitude. However, for events such as Iiebruary

11, 1958, the Forbush decrease has in association with it a large-scale
observed shift in position of the « knee » of the latitude curve during
the Forbush decrease.

[1o) Amaidi - pag. 23



RECENT INVESTIGATIONS OF THE LOW
ENERGY COSMIC AND SOLAR PARTICLE
RADIATIONS (¥)

1.A. SIMPSON

Enrico Fermi Instilute for Nuclear Siudies and Departinent of Physics
University of Chicago - Chicago 37, 1. - U.S.A.

Abstract -— The first part of this paper is a preliminary study of
changes in intensity and spectrum of the solar modulated cosmic radia-
tion over a solar activity cycle. Neutron intensity monitors responsive
to changes in primary particle magnetic rigidity as low as wi GV
have been analysed for the period 1952-1962. Tt appears that the expe-
rimental results are to be explained by the growth and decay of a mo-
dulating electrodynamical region bounding a large volume of interpla-
netary space.  The non-Hnear growth and decay are functions of both
solar activity and particle magnetic rigidity. The resuits suggest the
build-up and subsequent relaxation of a heliocentric magnetic field
maodulating region which terminates in an interface with the stellar gas
or galactic magnetic field. The second part is a report on recent
experiments by Muvix and Vogr to study the origin of 8o-350 MeV
primary protons shown to be continuously present during years near
maximum solar activity. The alternatives for their solar origin are
discussed.

{*) This research was supported in part by the Air Force Office of
Scientific Research under Contract AF 49 (638)-7oo8 and Grant AT-AFOSR-
62-23, and by the Air Force Geophysical Research Directorate under Con-
tract A7 19 (604)-4554.

[an] Stmpson - pag. 1

8



324 PONTIFICIAE ACADEMIAE SCIENTIARVAM SCRIPTA VARIA - 25

Part 1

SPECTRUM AND INTENSITY CHANGES OF COSMIC
RADIATION ABOVE wr GV AND THEIR
ASTROPHYSICAL IMPLICATIONS

1. INTRODUCTION

ForsusHE was the first to demonstrate the existence of an
anticorrelation between solar activily over the 11-year sun spot
cycle and the cosmic ray intensity as measured deep within the
atmosphere by ion chambers [1]. The measurements of MEYER
and Simrson showed that these r1-year changes were accom-
panied by a change of exponent Ayes0.7 in the power law
spectrum of the primary flux between solar maximum and solar
minimum [2]. Both Nener {37, and MEvVER and SiMpsoN [2]
found that the so-called low energy cut-off (1) for the primary
radiation shifted to higher rigidities at solar maximur,
Nener [3] showed that near solar minimum activity there ap-
peared a flux of very low energy primary radiation not detect-
ibie at low latitudes and assumed to be from the galaxy. These
combined results suggested models wherein the sun controlled
and modulated the galactic flux through interplanetary magnetic
fields controlled by solar plasmas [4, 5]. Evidence in favor
of the magnetic rigidily rather than energy modulation of the
protons and e«-particles came from the measurements of
McDonarn and Wenser [67]. Direct proof that the modulation
mechanism for the Tr-year cosmic ray intensity variations
is heliocentric within the inner solar system was provided
by cosmic ray gradient experiments on the space probe

() To be interpreted as the energy al maximum intensity of the diffe-
rential primary spectrum.

[x1] Stmpsen - pag. 2
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Pioncer V [7]. The existence of, at most, a small intensity
gradient in space over 0.1 AU inward from the orbit of Earth
suggests that near solar maximum activity the heliocentric mo-
dulation must be most cffective beyond the orbit of the
farth [8]. Forpusn [g] and NeHER [10] have shown that
there appears to be a time lag of 9 o 12 months between the
onset of a new sunspot cycle and the onset of cosmic ray in-
tensity modulation. It was aiso apparent that this phase lag
was smaller for high latitude observations [g, 11].

The present paper is a preliminary analysis of changes in
intensity and spectrum of the solar-modulated cosmic radiation
over a solar activity cycle. The results provide clues to the
origin of the Tr-year solar modulation mechanism. The data
lead to the tentative conclusion that the time constants of the
11-year cycle are associated with the growth and decay of a
modulating electrodynamical system in interplanetary space,
and are determined by solar activity and particle magnetic rigi-
dity. The resuits suggest a heliocentric magnetic field boundary
for the medulating region, possibly formed by an interface with
a galactic magnetic field.

2. SPECTRAL AND Ineensity CHANGES AS A FUNCTION OF
Srowry VARYING SOLAR ACTIVITY

Changes in the primary cosmic ray spectrum were deduced
by observing the nucleonic component intensity within neutron
monitor piles located over a wide range of geomagnetic lati-
tudes. The techniques and details of the experimental appa-
ratus have been described elsewhere, Since the nucleonic com-
ponent deep in the atmosphere has been shown to arise from
primary cosmic radiation with magnetic rigidities as low ag
~1 GV (!}, it then follows that the newtron intensity monitor

('} i.e. the specific yield function is finite at >1 GV,

(18] Simpson - pag. 3
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is an effective device for measuring changes in the integral
intensity above geomagnetic rigidity cut-offs in the range of
1-t14 GV. To construct the primary spectrum from observa-
tions deep in the atmosphere requires the use of specific yieid
functions, or coupling coefficients, for extrapolating the neutron
observations to primary fluxes at the top of the atmosphere.
However, the slowly varying and large scale changes observed
over the ri-year solar cycle are so outstanding that these extra-
polations are not required to arrive at some major conclusions
regarding the physical changes taking place in the primary
cosmic radiation. Hence, in this preliminary study, relative
changes in the spectrum have been determined from neutron
monitor intensity data normalized to unity at the solar mi-
nimum in 1954, which lead to the qualitative description of
conditions in interplanetary space. The values assigned fo the
geomagnetic cut-off rigidities are those calculated by QuUEnsy
and Wesser [12].

The data have been corrected for barometric pressure chan-
ges. Fig. 1 displays these intensity measurements as monthly
averages over the period 1952-1962. The relative changes of
integral intensity with cut-offs at >1.5 GV and >14 GV are
shown in Fig, 2. The most outstanding features are as follows:

1. The onset of modulation following solar minimum occurs at
first only for the low rigidity particles in the primary spec-
trum, i.¢. this onset of modulation produces a strongly
rigidity dependent change of spectrum for particles with low
magnetic rigidities. TFor primary particles of magnetic ri-
gidity <C2 GV it is possible that a residual modulation existed
throughout the period of solar minimum in 1g54.

lower energy portion of the spectrum remains relatively

2. Once primary particles 14 GV undergo modulation, the

unchanged over a large decrease of primary integral inten-
sity, continuing nearly to the time of solar maximum acti-

[31] Stmpson - pag. 4
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vity, The ratio of percent change of neutron intensity
1.5 GV/»14 GV in Fig. 2 {(fower solid line) is ~3 for the
period leading to solar maximum activity. These spectral
changes are qualitatively reflected in the sketch of primary
spectrum changes in Fig. 3.

During the period of increasing primary intensity, the rigi-
dity dependence of the spectrum changes again (upper dashed
curve, Fig, 2). During the increase of intensity towards the
next solar minimum in = 1964-1505, the slope for the upper
curve in Fig. 2 is increasing, and exceeds 4 in 1962.
There is a spectrum change between the lower and upper
curves of Tig. 2 which occurs in less than a 3-month interval
near solar maximum.

Sketch of Changes in differential
Spectrum of primory Cosmic
Radiatien

Early 1956 1954 1958

Late 1956

%MW L 1E°M

| 5 0 5 20 GV
Mognetic Rigidity

Fis. 3 — This sketch is not to scale. Li represents the kind of changes in
the low energy primary spectrum predicted by the neutron intensity obser-
vations as shown in Iigs, 7 and 8.
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The phase lag between sun spot number and cosmic ray
intensity noted by Forsusu [g] and Neurr [10] is clearly
evident in the above results.

Since at preseat we belicve that interplanctary magnetic
fields which produce the modulation of intensity are controlled
by solar plasma, it is important to represent the spectral chan-
ges as a function of solar activity parameters physically asso-
ciated with the energy source of the solar wind instead of sun-
spot number, which is a phenomenological index. Suitable pa-
rameters observed over at least one solar cycle are difficult to
find, espeeially since the basic mechanism for heating the co-
rona is not firmly established. Towever, the slowly varying
radio emissions from the chromosphere and deep in the corona
likely receive their energy from underlying solar energy sources
which also contribute to the heating of the corona. In Fig. 4,
the flux of x0.7 cm wave length solar radio emission observed
by CovingTon [13] for more than a solar cycle is compared
with the classical sun spot number representation of solar acti-
vity. On the Dasis of this remarkable correlation the repre-
sentation of slowly varying solar activity by sun spot number
appears to be a useful index of solar wind « strength » for
correlation with the cosmic ray spectral changes reported here.
Consequently, monthly averages of sun spot number will be
used as a parameter in the preliminary discussion which follow.
{Other parameters reflecting the « strength » of the solar wind
include geomagnetic disturbance indices, coronal temperatures,
and the slowly changing intensity of the horizontal component
of the equatorial geomagnetic ficld over 1r-years.)

The short-term changes of intensity such as Forbush-type
decreases which generally have a significantly different rigidity
dependence from the T1-year intensity variations, are included
in the data [13a]). From the evidence to be presented it will be
clear that their presence does not conceal the main features of
the 1r-year spectral changes. Indeed, some of the LI-year

(1] Stmpson - pag. 8
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TFig. 4 — Correlation known to exist between sunspet number and back-
ground high {requency radio wave emissions from deep in the solar atmo-
sphere. The vo.7 cm, wave-length data are published by A.. Covincron {13}

spectral and intensity changes appear to begin with major
short-lerm events (for example, November g, 1956).

The changes in integral intensity above 1.5 GV and 14 GV
are shown in Figs. 5 and 6, respectively, as a function of solar
activity between 1954 and 1g62. To good approximation these
double-valued functions for the cosmic ray intensity may be
represented by the smooth curves shown in Fig. 7. (Compare
the data in Fig. 5 with the smoeothed loop 2>1.5 GV in Fig. 7).
Additional integral intensity curves cutting off at ~1 GV and

[11] Stmpson - pag. 9
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I'rG. 5 - The one month averages of newtron monitor intensity at Chicago,
Tineis are shown as a function of monthly sun spot number and time.

2.8 GV are also shown. (The data for the >1 GV « loop »
are from the Otfawa, Canada neutron intensity monitor.) (1)

It is clear that:

I. For primary particles of magnetic rigidity </1.5 GV mo-
dulation is probably underway for even the lowest measur-
able levels of solar activity; i.e. there may be no time lag

() The author wishes to thank Dr, 1).C. Rosy, National Research Coun-
cil, Canada for permission fc use his dala.

(11} Simpson - pag. 10
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cayo, Peru are shown ag a function of monihly sun spot number.

between the increase of solar activity after solar minimum
and the onset of primary cosmic ray modulation. This con-
clusion is also suggested by the curve J»1.5 GV in Fig. 1.
As solar activity increases, the onset of modulation takes
place at increasing particle rigidity. On the declining por-
tion of the solar cycle the progressive disappearance of mo-
dulation from the primary flux takes place at much lower
values of solar activity. This is iliustrated in Fig. 8.

Figs. 2 and 7 show that a major transition in spectral cha-
racteristics takes place on the first approach to maximum
solar activity, an effect which is not reversed. Whether this
is the consequence of the observed reversal of the Sun’s
polar magnetic field [14] at this time or whether it Is initiated
by the November 1956 event is an important but open
question.

[y1] Simpson - pag. 1Y
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Fig. 7 — Smooth curves have been drawn through the observations shown
in Figs. 5 and 6 to emphasize the first order changes taking place in the
cosinic radiation intensity. Similar curves were prepared {or neutron monitor
observations at Climax, Colorado (geomagnetic field cutoff we2.8 GV), and
at Ottawa, Canada (w1 GV magnetic rigidity cut-off). The Ottawa data
are from Dr, D.C. Ross, National Research Ceuncil,

4. By early 1962, the integral flux 14 GV had returned io
approximately the level of 1g54.

The above phenomena lead to a rough description of the
changing primary spectrum which has been sketched (not to
scale) in Fig. 3 under the assumption of a power law spectrum

in 1954.

[13} Simpson - pag. 1z
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These data are derived from Iiig. 7.

The residual modulation of galactic radiation at minimum
solar activity is at present unknown. As noted above, for
particles below 1.5 GV magnetic rigidity it is not yet certain
whether the full galactic intensity could reach the orbit of the
Earth in 1954. It will be important to decide whether the
spectra and integral fluxes are the same at each solar activity
minitmurm,

{11} Simpson - pag. 13
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3. IMPLICATIONS FOR THE INTRRPLANETARY STATE AND THEORIES
FOR SoLAR Mopuration

It is interesting to explore how these experimental results
may extend ouvr understanding of the physical processes which
are believed to modulate the cosmic radiation in the solar
system. Clearly, the existence of the 11-year modulation eycle
and the heliocentric distribution of the modulation mechanism
proves that the phenomenon is based on large-scale magnetic
ficlds in inferplanetary space. The solar wind and shock waves
are mainly responsible for the changing structure and degree
of stability of the interplanctary magnetic fields. The solar
energy is carried out into the medium by at least three mechan-
isms; namely, 1) the quict solar wind; 2) shock or blast waves,
or 3) enhanced solar wind associated with M-regions.

For the present we assume that 1) and 2) above are the
major contributors.  The question then arises, do the time
constants for the build-up and relaxation of the modulation
magnetic flelds shown to exist in this paper originate, a) at the
sun through the transfer of solar energy to the escaping wind
or shock, or &) in the volume of the interplanetary medium out
to 1 or 2 AU, or ¢) through the pumping-up and subsequent
relaxation of a large magnetic boundary region lying at many
AU from the sun and terminating in a boundary with the
interstellar gas or galactic magnetic ficld?

Alternatives 4) and b) are nol promising because the cha-
racteristic time constants are too short., With respect to b), inter-
planetary conditions within 1-2 AU heliocentric radiug — ex-
clusive of any assumed outer houndary —- respond in the order
of days to the changes in solar activity., With reference to
alternative a), it is well known that the frequency of recurring
geemagnetic storms is not in phase with the solar activity cycle,
However, preliminary studies of the cosmic ray modulation as
a fuaction of the geomagnetic disturbance index Ay also lecad

L1} Sommpson - pag. 14
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to loop curves not unlike those shown in Fig. #. Hence, the
solar wind strength probably is correlated closely with the
average level of solar activity, since geomagnetic indices reflect
in some measure the impact of the solar wind upon the geo-
magnetic field. Furthermore, Fig. 8 suggests that solar mo-
dulation is a continuous function of solar activity to the lowest
measured values of activity., If subsequent studies show that
this is essentially correct, then the time constants are not con-
nected with the transfer of solar energy input to the solar wind,

The experimental results support the third alternative; na-
mely, that the observed build-up and relaxation times for solar
modulation require a large scale heliocentric volume of inter-
planetary magnetic fields, which terminates in a bhoundary
with the interstellar gas and possibly a galactic magnetic field,
The solar wind and shock waves « pump up » the size of this
inferplanetary volume, dissipating energy near and at the
boundary through magnetic instabilitics, by escape of solar
plasma and through work against any external galactic magnetic
field. Upon turning off the solar energy source to the solar wind
and shock wawves, this heliocentric volume would then diminish
with a relaxation time whose characteristics depend in a non-
linear way wupon the size of the volume, and other parameters.
Without going into details in this paper, it is likely that at
such a magnetic field interface there may develop an appreciable
hold-up of conductive interplanctary material with an attendant
build-up of magnetic instabilities and Jarge-scale changes in the
boundary. IFor example, shock fronts will sweep up ambient
interplanetary plasma [15]. This will tend to increase fem-
porarily the plasma density near the magnetic field boundary.
There must exist a region of space beyond the orbit of earth
where the successive dissipating shock waves overtake one
another to develop this region of « pile-up ». Tentatively, it
appears that a heliocentric region with boundary somewhere
between 5 and 30 AU might satisfy the above conditions for
« pile-up » and observed relaxation times reported here.

{r1] Siémpson - pag. 15
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The concept of a solar « plasma bubble » contained within
a galactic arm field was proposed by Davis, at first with a
radius of order 100 AU and more recently in a model of radius
5-20 AU [16]. This model might be extended to account for
the dynamical changes over the solar cycle now shown to exist.
It may also develop upon further investigation that the exist-
ence of a galactic magnetic field is not required to satisty the
observations if, for example, it can be shown that the inter-
planetary magnetic fields can generate, through instabilities, a
heliocentric region to modulate cosmic rays such as the barrler
region invoked for the storage of high-energy, solar flare pro-
tons T17].

The experimental rvesnlts in Fig. 8 also suggest that the
scale-size of the magnetic irregularities which deflect the galactic
cosmic radiation is a function of the solar wind strength. Na-
mely, it appears as though magnetic irregularities of progres-
sively larger scale develop with increasing solar encrgy input
to the solar wind. This is analogous to extending the wave-
number spectrum for magnetic instabilities to lower wave num-
bers with increasing available solar energy transported through
the interplanetary medium by solar winds and shocks. On the
declining phase of the solar cycle this process is reversed.

Thus, both the time constants for build-up and relaxation
of the 11-year modulation of the cosmic radiation and the pro-
gressive spectral changes over the solar cycle place special
requirements on the mechanism for solar modulation of cosmic
radiation. The results also suggest that the storage times of
solar flare particles should be slowly changing over the r1-year
solar ¢ycle.

It must be emphasized in conclusion that this paper is a
preliminary overview of the r1-year modulation of the cosmic
radiation, and we have yet to prove whether the tentative
conclusions derived from these experiments are correct.

[11} Stmpson - pag. 10
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Part 11

EVIDENCE TFOR A PERSISTENT FLUX OF SOLAR
PROTONS IN THE INNER SOLAR SYSTEM

1. Tur EXPERIMENTS

It was shown by Vocr [18] during 1960 - not far from
maximum solar activity — that there was a persistent flux
of protons in the energy range 8o-350 MeV with a speclral
distribution radically different from predictions based on pre-
sent ideas regarding the solar modulation of galactic particles,

To decide whether it is necessary to revise present ideas on
solar modulation or whether these low energy protons are ac-
celerated in the solar system, Muver and Voer [19] have
measured the proton filux and energy spectrum in the year 1961.

This report is a brief summary and comment upon their
most recent work [19].

The apparatus used in their 1961 measurements was almost
identical with the 1960 apparatus. A cross-section of the energy-
loss and particle range telescope is shown in Fig. g.

Five balloon flights at geomagnetic latitude #3° N were
undertaken in the interval July 22 through August 8, 1g61
with a residual atmosphere of between 4.5 and 5 g/em?.

During July low energy protons from solar flares were
observed, but in the period August 1-8, 1961 no significant
changes of the low energy primary proton spectrum or flux
were found, The absence of any decline in intensily over this
period demonstrated that the low energy protons probably are
not the residue of stored particles from previous large solar
flares, but arise from a more contihuous source.

The primary proton spectrum for 1g61 is shown in Fig. 10
along with the spectrum for the persistent flux in 196o. The
1961 flax of protons below 190 MeV is 65 percent below the
1960 value.

f11} Sémpson - pag. 17
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F1G. 10 — The primary spectrum of protons in the range So-350 MeV is
shown along with the change between 1960 and 961 for cosmic ray spectrum
at higher energies predicted by the ry-year change of intensity from Fig. r
(Part I). The integral cosmic ray fux was also measured by Mnrver and
Voot {1g). The 1960 data are from Voor [18].

On the other hand, the intensity of protons above 350 MeV
increased by 10 percent between r1g6o and 1961, in Tough
agreement with the intensity increase of the cosmic radiation
extrapolated from neutron monitor observations (sce Part. I,
Fig. 1), and expected from the 11-year changes in the cosmic
ray spectrum by solar modulation.

From these observations, MEVER and VocT conclude that
two independent mechanisms are responsible for the changes
in the primary proton spectrurn,

(11} Stmpson - pag. 19
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2. THE ORrIGIN OF THE Low ENERGY PRIMARY PROTONS

Above = 200 McV the solar modulation of galactic particles
is the process which produces the observed changes. Below
~ 200 MeV the proton intensity is observed to decrease slowly
with declining sclar activity.

The recent measurements in 1961 on Explorer XII beyond
the magnetosphere by Bryant, Criwg, Dusat and McDo-
NALD [20] confirm that not only is their flux and energy spec-
trum of low energy protons in agreement with the present re-
sults but that the flux is continuous over long periods of time.

Meyer and Voot thercfore propose that the low energy
protons are either continuously or very frequently cmitted by
the sun, possibly in association with small solar flares and
sub-flares and subsequently stored in the interplanctary me-
dium. The energy required for the solar production of these
particles was shown to be very small [18] (= 10% ergs/sec)
in terms of the total energy output of the sun.

The above conclusions by MevErR and Voot appear to be
the most likely explanation for these low energy protons. How-
ever, should there develop difficulties in providing models for
the escape of a sufficient flux of protons through the magnetic
fields of the chromosphere and corona, it may be worthwhile to
consider an alternate process. If both protons and a-particles
are accelerated more or less continuously but suffer coilisions
deep in the solar atmosphere there will be charge exchange
processes vielding a solar neutron flux — a process particularly
efficient with «-particles. It might then be supposed that
some of the sclar neutrons escape through the solar magnetic
fields to decay in space. The resulting decay-product protons
would then be trapped in interplanctary magnetic fields like the
solar flare protons alrcady observed. Tf this process is im-
portant, then the proton flux observed by Mzver and VoGT
should not be accompanied by a primary a-particle flux.

Li1] Simpson - pag. 20
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DISCUSSION

Chatrman: 8. HAYAKAWA

Nry

Have Mryrr and Vot carried out the same experiment at low
latitude to be sure that the low energy protons are not secondary?

SIMPSON

Yes, they have. They have not analysed their data yet, but
the argument that they could not be albedo protons is based on the
low geomagnetic cutoff at which they made their measurements.
I think that no appreciable albedos in the low energy range they
observed are coming in at that latitude,

Ney

My point was that an experiment at low enough latitude to be
sure that low energy particles would be excluded as incoming pri-
marties would be convincing. One might tend to be suspicious that
the low cnergy particles are secondaries if the experiment is only
done at high latitude,

SIMPsON

They also have measuremeuts for zghz, but their data are not
yet analysed, An independent confirmation that the flux is primary
comes from Expiorer XII measurements beyond the magnetosphere,
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BIERMANN

I wounld like to make two points, The first refers to the question
of a good index of solar activity. I would like to ask if one index
can really be expected to be representative. We have heard that all
efforts in this direction have so far given only the result that each
good index was correlated so well with others that one was referred
back to the traditional sunspot number. Now following up the
theoretical scheme of the solar wind, one might consider first that
the solar wind should be mainly governed by the energy input from
the turbulence of the hydrogen convection zone. Secondly, solar
activity should depend on the solar magnetic fields; their influence
might be rather complicated as is made evident by the change of
the polarity of the polar regions around the time of maximum solar
activity. So one might ask oneself whether in the future one might
not try to find a two-dimensional index which is related first to the
intensity of the solar wind (or perhaps its velocity and density
separately) and sccond to the magnetic fields carried along with it,
This of course will be possible only after the relation between what
is seen on the sun's surface and what is measured on or around the
carth is understood much more in detail than today.

The other point which I want to make refers to the last obser-
vations of MEYER and Vocr. Tt appears to me that they fall very
well in line with the other evidence related fo the production of
encrgetic particles on the sun. TFirst, one discovered the production
of particles of several GeV — which could be observed at sea level —
then nexi, of those which could be observed at high altitude and not
too low geomagnetic latitude. Turthermore, one got evidence from
radio data that not only the type IV and V burst, but also the very
common type 11I burst are presumably due to relativistic electrons;
that increased the number of events during which at least MeV
particles are produced enormously, af times of high solar activity,
to something like one event per hour. However, it does not seem
unreasonable at all that we have another fairly large number of
small events which are just sufficient to produce these protons.
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In any case, one should now also ook for y-rays and for primary
neutrons which might be connected with the origin of the low energy
protons observed by Mryer and Voot. This might be another exten-
sion of the picture which is evolved in receni years.

GoLp

So far as the rx-year variation is concerned and its possible
explanations, I think that one could think of two different schemes
that can be separated fairly sharply from each other. The first is
a modulation that is imposed by a diffusing region that is all the
time streaming out from the sun such as Dy, ParxEr discussed earlier
today, when ali the time the flux is trying to come in against an
outgoing rush of wind; and in that case it would not be at ali clear
to me how far out we have to place the region. We know that we
can get that amount of modulation in T AU, so that if we require a
little more smoothing in this effect, possibly 2 or 3 or 4 AU would
suffice. But for such a process it would be necessary for the solar
wind to be very constant and smoothly dependent on the sunspot
cycle. Of course, the larger out one extends the process the more
smoothing there wounld be in it and the less onus would be placed
on the sun's cutstreaming being constant.

The other peint of view is of a cavity in the galactic magnetic
field where the sun no doubt will tend to blow up a bulge in the
otherwise largely homogeneous local region of field and the size
of this bulge will no doubt fluctuate with solar activity. That bulge
will hold out galactic cosmic rays which would be streaming spiral-
ling around the field lines, and it will hold them out more when it
is heing blown up and less when it is contracting. That is all
perfectly all right and it seems to me that one could squeeze out of
either of these models all the spectral effects that we know so far,
by adjusting the fine structure unevenness in that field. I am not
clear, however, whether we can Dbe absolutely sure that the size
of such a bubble and its growth and diminution are entirely a func-
tion of the solar wind. It is unfortunately trwe that the amount of
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energy poured out in ionizing radiation from the sun is not negligible
compared with the solar wind. On ihe whole [ tend to think that
the solar wind will dominate, hut this is notf completely certain,
We may need to know the ionizing radiation and its change in the
solar cycle too. That is no doubt another feature which goes together
with most of the solar cycle characteristics but it would be a dif-
ferent kind of index which we must rely on in that case.

Then I wanted to say something about your point about the
low energy particles. [ don’t really see why vou think that a
neuatron explanation is necessary, because the way in which low
energy particles will differ from their high encrgy counterparts in
their movements would be merely that they would take a longer
time to reach any particular region of space, but the attenuation
from collisions would still not be very great; so they would be still
more smoothed out.  All you must expect is that from any one
event the low energy pulse will be a very long drawn out affair that
would arrive here very slowly and would take a very long time to
decay. In that case a superposition of a succession of minor events
will make a very smooth arrival here - and isn’t that all that
we need to account for?

SIMPSON

Yes, this is, in general terms, the main point that Mryer and
VosT make; namely, that there are many solar accelerated events
with a « smoothing » taking place either in fields near the sun,
or in the storage fields in the interplanctary medium. In this way
a general dynamic level is established for the observed proton flux.

Nengr
I just wanted to say that I agree with your analysis here all
except 1955, at least in the summer of 1955.

Eriior
If this does represent continuous production of low energy pro-
tons, T wonder if there is any possibility o} seeing this process going
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on in fterms of type IV radio emission as in the case of the other
particles which come {rom flares and which are not really of so
much higher energy. There might perhaps be a chance that electrons
are produced at the same time and reveal their presence in this way.

SIMPSON

I think that is the nearest thing., 1 am not aware of what the
ambient level of type 1V would be; one would presumably loak
for a large number of relatively small events, Could I ask Prof, De-
NissE if he would have an cpinion on that?

DeNISSE

This number of small events would depend on the importance
of flares that are likely to produce 1co MeV protons. As I said
this morning, there is a great numher of very small flares that give
rise to type II1 eveats, for instance, where high energy particles
are produced, The number of those fiares changes, of couzse, very
much with the solar cycle, but I would say that in 1960 or rgbI
there might have been on the average as many as one flare a day.
The number of type 1V flares was at least an order of magnitude
lower during the same period.

T like to ask Prof. Simpson onc guestion about the cycle of
hysteresis he just described. It is noteworthy that the hysteresis is
concomitant with recurrent magnetic storm and not with a 5.C.
magnetic storm, and 1 wonder if you consider that both effects might
be in some way related?

SIMPSON

The preliminary work that we have done has indicated that it
does not account for the phase shift, We txied to analyse dala in
such a way that we could find whether or not we were in phase
with geomagnetic disturbances during the years of recurrent geo-
magnetic storms.
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PrreRrs

I would like to come back for a moment to the possibility that
a continuous production of low energy nucleons takes place and
that these nucleons have to get out of the corona as neutrons which
later decay into protons. Neutrons of 100 MeV will take about
15 minutes to reach us, so that the slow protons which have been
observed should be accompanied by a steady stream of 100 MeV
neutrons at all latitudes not only at the poles, This would be a
measurable effect which may provide some check on the underlying
ideas.

SIMPSON

Yes, if one assumes that a large flux of neutrons decay in the
vicinity of the earth, in order to maintain the proton flux level, the
neutron flux will be at its highest value. A rough estimate shows
that no experiments performed so [ar would have detected such a
flux. On the other hand, the principal region for newtron decay
leading to protons stored in interplanetary fields will be near the
sun. The decay protons wouid then propagate throughout the mag-
netic fields of the medium. Under such conditions the neutron flux
observed at the earth may be very small compared to the observed
proton flux.

VALLARTA

There is one point 1T would like to emphasize and I think that
this comment applies to all three papers that were presented this
afternocon, and that is that the geomagnetic cutoff is not a constant
but is a [unction of time. It is affected not only by the secular
variation of the internal field of the earth but alse mainly by the
external field which depends on the solar activity, and therefore
plays a major role in this connection, Now I believe so far that
this effect appears mainly at low energies and at high latitudes:
At intermediate fatitudes and high erergies then it turns out that

[3v} Stmpson - pag. 28



SEMAINE D' ETUDE $UR LE RAYONNEMENT COSMIQUE ETC. 351

the pass in the Stérmer allowed regions is inside the cavity that
Prof. Rosst discussed yesterday. And therefore you must expect
that at these energies the change in the geomagnetic cutoff is rela-
tively smaller. Now there is every chance that many of the diffi-
culties that are met with at this time are connected very closely
with the question of the change of the geomagnetic cutoff; mainly
at low and intermediate energies,

SINGER

Possibly T issed this point, but T did not hear you say anything
about the diurnal variation of these low energy protons. If neutrons
play any sort of a role, they will be coming from a point source,
the sun, and be producing a fairly uniform field of decay protons
between the sun and the earth. The protons should have therefore
a non-sotropic distribution which might show up as a diurnal
variation, Is there any such evidence?

SIMPSON

There is no cvidence, However, I would expect the neutron
decay protons to become distributed isotropically in the inferplane-
tary medium in the same way that low energy protons from solar
flares have been observed to il the nearby medium at late times in
the flare event.

GoLp

1 would like to make another point about the neutron hypo-
theses. If neutrons played a part in this story, then would you not
expect the neutron flux on the occasion of a flare to be enormous?
And yet one has looked and not found it. A big flare produces pre-
sumably a vastly greater number in any encrgy range than in the
case that we are discussing here. So that should be a plainly visible
effect.
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SIMPSON

In the 1950 flare, for example, you would not have seen the
effect of neutrons at the equator unless their intensity was greater
than 5% or 10% of the total flux, But this really is not an answer
to the question because the ratios of charged particles to neutrons
may be sensitive to the energy of the solar event,
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INVARIANTS AND LONG-RANGE STABILITY (*)

RENE DE VOGELAERE

Mathematics Depariment, University of California
Berkeley, Cal. - U.S.A.

Abstract — A comparison will be made of the known so-cailed
invariants and adiabatic invariants for the Stérmer problem. This
wili De used as a starting poit for a discussion of long-range moetion
of the mirror points of trajectories in the magnetic dipole field exploring
the role played by special trajectories: the unstable periodic ones and
the asymptotic trajectories to these periodic orbits.

{*) The text of this contribution was not reccived; the discussion on
it took place after the contribution by Prof. Bossy, The molion of particles
lrapped in a magnetic dipole field as a special case of the Stérmer problem
along with the discussion on {his last report,
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THE MOTION OF PARTICLES TRAPPED IN A
MAGNETIC DIPOLE FIELD AS A SPECIAL CASE
OF THE STORMER PROBLEM

1., BOSSY
Institut  Royal Météorologique
Bruxelles - Belgique

Abstract — The motion of particles trapped in the field of a magne-
tic dipole is considered in the scope of the Stéxmer problem and
described in a special system of coordinates, It is shown that in this
representation the locus of the mirror peints is a fixed one at least to
the second approximation and that the drift motion of a set of inde-
peadent particles differs widely from the drift of the individual part-
icles. Finally, some indications are given, on the basis of the numerical
computation of some trajectories, on the actual spreading of the mirror
points.

1. InTrODUCTION

There are many fields of physics and especially of geo-
physics where a more or less accurate knowledge of the move-
ment of charged particles in an clectromagnetic field is required.
The uswal approach fo this knowledge follows the way first
indicated by ALrvin [1] and ending in the well known
guiding-center approximation. The precision of the results
obtained is not quite determined; according to the authors,
the only limitation is that, in the case of a static field, the
radius of gyration of the particles shall remain small in respect
to the scale of variation of the magnetic field.

This study starts from expressions obtained by the
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author [2] in the search for the analytical representation of
orbits of the STorMER problem in the case where these orbits
penetrate deeply in the valleys towards the magnetic dipole
and which can be found partly in LemafTRe and Bossy [3].

We will show that these expressions lead to the same results
as the ALFvEN method for the features of the movement that
are based on the first approximation of the orbits. This is the
case of the perpendicular and the parallel component of the
velocity and of the period of osciliation between the mirror
fatitudes.

On the other hand, the drift movement has a principal part
where the phase of the orbit is present, so that only a mean
value has a significance. Thercfore, in the case where there
are no interactions between the particles, we will define a
decomposition of a symmetric set of particles in what we will
call « elementar pseudo-plasma » and we will show that the
evaluation of the quantities connected with the drift of the
particles requires a careful analysis.

At the end, we will emphasize the fact, that our develop-
ments are not suitable when we consider the movement during
a comparatively long period. This fact appears when we con-
sider the trajectories obtained by the numerical integration of
the STORMER equations and it is evident at first sight that the
latitude of the mirror points is not a constant. The decompo-
sition in elementar pseudo-plasmas will consequently have only
a limited duration of validity and this instability of the mirror
points must be taken into account in the study of the removal
of particles from the VAN ALLEN belts.

2. THE MOVEMENT OF THE INDIVIDUAL PARTICLES

The Stormer problem [4] considers the movement of a
particle of charge Ze and proper mass m in the field of a
magnetic dipole of moment M. The first peculiarity of this
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problem is that, if we consider a meridian plane attached to
the particle, it is permitted to treat separately the relative displa-
cement of the particle in the meridian plane and the rotation
of this plane.

Using spherical coordinates, the hamiltonian function of the
relative movement Is

A 5 22
- Zle M CO.‘:; ) Vimo (1)

reosh . owme Vo7

2 H=p,2 + m%m;bf + V2 (1 X
¥
and the angular velocity of the meridian plane is given by

-2
do 1 ( rV_Z]e{M cos 7\)

me ¥

In these expressions, 7 is a constant of the dimension of a
length and the upper sign refers to the positive particles, the
lower sign to the negative.

It is customary to introduce a characteristic length, the

stormer 1., defined by
ZlelM ZlegM
T Vo

and the dimensionless constant y; by
2y==27 L

so that (1) and (2) can be written

I 2 -\{1 cos A 32 3 !
Hzmpl+ o pl+ Ve - —VE
2 =p"+ 72 ni+V ((r/L) o8 (7’/L)2 ° .
and
dp VL , cos? A 2")
T T A\t riL . (
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J

We sec that, in all the cases where v, is positive, the sign

d(fp changes each time the particle crosses the curve

of

2,

This curve is named the thalweg, », s its equatorial radius
and we obtain a physical definition of ¥, by

r= cos® A == 7, cos? &

1.

#y

27 =

so that, for non relativistic particles y, is inversely proportional
to the square root of V and to #p.

On the other hand, the relative movement takes place in
the regions where

Iw( 27 _cosl)27o
(rflycos k. (7/LY;} 7

and, in the cases where 7, > 1, these regions consist of 4} the
part of the plane extending to infinily at the right of a barrier
of potential and &) a region bounded by two curves on each
side of the thalweg. These regions are shown in Fig. 1 and

the boundary curves of the inner one crosses the equator at two
points I and E where

| 7\ e\, rp \ O

71“"{~11“("f:") +2(T) —5(*1“) +
7y \? e \? 7y 8 '

Fp=12y |1 + 1 + 2 T + 5 T +.. }

Hence, the thalweg bissects the permitted region within terms

L
of the region, is equal to

D - 7,'[‘3 P ]
mzmﬁf1+10(~f) +} ) ()
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psin A PEAA A/
1 !
! D COS A AR 2 Cos A
- ¥, :0.6 ] Y, = 1.00/
i3
y
Fic, 1 — The permitted regions for y;=0.6 and v = 1.001

{after STORMER, 1055)

movement. In the cases under consideration where vy,

The principal problem is the representation of the relative

> T, 4

particle starting in the inner region from a point on the equator

oscillates with a variable amplitude from one side of the thalweg

to the other while progressing in the direction of the dipole.
When the amplitude of the oscillation and the haif-width of the

valley become egnal, this progression stops and the mirror
latitude is reached.

To establish our approximate representation of the trajec-

tories we will use coordinates which are quife far from the

physical ones.

i3] Bossy
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We make first the Goursat conformal transformation

x == log -;m-— . h=1 (4)
.

together with the change of independent variable

VA AV /)
de:Q"{; |AY 72ﬁ= i 5 {(5)

so that the new hamiltonian function takes the form intensively
used by LEMAITRE and VALLARTA [5]

2Hemps+ pf — [ (2 )76% — (™ cos h —sec WP =m0

and the permitted inner region has the shape given by Fig. 2.

-1

IF16. 2z — The inner permitted region for +, = 1,581 in the plane (&, }) and
the coordinates (1, ¥).
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In a last transformation, we introduce the coordinates
and 4 through the relations

x==zlogcosy+ucosv , 6)
b=y +usiny

where tgu=2 tgy. Tt is casy to see that u is the shortest
distance from a point P to the thalweg and y the latitude of
the foot of the normal drawn from P to the thalweg.

Our definitive hamiltonian function is then

1
H = 2 [, 2 _ P Ly =0
2 Pu 0w P Py {2, 1)
where
1 cosd v 2
Q {#, 1) = 2 2o M
cos? v cos®y
and

Plau,y)=2¢ cos4y[x+2uco=;z- + 2 1t cost v 4]

—cos "y [#* cos™ vt u cosv(—1+41g° y+8tg y} .- ('})

In this last, expression, we have replaced the parameter
2%, through its inverse e which is small and will serve to define
the different orders of approximation. We have so
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and we sce at once from (3) that u is a small quantity of the
order of €2

The equations of the relative movement are respectively the
lagrangian equation in «

du 0Q [dy\* 9P
dc)

75 Fu \do) Tou )

and the integral of energy

d 2 dy \?
(z%)+9(7§>xp' (9)

dy
dc

is of the second order. Therefore, we can develop (8) and (g) as

We remark, from (7) that P (u, ¥) is of the order 4 so that

% u N s
"d"“"§+?4COSWJ’COS v=0
G

7 2
oo (54 costy o+ cos~ty [" (% —6tg?y 12 tg“Jf) 2 (E{?) } )

+...

(%)2 ==cos” v | el cos® ¥~ 2 cos™? y cos™? m(gy /
+ucosw ;254 cos' y+cos™ 2y 1?{2(1 — gty —8igly
dyi®

(2]

+. ..

[x3] Bossy - pag. 8



SEMAINGE D'ETUDE SUR LE RAYONNEMENT COSMIOQUE BT, 363

Threugh successive substitutions, we find the expressions
of » and ( Zi:) respectively within terms of the sixth and the

cight order, in the form

u=2z*}"p |/ cos y cosw sin ®
+3*] 3cos®yeostu(T 4 2tg®y) —mcosy cos“v(—s—+ s51gy+ 6tg“y>
. A (10)
+ 1. cO5 ¥ cos* @ <---— gty —2 tg")/) cos 2 P
4

o,

dy )
( 2 i st chosgz' (I — COS"“J/ cos™! y}
&G

+et | —8 V{’- }/ cosycoszcos®y costw (1 — 1 a8y cos ™ u)sin

I . . z . I
+—2—y.c0537x(5m)fcosy+2smvcosv)l/!my,cos‘“ycos“‘zxsmzfl) )
+0(e%).
where the argument @ is connected to ¥ and ¢ by
d i )
= == = [cos™ ! v cos™ v+ o (e")] {r2)
. ,

and where V|t is a constant amplitude factor. When integrated,
this last equation gives the first approximation of the argument

I ¥ . d .
P == [ [ cos™¥ycos~ty y +o(e%)) . {13)
e /o V1 —1cos=%y cos— v

The expression (10) of # has a principal part
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who is purely sinusoidal; hence, the relative movement of the
particle consists principally in an oscillation about the thalweg.

The second approximation of # introduces, besides a term
in cos2®, a non periodic expression. This non periodic part
of » containg the ferm

3etcosty costu(r 4+ 2tgty)

which does not depend on p and gives the first approximation
of the orbit coming from the dipole; and a sccond term

— 1L COS Y cos"w(-i— +5tgty - brgly )

which is proportional to the square of the amplitude factor.
It shows that the oscillation takes place abount the curve

u=e'l3cos’ycos®w(1+2tgy ) —p cosycos“v(% +5tg* v+ 6 tg"J,N

which is normally more distant from the dipole than the thalweg,
but which crosses the thalweg when the mirror latitude is greater
than the root of the equation

6tgty —tpty m%mo

or greater than

arctg\/i@ ~38.4°

I2
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It appears from (r11) and {13) that the extreme values
y,, of ¥ are the roots of the equation

cOs° Y, COS Uy, == L (14)

so that the relative trajectory of the particle will touch the
normals to the thalweg at +y,, and at -y,

If we now consider the angular movement of the meridian
plane, we get from (27), (4) and (5)

do
aa

= 5 (sec® & — &™")

so that making use of (6) and (10) the derivative of ¢ with
respect to ¢ is

——MC’J—___,_cos vle l/u \/M—— sin d»

+¢t | 3 cosbycosty ( I —%cos‘“ycos“v\(l+2 tg®y)

I
+ p. cosy o8’ v(—z—mstg )'m8tgy cosztl!

+0 (J‘)

We sce from the expressions (10) to (15) that, in the case
under consideration, the family of trajectories of a defined kind
of particles in a given dipole field depends on a set of 6 para-
meters. If we choose as initial conditions those which cor-
respond to a certain iransit through the equatorial plane, it is
easy to see that this set is composed of:

@) the equatorial radius #¢ of the thalweg,

[13] Bossy - pag. 11
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b) the amplitude factor V't or the mirror latitude Vo

¢} the velocity V of the paricle or the associated STORMER
unit L,

) the phase constant @, of the path, or better its correspond-
ing value <, in the time scale; 7, is related to @, by the
relation

dz, 1+2:2 /1 cos b, 40 (') 4O, (16)

73,
=l
At any lafitude y, this relation takes the form

3
L , — e .
dr= ~E2—‘V- cos®y cosz [14+2 8% i b cosy cosv cosp sin b +o(ef)dd, (167

e} the corresponding longitude ¢, of the meridian plane,

f} the epoch ¥, of the trapsit.

The amplitude factor | and the phase @, are connected
with the components of the initial velocity vector V,. Using
only the first approximation one obtains that:

the radial component is V=V I’ 1 cos @,

the vertical or meridian component is V=V 13- s,

the transverse or zonal component is V_ =V} u sin ®.

The classical relation between the pitch angle 8, and the
latitude of mirroring is consequently true as a first approxi-
mation; we {ind

vk _

tg?l,= H—V””g = ;—:_—{I ; so that sin® 0w v =cos® y,, cos v

m
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| : r o v .
The approximate constancy of 5 --_WNA follows im-
i
mediately,
With the same accuracy, the direction § of the initial relative

velacity counted from the normal to the equator is defined by

.
t (o= i cOS D
g ( I !.f; 0

The component [y | of the velocity of the particles has a
first approximation which is independent of @, and is given by

“Vﬂ;% ===V 1 — ucos™®ycos™io

so that the value of |v | is

;J%VJ_H =z 22V ucos™¥y cos™ !y

The duration % of a complete oscillation between the mir-
ror latitudes is also independent of the phase and defined by

M
P 7"l‘ /-a COS%J’ a’.}l
o5t L1 — i cos™'y cos™ie

and the period T, of a rofation at the latitude 4 is given by

8
Py
I emaow !

¥ LE vV

cos’y cosv .
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All these relations are obtained from the first terms of the
expression (10}, (I1), (12} and (15); they coincide with the
results obtainable from the AL¥vién approach.

In the equatorial plane, our approximate expressions reduce
to

I
% =¢*sin ® 4+ ¢ (jm_ + - COS 2 <ll> + 0 (g%
4 4
or

et et sind 4 2 ¢ 4 0(eY)

and

d
d

-3

=

[ .. I .
e sin @ 4 ¢t (% + o5 2 d)) +0 (s")i

q

with @ - $ =0 +0 (") .

It is casily scen that these expressions coincide, within terms
in % with the exact solution expressed in terms of elliptic
functions.

This exact solution is, according to Lirsmirz (6],

v T+ ksin®z
= ¥

. = A+ (1-—A) ksin® z

do . (r—A)+Alksin’z
do I+4sin'z

where

X I

z R — [}

— 2
2 | r4k?

g% == m a[)d .

so that the modulus % is of the order of =2,
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The period of the relative movement along the equator is
given hy

_ ]_J """"——2 . ?,37. .
=g\ K B e x4 0]

where K and E are the complete elliptic integral of LEGENDRE
and the relation between 1, and @, takes the form

3
47y = L (= 2 2 cos b, + 0 ()] b,

3. THE DRIFT OF AN ELEMENTARY TPSEUDO-PLASMA

We now take into consideration a set of charged particles
describing independent trajectories in the dipole field and con-
stituting a pseudo-plasma. Its structure depends on the types
of the particles, on their energy and on the distribution of
their trajectories.

This distribution will obviously much depend on the process
of injection of the particles; for instance, in the case of an
ARGUS type experiment there will certainly be a strongly asym-
metric distribution,

In general, for a definite type of particles, the structure of
the pseudo-plasma is fixed by a repartition function

7 (ry, v, V, Tys Dy by)
s0 that

(7 U, V%, Gy, ) drp du dV dr doy dt,

gives the number of particles in a cell of the space of the initial
conditions.

[13] Bossy - pag. 15
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We will limit ourselves, to pseudo-plasmas symmetric about
the dipole axis and such that » is independent of 7,5, ¢, and #,.

There exists then a decomposition in a family of so-called
elementar pseudo-plasmas defined by the equatorial radius #p
of the thalweg common to all the trajectories, the common velo-
city V and the geomagnetic latitude y,, of mirroring.

The local drift velocity of an elementar pseudo-plasma can
be defined as the mean transverse velocity of the particles
which at a certain time cross the normal to the thalweg at the
latitude v. Its value will be obtained by averaging the expres-

. deo,
sion 7 cos A T m respect 1o T,

If T, is the period of gyration at the latitude y we find
the mean value as

770’@0 T B o) 1 [ do dv
- p A S S B p R S ORI > T T
7 COS = Ty /G 7 COS 7 T Tg, ‘[0 7 CO8 ¥ = I dd

and we obtain, using (x0}, (32), {15) and (167,

e .2
7 Cos %ﬁ 3 iLi: v [COS‘*y cos*v (I +

I .
42 1'3'9‘}’) (I — 0T Y cos™ty
3

.

.2 t 1
14 2tg y+24 gy)“)(e%)l
14 21tgy

so that, for an elementar pseudo-plasma confined in the equa-
torial plane (=1, y=v=0), the drift velocity is given by

This value is equal to the 4/3 of the mean drift velocity of the
individual particles; it agrees with the result obtainable from
the exact solution in terms of elliptic functions.

{137 Bossy - pag. 16
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It is two times greater than the one we obtained (Bossy
[71} for the case where the elementar pseudo-plasma is consid-
ered as uniform in respect to the argument @ and not to T,
which is the really representative parameter.

We see that the drift of the positive particles, for instance,
15 directed from the East to the West as long as we have

1 T+ 2t + 4ty
I—n—m——ucos‘“ycos v - gy 4gj
3 I+ 21gy

This expression can only become negative when 9,1 is greater
than the root of the equation

I
tg.-iy — tgz’y — ___2__ =0

lymi Zarctg \/I + l_‘; o 40. 5

It results that the elementar pseundo-plasmas whose mirror
latitudes are greater than 4q.5° exhibit a small reversed drift
at their upper-most part. This offect is a maximum when VYim
is near 60° and the reverse drift is then of the order of 1%, of
the equatorial drift. The numerical results are summarized
in Fig. 3.

This mean transverse velocity differs from the one obtained
from the guiding center approximation

. : .
V=33 T V cos®y cos'v (1 + 2 ig?y) (I — cos™ >y cos“‘v)

which is more representative for the mean motion of the indi-
vidual particles.

{131 Bossy - pag. 17
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Fig. 3 — Variation of the mean transverse velocity of a pseudo-plasma
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We feel that the obtention of exact mean values of quanti-
ties related to the drift of such spiralling particles is a delicate
problem which requires a careful use of the expressions of the
individual traiectorics.

4. THE INSTABILITY OF AN ELEMENTARY PSEUDO-PLASMA

Unfortunately, the analytical represenfation used here has
only a limited domain of validity.

This fact is evident when one considers the case of the
orbits coming drom the dipole (or from infinitely near). Our
resuits imply that the relative trajectory, characterized hy pn=o,
crosses nornally the eguator and then reaches the dipole threngh
the other valley. But, it is well known that this is not the fact
and that this relative trajectory probably never reaches the
dipole again. This discrepancy is connected with the divergence
of the series used.

It is then obvious that the latitude y,, is not a conservative
parameter of the problem and that it is only our method of
analysis which has introduced this apparent invariant.

This is an important fact for the geophysical applications,
where the duration of the oscillation between the mirror points
can be of the order of a few seconds, so that the particles
oscillate a great number of times and the cumulative effects on
v,, becomes important.

The only way to illustrate this fact consists, for the moment,
in the numerical computation of individual trajectories.

Tig. 4 represents some relative trajectories starting from
the intersection of the thalweg and the equator with a pitch
angie equal to 70°. The values adopted for y, are 1.0, 1.1,
1.3, 1.6, 2.0 and 4.0 and the dotted normals to the thalweg
represent the theoretical Iecl of the mirror points.

We present now a more complete description of the beha-

{13] Bossy - pag. 19
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have chosen this somewhat low value of ¥, because the variation
of i during one quarter of an oscillation decreases rapidly
when v, grows and for great values of v, the numerical inac-
curacy would vitiate the results.

In Iig. 5, we have plotted:

a) as dotted curves, the loci of constant o expressed by the
vajue of the mirror latitude,

b} as full curves, the loci of the actual maximum latitude reach-
ed by the particle after a quarter of an oscillation.

The coordinates used are respectively:

a) as abscissa, the pitch angle of the trajectory and we count
as positive the pitch angles corresponding to the cases where
the radial velocity is positive;

b) as ordinate, the value of #/#y at the point where the particle
crosses the equator.

The equations of the movement generate a mapping of the
rectangle on itself and the curves give the details of this map-
ping. A dotted line is the representation of a particular elemen-
tar pseudo-plasma and we see that, for instance, the particles
of the elementar pseudo-plasma where v, =40 are, after a
quarter of an oscillation, distributed among elementar pseudo-
plasmas where v, varies from 25° to near go®.

This spreading effect decreases very fast for greater valies
of v, but it will never disappear; so that, the principal change
of the process is its time scale.

This instability of the elementar pseudo-plasma plays a role
in the removal of the particies trapped in the magnetic field
since it brings steadily particles inte high mirror latitudes 7.e.,
in regions where the particles interact with the constituents of
the earth atmosphere and are removed from the set.

[13] HBossy - pag. =2y
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We have defined [67, starting from the computation of
a few ftrajectories, a rough measure of the life time of an
clementar pseudo-plasma.  These results are contained in
Fig. 6. They should be considered as a first and very rough
attempt to descrive this phenomenon. On the other side, the
time of removal of the particles of a given energy is certainly
a large multiple of this life time.

The precise evaluation of those parameters in terms of the
energy of the particles and of the radius of their thalweg remain
to be achieved.
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DISCUSSION (%)

Chairman ;. M.S. VALLARTA

Ray

I have a question for Dr. Bossy. You allege that this spreading
effect will never go away entirely as y increases. It seems to me
that in this connection it is not at all obvioas from the considerations
you give in Fig. 5 that there is the tendency to wallk towards this
go® value. In other words, I would expect that the displacement
of the curves in this fashion should be wvery much less indeed for
suitable larger values of y,, and that in oxder to get this steady loss
effect you must have some tendency for particles that are initially
what you call pseudo-plasma to walk towards go® value; I do not
think that is obvicus from what you represent.

Bossy

It is much more connected with the long-range instability con-
sidered by Prof. Di Vecsrasre. The guestion is certainly to know
if the effect is cumulative or not. I believe it is a cumulative one.
Ray

1 see, put you do not claim that you showed it.

Bossy
No, 1 don't,

{*) This discussion refers both to the paper by R, D VogrLAire [nva-
viants and long-lerm slabilily and to the paper by L. Bossy The motion
of particles trapped in a magnelic dipole ficld as a speciel case of the
Stériner problem,
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GoLp

I realize that what I want to say is not directly related to this
paper; nevertheless it has an importance to the subject. In dis-
cussing the speed al which particles actually get removed from
trapped orbits in the earth field, it is nov clear that the precision
in the orbit calculations is the important thing to know for that
process. There are other physical effects taking place in the real
system which are not faken into consideration in any of these
discussions, and one has to be very careful, 1 think, in estimating
the speed at which particles actually mught get removed. This
might be considerably faster than the speed which these orbit cal-
culations would ever imply, Especially, 1 want to refer to the
great importance that clectric ficlds can play, Time variable elec-
tric fields would violate the conservation properties of these orbits
in a gross way. If one were to investigate the dynamics of the
low energy plasma in the earth’s field at the same time as considering
the orbils of fast particles, then the clectric field associated with
the low energy plasma will in fact have an impertant effect upon
the orbits of the high energy particles.

Di VocerLarrn

I'am quite aware of what you said. One of the pointe which
has to be made clear is if in the model of STORMER we cannot casily
explain instability; but it is quite clear that there are other effects,
the ones you have mentioned, and also effects of magneto-hydro-
dynamics which come into play.

With respect to the paper of Prof. Bossy, if my quick caleul-
ations are correct, the improved approximation that you have given
only modifies the picture of these close curves which I have drawn
on the blackboard; these are not sufficient to give the additional
details which would correspond to the averaging equations; and
it would be of very great interest to get {o the nex{ term which
probably would indicate this fact. Moreover, with respect to IFig. 5,
this figure is essentially related to what 1 said, and enables to
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determine the correspondance between the motion of the mirror
paints and that of the equatorial points of the trajectories.

Ross:

Your results, of course, refer to a perfect dipole field. 1 am
wondering to what extent one can use them to estimate the errors
that one makes by applying the ordinary methods to the real ficld
of the earth which is not the dipole field.

DE VOGELAERE

The problem you mention is a very important one which has to
be worked out, but which is not within reach now, We are not
able to say anything aboul asymmetric fields. In the dipole field
we have a very precious aid, the solutions which are periodic.
These are not too difficult to obiain, but in the case of an asym-
mefric field these are extremely difficult to get.

GoLp

In the same respect I should like to ask a question whether
the following point is now really understood. 1 remember that
about two or three years ago there was a discussion in the circles
that discussed orbit theories of particles on whether the theorem of
the conservation of the L-shell can be proved to result in a single
shell that ends upon itself. As T understood it then, this point was
not really proved. In ihe symmetric field the problem does not
arise; because of the symmetry the shell closes on itself, But in
the asymmetric field the particles have their guiding centres still
confined to a surface in the first place, but whether that surface
ends upon itself in all cases of asymmetric ficlds or not, is this point
known? 1t clearly makes a big difference.

D VOGELAERE

It is not known, and if is extremely difficult even to try to
attack this problem rightly.
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Ross:

Dr. Gorp, are you considering particies which start from a given
mirror point on a field line, or particles which start from different
mirror points on the same line? Because if vou consider particles
which start from different mirror points, of course, the shells are
different,

GoLb

Yes, but the shells are no¢ very different,  In the initial diseus-
sion the guiding centres were assumed to be near enough on the
same shell, and then the question arises whether there is a gross
difference the next time they come round, whether the shell is not
at all re-entrant. But I agree surely, in fine detail it cannot be a
simple shell anyway,

VALLARTA

I should like to ask a small question myself. As Gary has shown
in a paper which appeared in the Proceedings of the Kyoto Con-
ference, in the real case of the Van Allen beit the values of y,
are very high, of the order of magnitude of hundreds. Now, what
conclusion can we get on the basis of this analysis which is pre-
sented here for particles which have a very high valae of e

Bossy

I believe it is more a question of time scale; for instance, the
particles with high values of v, would remain one year or more
together in the same set of particles.

DE VOGELAERE

I would not venture to say anything for values of v, as large
as those you have mentioned. I believe there are other particles
with v, much smailer.

[13] Bossy - pag. 10
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VALLARTA

Very few indeed.

DE VOGELAERE

I remember a discussion which I had with Mrs. Garr that there
were protons with ¢, as small as two. Tor values of v which are
going from 1.6 up, the trend seems to be clearly towards greater
and greater stability. '

SINGER

I agree with this remark. For large values of v we have part-
icles which approach more and more what we can call the physical
definition of true adiabaticity, namely the radius of curvature is
extremely small compared with the scale length of the field. There-
fore for such particles the trapping would be extremely good for
much, much longer periods of time.

I have a question now concerning the same problem: You
started off with a curve which re-entered on itself and then showed
that this curve delormed into one which crosses on the unstable
point and has the stable point introduced on the other side. What
happens there, in the limits of large y? Does this curve deform
into a perfect closed curve?

Dr Vocrrasr:

I guess what happens is the following: consider the two closed
curves, sfarting from an unstable point. I believe that for larger
and Jarger values of y, these closed curves become closer and
closer together so that you can barely distinguish them from each
other,

Parker

I want to ask a question which is not clear to me: How [lar is
the present state of the theory from giving numbers for the life of

{13] Bossy - pag. 31
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typical trapped particles with a 4 of the order of 100 in a perfect
dipcle field?

Dr VOGELAERE

Sorry, 1 cannot say anything.

VALLARTA

Another small point. There is a very elaborate theory due to
Bocoriusov of the adiabatic invariance of the first order, second
order, third crder and so on. WNow, what is the relation between
this theory of Bocoriusov and the results that you have shown
here today?

D VOGELAERE

The adiabatic invariance which is presented is of the first order,
and I belicve that the invariance of {Jyl is of the second order.

SINGER

I will try to answer at least partially the question raised by
Dr. Parxer, by using an empirical approach, that is by looking
at ‘the trapped radiation, the high energy protens as they exist
round the earth, and deduce fram their existence the lifetime. It is
not too difficult, and T shall try to explain 1t this afternoon. It will
involve some assumptions. This lifefime tmums out to be of the
order of hundreds of years, which Is very long, This gives us a
kind of clue as to what are the effects which eventually remove
the particles. 1 find it very difficult to believe that hvdromagnetic
waves do not remove the particles, because the magnetic ficld is
in a continuous state of perturbation; very strong storms occur
very often. That is why I am so interested in the theoretical pre-
sentation this moming, because I would like very much to see what
the theory tells us about the constancy of the magnetic moment in
a pure dipole field. One has to start with that problem and see
what it gives us before tackling the more complicated oncs.
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ON RING CURRENTS AND COSMIC RAY
CUT-OFFS

E. C. RAY {9
Goddard Space Flight Center - Greenbelt, Md, - US.A,

Abstract - A simplified technique for computing the magnetic fieid
of an axially symmetric body of plasma trapped in the earth’s magnelic
field is described, and the effects of such a magnetic field on cosmic
rays is discussed briefly.

I. INTRODUCTION

The idea that a circular ring of current flows about the
earth with its axis aligned along the earth’s dipole was pro-
posed near the beginning of the century by BIrRkELAnD and
StorMER [1] as a device for lowering cut-offs for incoming
charged particles. The size and strength of current now usually
discussed were introduced by Cuaraman and FErraro {2] in
connection with their theory of the main phase of geomagnetic
storms.

We will here sketch a way in which one can compute the
magnetic field caused by an axially symmetric body of plasma

(*) National Academy of Sciences fellow on leave from the depavtment
of Physics and Astronomy, the State University of Iowa, lTowe City, Towa.
Much of the work reported heve was done while the author was af ihe
Rand Corporation, Senie Monica, Californin. Present address: Center for
Radiophysics and Space Research, Cornell Universily, Ithaca, N.Y,
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trapped in a dipole magnetic field, and than discuss the way
in which such a magnetic field affects vertical cut-offs for in-
coming charged particles. These cul-offs are defined in the
Stérmer sense, the more elaborate penumbral problem not
having been investigated. Finally we will mention some cxpe-
rimental results that bear on the question, together with some
modifications that the cut-off theory may have to undergo.

1. A Ring CURReNT FieLp

Arer [3], Desspir and Parxer (4], and ARASOFU and
CuapMan [5], among others, have made caiculations of the
magnetic field of a ring current. DESSLER and PARKER calculate
the field at the earth, The others calculate the field everywhere,
but adopt a straight forward procedure which results in such
numerical complexity that a computer is necessary to carry out
the procedure. We here indicate the source of that complexity
and sketch a way of avoiding it. Fuller details will be pub-
lished clsewhere.

The vector potential of the magnetic field is given by

(1) A=A+ (/e) [dx [x—x'[7j(x)

where Ay is that part due to sources inside the earth, ¢ is the
speed of light, dx’ is the volnme element, x the position vector,
and j the current density. Parkrr has given a good discussion
of the way of calculating j for a plasma imbedded in a magnetic
field. When the pressure tensor can be approximated as iso-
tropic, we have

(2) i=(/B) BxVp

When this is used in (1), together with B=1\/ x A, we obtain
a singular, nonlinear, integrodifferential equation for A. It is

[14) Ray - pag. 2
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of such complexity that numerical methods must be used in
solving it.  The chief difficulty with the use of numerical
methods occurs because of the singularity. If one replaces the
integral in (1) with a quadrature formula of the usual sort, the
singularity forces the use of a large number of very small steps.
Recourse must then be had to a computer, and the result is a
table appropriate to a particular model. This inconvenience
can be avoided by use of a quadrature formula tailored to the
particular problem. A quadraturc formula such as Simpson’s
rule can be written as

n

[(repan=3 arwsran

where the numbers 4; depend on the choice of the x; and on «
but not on f(x}), and R, }/{ is a functional of f(x) and repre-
sents the error in replacing the integral by the sum. One can
have, instead,

b u
[ 7@ @ in= 5 areir,in
where the a; now are functionals of g (x), which function is
then, in a certain sense, treated exactly, In case an integrand
has one factor which is singular but can be integrated exactly
and one factor which is complicated in functional form (or of
unknown form, as here) but smooth, this device permits the use
of a course net in spite of the singularity.

In the present problem, reasonable accuracy is obtained by
using a three point formula for the colatitude, with $=o0, /2,
and =, and a four point formula for the integration over
radial distance. The radial abscissae are those for which
p/P,,=0.21132, 0.78868, and p,, is the maximum value of the
pressure. The longitude integration is done exactly. From the
axial symmetry, the vector pofential has only a longitude com-
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ponent. We denote that component simply by A. The result
is that (1) becomes

4
(3) A=A+ S MW, (7, 3)
izl

The W, can be computed, once the dependence in the equa-
torial plane of pressure on # is chosen, from

e
W Wm0 [ B A V2]
2 i 2

where m=1 with k<2 and m=2 otherwise,

and j=2 when k=1 or 4 and §=1 otherwise.

Also, P,/p,=0.21132, py/p,,=0.78868, and ¢ (p) is the
inverse of the function giving the dependence of pressure on
radial distance. When k=1, 2, the integrations are to be done

have defined

(2x?sin 3 OFHrETI
=Sy

V(x, 3) =1
S l{2/x)sin 3
Finally, in (3), the M, are a set of constants to be determined
as follows. Put
M; =73 B (7, ©/2)
and (3) into B= xA. Pur #==/2 and successively r=v,,
¥y, 73, and #,. The result is a set of four equations for the

four M, which can then be solved for. Then (3) gives the
vector potential.

{14] Ray - pag. 4
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3. Cosmic Ray Cur-0rrs

Since the field as here computed has axial symmetry, there
exists a Stdrmer first integral to the equations of motion of a
charged particle in it, and consequently Stérmer cut-offs exist
and can be computed. A general discussion has recently been
given by WiNCKLER and KeLrocG [6]. Qualitatively the result
is that the cui-off in the verfical direction is reduced, at all
latitudes, below its dipole value, The fractional reduction is
greatest at some latitude A, which depends on the spatial distri-
bution of current, but very little on current slrength. The
amount of reduction depends mostly on the current strength.
For the usual spatial distributions of current, 2, is about 50°
to 60°. For currents weak enough that the field is nowhere
reversed from ifs dipole sense, the cut off is not reduced to
significantly less than half its dipole value anywhere,

4. DISCUSSION

Various people have recently made measurements that yield
cut-off information. NEY and STEIN [7]. They found that the
cut-off at Minneapolis was normally 0.7 GV and at the time
of arrival of a plasma cloud at the earth dropped below the
absorption cut off due to air above their apparatus, the latter
being at 0.4 GV. This behavior is probably not cutside the
range of applicability of the ring current model. If, however, it
should turn out lhat the cut-off is lowered to a much smaller
fraction of its undisturbed value, then the ring current model
would likely go over into a regime such that mechanisms discus-
sed in slightly different connections by Parxer [8] and by
RoraweLL [g] should apply. One could expect that as the
number of stored particles was steadily increased the field
should become turbulent and rough, so that high energy
particles could diffuse a certain distance through the field. At
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any point within such a turbulent region the allowed and for-
bidden regions would acquire such a fine structure that any
practical detector should see many of both kinds. PARKER has
discussed the effect of such a configuration on intensities at the
earth, showing that they would be lowered below their extra-
terrestrial values. ROTHWELL has considered some of the effects
on cut-offs that arise when particles of all rigidities can reach
a certain distance from the dipole. It turns out that above a
certain latitude the cut-offs are then zero.

[14] Ray - pag. 6
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DISCUSSION

Chairman: M. SaNpoval. VALLARTA

GoLn

This paper points ont the great importance of the cbservation of
the details of the change of intensity with latitude. One would like
to know whether it is the change of the acceptance solid angle that
is involved, so that in one range of divections the directional flux is
the standard amount and in another range of angles it is zero, or
whether one has a fine, unresolvable intermixing of aliowed and
forhidden regions giving the appearance of a diminished directional
fiux. Another possibility does not exist because of Liouville’s
theorem. If it was the latter, then one would know that a complex
and presumably turbulent structure of a magnetic field was involved,
and not merely a large-scale deformation of the dipole field, Docs
Prof. Niy have anything to say on the possibility of such an ohser-
vation?

Nry

T think it depends on how small the sclid angles are within
which you say that you have fo decide about structure and it is
not clear to me what the scale is. The conventional equipment
uses solid angles that characteristically open to a few degrees, but if
you say that you have to discuss structure within hundreds of a
degree, then it is very difficult.

I have another questicn: in this second model of a lowering cut-
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off which involves the line of force essentially getting out into the
plasma, would you not expect that the radiation belt particles would
also be affected? T think that one of the outstanding characteristics
of these lower cut-offs is that while the cut-off is depressed the Van
Allen belt seems to be perfectly all right at that L value.

Ray

Well, T suppose that one has to adjust the turbulence so that it
does not disturb the Van Allen radiation just on the grounds you
mention, but T do not suppose that is extremely difficult. Perhaps
one can make the scale of the turbulence suitably large compared
with the typical Larmor radius of electrons. In fact protons are
seen to be essentially absent — at any rate non-thermal protons are
observed to be absent — so it is an advantage to disturb the protons
with their larger Larmor radii. If one adjusts the scale of the
turbulence so that it is a suitable number of times larger than the
Larmor radii of the electrons, I suppose they might not be so much
disturbed, so that even as one goes through a hump in the magnetic
ficld one preserves the constancy of - Indeed I don’t see how onc
can be in the position of saying that such turbulence does not exist.
If one just looks at a magnetogram from the main phase of a
magnetic storm it clearly exhibits time dependence at any rate,
which suggests such phenomena going on.

Evrvior

I would like to pul in a plea for some consideration of systems
which are not axially symmetric.  There is some experimental
evidence, [ think, for an asymmetric lowering of the threshold during
magnetic storns.  MarspEN, for instance, in Leeds in studying the
November 1g6o event, which was a particularly good one for looking
at this, has produced some evidence, which I think is quite strong,
for a local-time dependent drop in thresholds at medium-latitude
stations. Turthermore, it scems fo me that if we are to believe the
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picture of a geomagnetic cavity carved out of the solar wind, one
has to come sooner or later to such asymmenric changes of threshold.
In particalar I would like to point out that there is a way to reduce
the geomagnetic threshold to zero at some point which is not the
geomagnetic pole without making terbulence: if the lines of force
are combed bhack by the solar wind, then it is possible to find some
point on the longitude corresponding to the sun, where the lines of
force are parted and here presumably the threshold rigidity is going
to be zero.

DE VOGELAERE

Tirst of all with respect to the question of intensity in the neigh-
bourhood of the cut-off I think that the situation is perhaps more
complicated than it is visualized, because it is not just a question
of full intensity versus no intensity. In fact in this region, as
Prof. VALLARTA has observed, near some of the interesting latitudes,
ihis cutoff is due to the shadow cone and there, one has essentially
a superposition of various cones, which are encrgy dependent. It is
not just a question of one region which is fully lighted and one
region which is not, But because there is a mixture of energies the
situation is extremely complicated, and I believe that measurements
of energy are also important.

Ray

I fully realise the existence of the penumbra. The shadow cone
itself T claim is so small as to be inappreciable in all cases. The
calculation of Schremr is known to be incorrect and the cones are
really very much less than the ones which he found. If you look,
for example, at what Kasprr calculates for a dipole field on more
versatile computing equipment, and alse the cone as calculated by
Garr including the quadripole term, which clearly makes an appre-
ciable difference, you find essentially the same result.
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>

Dr VoGELALRE

I have a small question with respect to the computations, Am I
to understand first that the place where the singularity exists is
known? (Ray: Yes.) Now what is the nature of this singularity?

Ray

Well, il you carry out the ¢ integration, the Jongitude integration
in the volume element, then it resulls that you get a suitable linear
combination of complete cliiptic integrals, so that the singularity
that occurs before the co-latitude integration is essentially that of
the complete ellipfic integral K.

Dr VOGELAERE

And the position of the singularity is known?

Ray

The position of the singularity is 7=+ 9 =49 where #, §’ are
the integration values and #, & are the observation values,

De VOCELAERE

When you have a singularity and the pesition is known, it
turns out that if you integrate on either side of the singularity using
Ganss” method you obtain extremely good results. This is very
surprising and is confrary te any intuition; but this is correct.

Ray

Yes. that's quite right.  There is a variely of things that one
could do with this integral if one could do anything whatever with it
in an analytic way. DBut the integrand is so excessively complicated
that in actual practice one has to resort to essentially numerical
methods in any case. T think that the technique worked out here is
a reasonably simpie one and seems to give quite good results.
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PERIODIC ORBITS
IN A MAGNETIC DIPOLE FIELD (*)

RENE DE VOGELALERLE

Mathemuatics Departiment, University of California
Berkeley, Cal. - U.5.A,

Absiract

DISCUSSION

Chatrman: H.S., VALLARTA

Ray

I somehow missed your definition of stability, so would you
repeat it, please?
Dr VOGELAERE

1 have been talking of two kinds of stability, a long range sta-
bility which essentially refers to regions and the stability or instabi-
lity of periodic orbits which then refers fo that of the first order
variational equafions of the trajeciory; these are linear equations

{*} The text of this contribution was not received.
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whose solution can be expressed as an exponential term times a
periodic fanction.

Ray

Well, that just means that the characteristic exponenls are jma-
ginary, Is that righi?

D VOoGELAERE

Yes, but it is preferable to use, instead of the characteristic
exponent €, the cosh of the characteristic exponent times the
period. Cosh Qp is always real; it is between —1 and +1 for the
stable orbits, it is smaller than -1 for the odd unstable orbits, and
it is larger than +1 for the even unstable orbits.

Ray

However, when these trajectorics are stable in this sense, you
stifl don’t have any guaranty that the neighbouring trajectorics re-
main in the vicinity of them, isn’t that so?

De VoGELAERE

They remain in the vicinity for a long time, but not for an
indefinitely long time. This is so because the first order variational
equation will be satisfactory for a long time, but it is clear that this
is not a sufficient indication for very long range stability, but what
we believe is that it is not so much the fact that these orbits are
stable which is important, but the sudden transition between the
stability of the periodic orbits of type &,, closer to the equator
(crossing it nearer the carth) to the odd instability of the succeeding
orbits of the same type; this is what is crucial,
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WHAT DETERMINES THE LIFETIME
OF TRAPPED PROTONS?

5. FRED SINGER (%)
Nalional Weather Satellite Center
United States Wealher Bureaw - Washington, D.C, - TS5 AL

Abstract — Qbservations on high-energy trapped protons confirm
the hypothesis that lifetime is controlled by the atmosphere, and ad-
ditionally hy breakdown of the magnetic moment invariant according
to a simple theoretical model. These conclusions lend further strong
support to the neutron albedo theory for the origin of trapped protons.

INTRODUCTION

The concept of « lifetime » of a trapped particle must be
treated with some caution. A trapped particle, unlike a radio-
active nuclens, does not have a vnique lifetime; it has as many
lifetimes as one may wish to define. In a static magnetic field,
particles are lost from a system either a) by losing energy until
they are undetectable, &) by suffering a change in equatorial
pitch angle, until their mirror points fall within the more dense
layers of the atmosphere whereupon they are absorbed, or ¢) by
being absorbed in a nuclear interaction or some other one-shot
removal process, such as charge exchange. These various pro-
cesses have been discussed in detail by a number of anthors
{sec e.p. Ref. [1]).

(*) On leave of absence from the University of Maryland,
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Knowledge of the lifetime of trapped particles is important
since it reveals the source strength and thereby sheds light on
the origin of a particular group of trapped particles. The longer
the lifetime, the weaker the source strength required to produce
a given equilibrium concentration. Here we wish to consider
only high energy protons, with encrgies greater than about
50 MeV and extending up to 00 MeV. The reason for this is
that we suspect these protons to be due to a unigue source,
namely galactic cosmic ray neutron albedo [1]. Protons below
50 MeV have large contributions of SHEP (solar high energy
particle) -produced neutron albedo, and perhaps also from other
sources, while trapped electrons are apparently produced by a
number of sources, and subject i addition to local acceleration.

The existence of such high cnergy protons was predicted
in the initial papers on the neutron albedo theory [2], [3];
they were, in fact, found to be present a year later in the
nuclear emulsion experiment of FrREpEN and WriTE [4]. The
early theoretical surmise was that their lifetime was controlled
by the atmosphere, by energy loss rather than by scattering
since the protons are relatively heavy. It was also surmised
that protons would be lost when their radius of curvature
became comparable to the scale of the magnetic field, so that
either magnetic fluctuations or the breakdown of the adiabatic
invariant in the magnetic dipole field would cause this loss,
The paper, therefore, predicted a maximum of the proton inten-
sity at some altitude between one and two carth radii because
of the progressive loss of high energy protons with increasing
altitude [2].

All these various features have since been confirmed, no-
tably in the photographic emulsion experiments of FREDEN and
Wurte - [4], of ArmsTrONG, Harrison, Hrckmawn, and Ro-
sEN [5], and of NAUGLE and Knrrrex [6]. With the existence
of the high encrgy protons thus assured, we wish in the present
paper to examine varions experimental evidences concerning
the lifetimes of such protons. Unfortunately, there are no direct
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measurements, in the sense that these high encrgy protons
have not been injected artificially, and their lifetime measured
in sttwe.  Instead, our conclusions must he based on inferences
drawn from observations.

1. THE EFFRECT OF CHANGING BXOSPHERIC SCALE HEIGHT

The initial paper on the neutron albedo theory predicted [z]
that the intensity should rise rapidly in the oxygen cxosphere
where the scale height is of the order of 8o-100 km and then
much more slowly bevond 1oco km altitude where a hydrogen
exosphere was believed to exist with a scale height of ToCO0-
2000 km. This expectation has actually been borne out com-
pletely, although a comparison has not been carried out in as
great detail as it should. We reproduce in Fig. 1 a compari-
son [1] in the vicinity of the equatorial plane, of atmospheric
density with the inverse counting rate vs. altitude. The close
correspondence between the two curves tends to establish that
the lifetime is being controlled primarily by the density of the
atmosphere.

2. MEASUREMENT OF ATMOSPHERE SCALE HEIGHT

A recent result of great impertance is the experimental
discovery by Hrcrman and Naxano [7] of the theoretically
predicted east-west asymmetry of trapped protens [8]. An
cast-west asymmetry arises when the radius of curvature of the
protons becomes comparable to the scale height of the atmos-
phere. The asymmetry thus is greatest for protons of highest
energy, close to the surface of the earth. TIn fact, HeckmAN and
Naxano were able to deduce the scale height of the atmosphere
at the place of measurement and thereby can demonstrate the
uscfulness of radiation belts measurements to deduce scale height

[167 Singer - pag. 3
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We plot the reciprecal of the counting rate of the Geiger tube carried on
Explover 1 {Yosmma et al. {1g6o3). The altitude dependence of this
counting rate has been obtained {from plots of counting rate near the magnetic
eguator vs. magnetic field strength by using a centered dipole field. This
implies the assumption that the drift averages out the cccentricity of the
true field. The exospheric densities are given in atoms or ions cm™ and
are based on a temperature of rso0 K at the base of the exosphere. The
difference in slopes between the reciprocal radiation intensity and the total
density is caused by a gradual increase of the width of the trapped angualar
distribution in this altitude range, due mainly {0 a shrinking of the loss
cone with inereasing altitude. Tre dominant jnfluence of the atmosphere
is clearly seen in the « brealk » at the allitude at which hydrogen begins
to predominate over oxygen.
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and temperature of the upper atmosphere. Their result gives
a scale height of 62-t5 km at an aliitude of 364 km, over
the South Atlantic magnetic ancmaly.

3. COMPARISON WITH THE ARTIFICIAL RADIATION BELT

As can be seen by reference to Fig, z, the lifetime of protons
increases as a function of energy, and reaches a gradual plateau
beyond about 4o0 MeV [1]. At that point, the lifetime in
hydrogen is given by about 5 x 10!, in units of sec-em™3. With
an atmospheric density of the order of 5x10® cm=3, the life-
time would become 10" seconds, or as much as 3000 years (see,
however, Section V). Even for protons of 100 MeV, lifetimes
may be of the order of 6oo years in a hydrogen exosphere.

10" ey  ma e
6F
Ife~LIFETIME FOR PROTONS
2l
10!;
13
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U
p)
.ﬁ 3012 -
!O”
£ -
10‘0 Leteetta 1l PSS S SR R E | PR SO N I
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ENERGY (Mev}
16, 2 — Tfe-lifetime for protons. This lifetime is the {ime for reducing

the energy to I/e of its initial value E by ConlomD collisions, or for reducing
number of particles to I/e by nuclear interactions. Energy loss is computed
relativistically; energy dependence of the total p-p cross section is included;
geometric oxygen cross section is employed, By p we denote the true density
of the respective constituent averaged over the orbit,
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It is assumed here, of course, that the fifetime is directly
proportional to the range of the particle. This assumption may
be checked by reference to the artificial radiation belt. If we
take the fragmentary data now available which indicate a life-
time of the order of one or two decades for electrons with an
average energy of about 2 MeV (or range about 1 g cm™?),
then a 400 MeV proton having a range of about 100 g cm™?
should have a lifetime of the order of 1coo-zoco years.

4. Low ENERGY CUT-OFTF OF PROTONS

Observations in a scintiilation counter carried on Explo-
rer XIT indicated large fluxes of protons with energies of the
order of several hundred keV, at distances of several earth radii.
Closer to the carth, at an L value of 2.8, there appeared to be
no protons below about 500 keV, according to L. IR, Davis [g].
Reference to Fig. 3 shows that this. result is consistent with
the hypothesis of atmospheric control over particle lifetimes,
with the particles below 500 keV being removed by charge ex-
change. This would indicate that up to perhaps 3 earth radii
the atmosphere controls particle lifetime. By the same token,
the presence of a large number of 100 keV profons in the outer
belt, despite their rapid renoval by charge exchange, suggests a
very cfficient injection mechanism, possibly based on local ac-
celeration.

5. BREAKDOWN OF ADIABATIC INVARIANCE

As indicated earlier, lifetimes of 3000 years would be pos-
sible and, in fact, longer lifetimes at higher altitudes where the
density is less, were it not for the loss of trapping experienced
when the radius of curvature of the particle becomes compar-
able with the scale of the magnetic field.
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Ii. 3 — Range and mean free paths (A=A/N, a(B), Ne= Avogadro’s num-
ber, A=atomic namber) for protons, For Jy (elastic) we use the total
elastic p-p scattering cross section; for ny {inelastic) we use the total inelastic
p-p cross section; for he we use the geometric cross section. Cross section
for charge exchange in hydrogen (derived from data of 1Mrs et al. [1958]
and Bares and Datcarno [1953]).

Particles are trapped because of the constancy of their ma-
gnetic moments; however, if the gyro-radius, a, is not small
compared 1o the scale of variation of B, then the magnetic mo-
ment may no longer be conserved, i.e., there is a breakdown
of the first adiabatic invariant. TIf one takes as the scale of
the magnetic field the ratio (B/grad B), then one can define
an « Alfvén discriminant »

X=a/(B/grad B)
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It is surmised that the breakdown occurs sharply beyond a
certain value of X. SiNGEr [10] has made an empirical de-
termination of this critical value for the discriminant for a
dipole field by using data from satellites on the altitude extent
of 75 MeV protons.

The analysis proceeds as follows. In a dipole field the
discriminant for a particle of fixed energy is

X (r)=5 % 1075 pe (1,/R)"2

for p¢ in MeV. Fan, MEYER and Simpson [11] find that 75 MeV
protons extend ne further than »,/R=2.0. These figures give
X.=0.07 or

Paax (7)) = 1530 (r,/R)"? Mev/c

The hypothesis is then made that when p exceeds Prax (7.), then
the particle’s mirror point becomes unstable, the particle pene-
trates Into the dense atmosphere and is absorbed. We obtain
for the maximum energy versus 7,:

By~ 75 L=4  MeV

GarMIRE [12] has measured the energy spectrum of high
energy protons at low altitudes in Explorer XI. Intensity and
pitch angle distribution of protons with energies greater than
350 MeV were determined with a Cerenkov detector. The
results are consistent with & breakdown of the magnetic mo-
ment, steepening the proton encrgy spectrum with increasing
magnetic latitude and altitude. Assuming injection from neu-
tron albedo, the measured intensitics indicate that the spectrum
is cut off at a maximum energy that varies appreximately as
L~ in the range L=1.2 to 1.4. Extrapolating these results
predicts a cutoff energy of 117 MeV at L.=2. Numerical cal-
culafions of orbits in the dipole field [r2], [13] also indicate
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that the trapping ability of the static dipole field decreases with
increasing I.. However, because of limitations on the com-
puting techniques, it is difficuit to apply these results directly
to the frapped radiation.

The energy spectrum of protons trapped in the inner zone
has also been measured on Explorer IV [14}. These measu-
rements indicate that the energy spectrum can be fit by a form

~Lflo

where E, is proportional to IL-%, in good agrecement with the
predictions of a breakdown in the static field.

CONCLUSION

In view of the excellent agrecment between observations
and theory on high energy protons, we may regard the fol-
lowing hypotheses as justified: the atmosphere controls the
lifetime of protons, in a manner given essentially by the range
of a proton; but at higher altitudes the conservation of the
magnetic moment breaks down, resulting in the removal of the
high energy protons, the critical energy depends on 1~* in this
very simple theoretical model.

As a consequence of these conclusions, we must accept the
existence of a very weak injection source for these high energy
protons. The source mechanism is compatible in intensity and
in all other respects, with the injection resulting from the decay
of cosmic ray neutron albedo.
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DISCUSSION

Chatrman: S.IE, ForpusH

Parker

I want to ask a couple of questions, I gather from your remarks
you have not yet had an opportunity to compare the declining outer
side of the encrgetic proton belt with observation, Is that correct?

SINGER

Yes; there are no suitable measurements available.

PARKER

The next question I want to ask: you mentioned in your theoret-
ical plot of the contours of the intensity of the beit that you have
used the breakdown of the adiabatic invariant to determine the outer
edge of the belt. Exactly what assumptions did you make there?

SINGER

Exactly the ones I gave here, namely that I used the value o0.0g
for the ALFvEn discriminant, then the distribution with altifude
comes from the theory. Just one empirical data point has been
used, namely the value of the limit of the proton belt published
by the Chicage group.
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Gorp

Have you considered hreakdowns of other adiabatic invariants,
in particular the third? You remark in your paper and in your talk
only about the first, and it is not at alf clear to me why you were
so convinced that that is the dominant one. Why not the third?

SINGER

This is a valid question. We have only considered the break.
down of the first.

GoLp

Well then, surely if we don’t have any exhaustive understanding
of the breakdown of invariants, we are hardly in a position to usc
the observational data to define the breakdown of the first invariant.

SINGER

Well, you see the breakdown of the first invariant is the one
that drives the particles along the lines of force deep into the
atmosphere, and therefore the one that limits lifetime. Breakdown
of the third invariant would produce a spread in the radial distance,
and I don’t see why that should remove the high energy particles,
do you?

GoLn

1t will lose some to the outside, perhaps, and some to the inside,
and it will also change the mirror point height. So the breakdown
of the third invariant also will lose particles, and it scems to me not
possible to conclude about the details of the breakdown of the first
invariant by using the empirical facts, when one cannot exclude, or
indeed say anything, about the possibility that the particles get
removed by hreakdown of the other mvariants,
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SINGER
Empirical evidence, e.g. from the Argus experiment, shows no

radial spread.

RIZRMANN

The breakdown of the first adiabatic invariant has been discus-
sed also in connection with controlied thermonuclear fusion because
there one is led to the same questions. Now, from what T do recall
from these discussions in USA and in Géttingen one would expect
a critical value of the ratio which you wrote down near unity rather
than < 0.1 as you say. [ do not, unfortunately, remember the

details, Anyhow, did you investigate this point?

SINGER

Yes, I have looked into these papers; I was not able to extract
any value of X from them, unfortunately.

GoLp

For the mirror machine experiments with extremely long life-
times for electrons injected into a mirror field, which I agree is dif-
ferent from the dipole ficld, there are cases with the radii of gyration
of the particles, as 1 recall, of the order of 1/ toth of the scale of
the mirror machine, and even then lifetimes of minutes for electrons
going at a substantial fraction of the speed of light were observed.

PARKER

There is another question which arises here. The o.09 for X
you say was determined from the observation that at a certain
distance from the earth there were no particles above 100 MeV.
There still remains the question, of course, as to why they are not
there, whether it is breakdown in the static field or whether it is
hydromagnetic waves, not to mention violation of the sccond and
third invariants pointed out by Goip. '
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SINGER

Yes, T agree with that point and have discussed it. My work
predicts a certain fall off of maximum trapped energy with altitude;
one shonld be able to check it experimentally in the future.

I would like tc say on the mirror machine; of course the sitna-
tion there is different in that the background gas in the mirror
machine i3 homogeneous, which is not the case for the earth where
the density of the atmosphere changes very much. Therefore chan-
ges in the mirror points are important for lifetime; this is a very
significant aspect of the problem,

Di VOGELAERE

Now an observation about the numerical errors on long trajec-
tories. I have made a study of these errors for trajectories in the
STORMER problem, namely for some periodic orbits because in this
case we have very good solutions, It is interesting to observe that
if these solntions are stable, then the errors are very small; if the
periodic solutions are unstable, the errors are very large. In both
cases, though, the crrors for the energy integral are very small,
and this confinms the warning of many, that you cannot judge errors
of long trajectories by examining the energy integral,

SIMPSON

The question T am concerned with is the matter of the origin
of the protons on the inside edge of the magnetosphere. Certainly
one may approach the problem of lifefimes along the lines that you
mention, but it might be worth raising the question of looking at
the chemical abundances of the trapped particles, that is, look at
the protons, alphas and perhaps heavier nuclei that may be trapped
in this region. Certainly one would expect that if indeed it is all
neutron decay, we would have a pure proton trapping, except for
a small contamination of alphas from back scattered albede. But
on the other hand, if it is material swept up in the acceleration
process, it would be characteristic of the gaseous composition of
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the inner portion of the magnetosphere, and it would be highly
unlikely that one would find just a pure proton component. My
question really is: is there any evidence one way or another regard-
ing information on this matter?

SINGER

This is a good point and quite relevant. The evidence that I
know about comes from photographic emulsion data and seems to
show that the trapped high energy particles are just about pure
protons. The papers of Frepexn and Warte reported that there have
been 2 or 3 tritons, and I do not think there have been any more,
and I didn’t know really where those came from.

I would like to make my final point again, to emphasise the fact
fhat if we believe that the high energy protons come from neutron
albedo, and if we therefore believe the very low injection rate, then
it is inescapable that the lifetimes are of the order of several hundred
years,

Erior

I am not sure that this is a very sensible question but T shall
ask it nevertheless. Tt concerns Prof. Golp’s guestion about break-
down of first, second or third adiabatic invariants. There are now
present in the inner radiation belt quite a number of high energy
electrons.  Now, these high energy electrons have very small Lar-
mor radii and therefore are much less likely to suffer from a break-
down in the first adiabatic invariant than the protons that are
there.  On the other hand, so far as the third invariant is con-
cerned, T suppose that the protons and electrons behave in much
the same way and | wonder if it is possible that one might get a
line on this problem from the behaviour of those two populations of
particles?

GoLp

Yes, I quite agree that it would be very valuable to make that
comparison. As far as the third jnvariant is concerned, the type
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of hreakdown that I can see as happening would be dependent on
the energy of the particle irrespective of whether it is a proton or
electron, and so it would be gencrally the lower energy of the injected
electrons which would saffer from this.

But might 1 raise another point? Prof. Siver refers to the
atmospheric absorption as producing a very good fit for the inner
side of the belt. Now of course it would be very important if that
fit were really so sharply characteristic that one could therefore con-
ciude that this must be the process, i.e. that there is nothing in-
volved other than the injection according to the space distribution
of the aibedo effects and the attenuation by the atmosphere, On
the other hand, it seems to me from the curve that you gave on the
board as if we were told to ignore the fit beyond 400 MeV, because
there the albedo data were not good. Then the central curve that was
left with its margin of error, as shown, would allow a VCIy cohi-
siderable shift between the predicted and the margins of error of
the experimental values.

SINGER

I can answer the question very directly. The number of protons
above 400 MeV is not relevant to this problem. It is the lifetime
of the bulk of the protons that matters here, because what was
measured, of course, with the counfer were the protons abovg
30 MeV,

GoLp

So far as the gradient is concerncd, that is the only fit that
we can make because for the other you just normalise with a lifetime
that yon assume. It is a question of the fit of the gradient over the
bit over which you had it. And I cannot really see that that fit
Is so significantly good. I agree that it is reasonable, and I agree
that it is as good as you would expect from the quality of the data,
bat T would not at the moment say that it is so good that it justifies
the statement that by its accuracy it proves the theory.
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SINGER

The protons above 4o0 MeV are nol relevant to this problen:,
because therc are too few to influence the counting rate, The fit
is reascnably good; our work is being refined because we need to
take into account the eccenfricity of the dipele and a few other
things, but I think the statement that the atmosphere controls the
intensity of the protons is probably borne out.

VALLARTA

My remark concerns the possibility of checking up on the adia-
batic invariants by means of machine calculations of particle trajec-
tories, Now il we remember that the values of y, for the particles
which are caught in the radiation Van Allen belts are very high
values, that means that the allowed regions of motion are extremely
narrow. Therefore the trajectories oscillate a great number of times
in a very small distance and the mecan distance measured along
the talweg that both Dr. De Voceraere and Dr, Bossy were talk-
ing about this morming is very small. I think it is possible to male
a calculation for values of v, let us say 5, but beyond 5 T do not
Lelieve that is possible at all.  If we ever get a solution of this
problem, it will have to be an analytic solution and not a numerical
one. 1 do not believe that is possible. Now, there are a great
many difficulties in the way of getting an analytical solution to this
problem, so I think that we must not expect any light from this
direction in the immediate future.

Ray

T would like to make one comment about YosHipa's graph that
you exhibited: it turns out that those data are from Explorer T which
had a Geiger tuhbe on it that was well designed to steady cosmic
rays but quite incompetent to cope with the level of radiations
actually found. A major fraction of each of the curves that you
showed was the result of a correction by up to an order of magnitude
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or more in the intensity from the actuaily observed counting rate.
In a later comparison of these data with data from ¥Explorer 1V
apparently it has turned out that this correction was poorly known
and that in fact it varies a good deal from tube to tube. Since it
had not been measured on the particular tube it is poorly known,
so that the rounding over of the curves as shown ir that figure
probably must be taken as due to the deadtime of the counter rather
than any actual physical situation.

SINGER

I would doubt this; T think the curve must turm over becanse the
intensity stops increasing at this very high rate and increases at a
much lower rate starling from some altitndes ahove a thousand
kilometers. And this break in the slope was actually predicted in
the earliest development of the nevtron albedo theory.
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AN EFFECT OF NON-ADIABATICITY
ON THE STRUCTURE OF RADIATION BELTS

5. HAVAKAWA and . OBAYASHI

Phystcal Institute, Nagoye Usdversity - Nagoya - Japan

Abstract — Tt has been frequently emphasized that the non-adiabati-
city i the motion of particles in magnetic fields plays an important
role in interpreting the structure of radiation belts. Towever, the
implication of this statement has not been carelully investigated but
seems to have been understood incorrectly, particularly concerning the
mirror loss n a static magnetic field.

According’ to the canonical formalism of orbit theory developed
by H. Omavasui, a set of canonical variables can be froduced so as
to correspond to the intuitively known three modes and the adiabat-
ically invariant quantifies can be defined unambiguously in terms of
the action integrals. In this representation the zero order Hamiltonian
describes the motion that is expected from the first order orbit theory
and the first order one gives the non-adiabaticity in a quantitative way.
This resulis only in the migration of the mirror point but not in the
loss of particles from a mirror, unless the mirror point Hes very close
to the position of the maximuem field strength. In radiation belts the
migration of the mirror point is very important, hecause even a slight
shift of the turning point closer to the earth brings about a considerable
increase in the collision [requency of particles with gas atoms. For
a proton of 300 MeV lying near the outer edge of the inner belt and
mirroring at a height of about 1000 km, the migration distance is as
large as 200 km.

A more quantitative analysis of this effect and other consequences
of the so-called non-adiabaticity will be discussed,

[17] Hayakawa T - pag.



420 PONTIFICIAE ACADEMIAR SCIENTIARVM SCRIPTA VARIA - 23

I. INTRODUCTION

The break-down of adiabatic invariance has occasionally
been referred in connection with the motion of a charged particle
which does not seem to follow an orbil expected from the first
order orbit theory. This has been the case in the interpretations
of loss of geomagnetically trapped particles. For example, the
steepening of the proton spectrum at several hundreds of MeV in
the inner belt and the near absence of protons in the outer belt
are attributed to the break-down by some authors, because the
gyration radii become comparable to the radii of curvature of
magnetic lines of force in respective cases. However, it has
not been fully understood, how the break-down is connected
with the loss of particles. In fact, an exact numerical calculation
of tracing orbits in a dipole field has revealed that particles keep
being trapped within a magnetic bottle even if their radii of
gyration are considerably large [1].

Recently we have investigated this problem on a more ge-
neral basis [2]. In a static field of axial symmetry it has been
found possible to introduce a set of canonical coordinates which
correspond to three modes of motion, the gyration, the drift
along a line of force and the azimuthal drift about the symmetry
axis [3]. The Hamiltonian expressed in terms of these canonical
variables describes complicated coupled motions of these three
modes, but they can be decoupled by a perturbation method.
The zero order Hamiltonian is chosen to describe the first
order orbit theory and the coupling is introduced in the Born-
Oppenheimer approximation to the second order of a coupling
parameter, the ratio of the radius of gyration to the radius of
curvature, Qur canonical formalism aliows us to define the
adiabatically invariant guantities as the action integrals and
they are evaluated to first order of perturbation. Up to this
order a particle is trapped in a finite region, wnless its orbit
crosses over a bottle neck. However, the turning point does not
coincide with the mirror point in the first order orbit theory but
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migrates about the mirror point depending on the phase angle
of the orbit at a certain point,

This result seems to be consistent with an experimental test
of adiabatic invariance by means of injecting B-rays in a
magnetic bottle [4], and might be regarded as the evidence
against the argument to attribute the break-down of adiabatic
invariance to a cause of particle loss from the radiation belts.
Nevertheless, the migration of turning points gives rise to the
particle loss through the following processes.

The first process is concerned with the disturbance in the
geomagnetic field, by which the phases of particles are ran-
domized. Consequently the turning point of a particle randomly
moves back and forth, and this motion is nothing but a one-
dimensional random walk [5]. Therefore the turning points
undergo diffusion and may reach the atmosphere.

The second process is possible even if the magnetic field is
perfectly static.  Then the turning point does not diffuse out
but changes its position around the mirror point from one mirror
oscillafion to another. In this course the particle has a finite
chance to go beyond the mirror point, so that it may penetrate
into a low altitude, at which the gas density is considerable.
Since the gas density increases very rapidly as the particle
goes far from the mirror point, the probability for the particle
to collide with gas atoms may be much higher than that expected
for a particie to be reflected at the mirror point in the first order
orbit theory.

The second process is a chicf aim of our discussion in this
paper. We shall illustrate how this process is significant and
shall show that this is, in fact, responsible for some features
of the radiation belts.

2. MIGRATION OF TURNING POINTS

Since mathematics of deriving the migration of turning
points is rather invelved, we give only the outline of derivation
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422 PONTIFICIAE ACADEMIAE SCIENTIARVM SCRIPTA VARIA - 25

and numerical results here, leaving details in separate pa-
pers [2].

In cur canonical formalism the zero order motion is taken
along a line, at which the kinetic angular momentum vanishes.
This coincides with the trajectory of the guiding center within
our approximation adopted hereafter. The zere order Hamil-
tonian is found to be expressed only as a function of three
action variables vespectively corresponding to the gyration, the
longitudinal drift and the azimuthal drift modes. Therefore,
these action variables are invariant, as is expected {rom the first
order orbit theory. As is well known, this allows one to define
the mirror point.

Higher order Hamiltoniang are obtained by taking into
account the kinetic angular momentum. The expansion para-
meter of obtaining higher order terms is shown to be propor-
tional to the ratios of the radius of gyration to R, R” and »,
where R and R’ represent the radii of curvature of a magnetic
line of force and of a magnetic equipotential line, respectively,
and # is the distance from the symmetry axis.

In the first order Hamiltonian the three modes are coupled,
but they are made decoupled by a method analogous to the
Born-Oppenheimer approximation, The action and angular
variables are then obtained by means of Hamilton-Jacobi equa-
tions. Fixing the rather slow motion of the second mode, the
longitudinal drift mode, we obtain the first oder correction of
the action variable for the first, gyration mode as

-1
thsx“‘(DHl)) H,, 2.1
5 5T, (2.1)

where H, and H, arc respectively the zero and first order
Hamiltonians and J; the action variable for the gyration mode.

¢, J; changes its sign depending on the phase angle of gyra-
tion ¢, its detailed expression being given in reference [2].
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Corresponding to &, J;, the turning point of a particle is
displaced from the mirror point defined by J,*’ the zero order
value of J,;. The average migration distance of turning
points may be represented by the root mean square of &, J,
over ¢ as

AJe= VT (2.2)

This is, in turn, connected with the average migration
distance AR Expressing the position of a mirror point by

n-
R,, and 2,,, where R is the distance from the center and 2 the

latitude, we obtain
AI{m = (L I{E)a\ F()‘m) . (23)

Here we refer to the convention introduced by the Towa group.
Namely, a magnetic line of force is represented by

R=L Ry cos? A, (2.4a)
so that it intersects with the equatorial plane at

R,=LRy, {2.4D)

where Rg is the radius of the earth. As usual, all lengths are
measured in Stérmer units

ly == 1.56 x 10° km / }/p (MV), {2.4¢c)

where p is the rigidity of a particle. Thus the numerical value
of AR, is obtained as

AR, =1.68 x 107 LpF () Rg=0.107 L’pF (3,,) km (2.3
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3. EFFECTS ON TRAPPING LIFETIME

The lifetime of particles in a static magnetic field may be
determined by the interaction with atmospheric gas atoms at
high altitude, and is known to be approximately proportional
to air density at the mirror point. The migration of turning
points necessitates to take the average air density over the
migration distance,

The density variation near the mirror point is approximately
expressed by

PR)=p(R,) exp [ - (R-R,,)/H,,] (3.1)

where R, is the position of the mirror point and H,, is the scale
height at R=R,, approximately expressed (sce ref. [6]) ag

H, =576 1% cos® X, km . (3.2)

Since the density changes rapidly for | R-R,, | > H,_, AR
comparable to H, makes a considerable difference in the thick-
ness of matter traversed by a particle and consequently in the
lifetime.  Therefore, the ratio, AR,,/H,, gives us a measure
of the non-adiabatic effect. The ratio is expressed, on account
of (2.3) and (3.2), as

A R ¥ F (}‘m)

u

= == 186 x 107 Lp v

M., cost A, (3-3)

The values of F(X,,)/cos’,, are shown in Table 1. Two
numerical examples are shown below.

TABLE 1 -~ Numerical values of necessary guantitics

L. F{h) Fli, eost iy,
15° 0.0670 0.0772
30° 0.0408 0.0738
45° 0.025T 0.1004
60° 0.018g 0.302
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Firstly, we consider protons in the inner belt. L =1.5 and
A, = 30° correspond to a region near the heart of the inner belt.
There we have

ARHi/HHIEz'OS X IOML‘P (L.“_ 1'5’ 7‘:?1:300) * (34)

At p=1000 MV 4R, /H,, ~ 0.2. The steepening of the pro-
ton spectrum above 1 GV could be attributed to this effect.

Secondly we are concerned with protons in the outer belt.
For L=75 and ,,=60° we have

AR, /H,=2.81x107% p. {(L=35, X,,=60) . (3.5)
At p=400 MV this ratic is as large as 1.1, This may account
for the negligible proton intensity above this rigidity.

The above examples seem to indicate how important the
migration of the turning points is. Although the conclusion
should be reserved until we calculate higher order effects, the
mechanism considered above must be kept in mind when one
discusses the trapping lifetime and other static properties of
radiation belts.

Up to now we have assumed that the phase of particle
motion is undisturbed. Actually, however, the phase is mo-
dulated by various causes, such as magnetic disturbances and
small angle scattering. If the phase modulation is random, a
particle does not remain in a finite region but diffuses away.
The diffusion is described by the random walk of turning
points in the following way.

Now a step of the random walk is laken as 4R,,. For the
average modulation period of t,, the time needed to diffuse to
a distance of scale height H,, is given by

t i 1-2 HHIZ/{ARIN)Z] T’HJ * (3‘6)
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If this is comparable to or greater than the lifetime, t,,
determined by the zero order theory, the actual lifetime would
be considerably reduced.

Here again AR, /H  is an imporfant quantity. As examples,
we take p=400 MV and 40 MV, for the inner and outer belts
in (3.4) and (3.5) respectively, since protons of these energies
are representatives of respective belts. Then #/«,, is found fo
be about several hundreds in either case. Therefore, the dif-
fusion effect would also be appreciable for modulations of pe-
riods shorfer than a day.
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DISCUSSION

Chairinan: S.E. ForpUsH

BIiErManNN

A smell comment concerning the importance of the density gra-
dient. This was established also in the course of theoretical work
done by HAERENDEL in our Institufe in Minich, What 1 recall
is the qualitative result which scems relevant to our discussion.
HaerenpEL made, if I remember correcily, also a comparison with
the observations, and the improvement of the theory appeared to
be verified by the data (1).

{) After the meeting, Prof. Brersrann sent us the following references:
G. Maxrexoir, [, Geophys, Res., 67, 1373, 1962, and Corrigendwm, Ibidem,
G7, 1007, 1962. See also: AM. Lexcuux and S.I7. Srvcur, [, Geophys. Res.,
to be published.
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MAGNETIC FIELD CONFIGURATIONS NEAR
THE SUN AND IN INTERPLANLETARY SPACE

T. GOLL

Center for Radiophysics and Space Research - Cornell University
Ithaca, N.Y. - U.S.A,

Abstract — The present evidence is discussed concerning the con-
figurations of magnetic fields in interplanetary space. The maintenance
of a connection to the sun, the superpositions of flow Ifrom successive
outbursts and the degree of irregularity of the field Hnes are considered
in the light of evidence [rom space probes and from solar cosmic ray
observations.

Evidence of the magnetic field configurations that occur
in interplanetary space and in the vicinity of the sun has come
from astronomical observations of the corona, from magneto-
meter observations of space wvehicles and {rom the study of
the many effects connected with the fluxes of cosmic rays and
of solar produced high encrgy particles. It is in this last arca
that the discussion is at the present time the most complex, but
on the other hand, it is from this that the largest amount of
information about these magnetic fields has been obtained.

The major conclusions that can be drawn from the analysis
of energetic particle fluxes are as follows:

1. The Earth is usually (more than 80% of the time) in mag-
netic fields that connect with the sun. It is only rarely, if
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at all, imbedded in galactic fields that are unconnected
with the sun.

2. The field configurations in interplanetary space are such as
to be capable of storing energetic particle fluxes both inside
and outside of the earth’s orbit.

3. The field has such distortions on an average as to give a
recognizable cast-west asymmetry for high energy particle
cvents.

4. The magnetic fields drawn out by outbursts retain their
connection with the sun for one day or more.

5. The interplanctary magnetic fields are uneven or turbulent
and thus scatter high energy particle fluxes,

Information from space wvehicles has demonstrated that the
fieldstrength in space away from the earth is usually a few y
(1 y=107% gauss}, and on disturbed occasions rises to a few
tens of v. The measurement of the solar surface field by the
Zeeman effect and an understanding of magnetohydrostatics
have made clear that the fields in the corona within, say, one
solar radius above the surface, must be mostly in the range
from 1 to 10 gauss, Similarly it is known that in the inner
corona, say, at a height of 1/10 of a radius above the surface
above sunspot regions, the fieldstrengths may rise to several
hundred or a thousand gauss. On many coronal eclipse photo-
graphs arched or looped structures are seen. There is little
doubt that these shapes correspond to the magnetic lines of
force for it is only in directions across the field that fluctuations
of temperature, density or pressure could be maintained; and
it is clear that any unevenness thaf exists within the corona
will rapidly diffuse itself into shapes which trace out the lines
of force.

The polar corona usually demonstrates a field whose lines
of force seem fo go mostly far out into space; and for that
reason, the polar field has been thought to be indicative of a
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general solar field. Bancock’s magnetograﬁh observations [1]
have shown however that a more complicated interpretation
is required, in which this polar field has, at least some of the
time, a Jarge quadrupole component, for the field in one hemi-
sphere has been seen to reverse (in 1957) leaving an interval of
one year before the field in the other hemisphere reversed as
well.

From the evidence of comets discussed by BIERMARN [2]
it is quite clear that a certain amount of outward motion from
the corona of the sun takes place most or all the time. Par-
KER [3] has attributed this to the imbalance of a hot corona
which cannot terminate statically in the low pressure of galactic
space. In addition to gas which appears to be streaming out
into interplanetary space from the corona, there is a consider-
able amount of information about gas clouds being ejected by
events of which the flares are the most violent, from the depth
of the chromosphere of the sun. It thus appears that there
are definitely two species of gas available at different times in
interplanetary space, coronal and chromospheric.  Perhaps
ways can be discovered of distinguishing the periods when the
earth is enveloped in coronal and when it is enveloped in chro-
mospheric gas, and perhaps this distinction will be of impor-
tance in the investigation of many phenomena.

The theoretical interpretation of the field configurations in
the presence of this general outward streaming tendency of
the gas presents some difficulties. Why are the loops of lines of
force not stretched out indefinitely?  Why does each chromo-
spheric explosion not draw out an additional flux in the shape
of an expanding arch which retaing the anchored lines of force
in the photosphere? Why are there not more and more lines
of force drawn out from the surface of the sun increasing inde-
finitely the total pole strength of the sun?

There are clearly only two possible ways out of this di-
lemma. Once would be that all the outward streaming only
takes place wherc there are no looped lines of force. Although
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the inner corona has a large fraction of its volume occupied by
such loops, the expansion of the corona and the origin of the
solar wind would then have to lie just in the fraction of the
corona which is occupied by the far-flung lines of force only.
Magnetic forces would presumably then be required to prevent
the outward flow in that large fraction of the corona where there
is a looped structure. The total outflow from the corona would
then be much reduced by this effect of the field, but since the
expected rate of ocutflow is rather sensitively dependent upon
the unknown distribution of the source of the coronal heat, no
real conflict arises there. It is different however with the chro-
mospheric eruptions, for in that case gas is seen to come up
through the corona and to fly out info space from locally inten-
sely maguetized regions. It is not possible to think that this
gas is itself completely free from magnetic fields and these erup-
tions would therefore continue to pull new lines of force out into
space. There is no indication ever of any significant return
flow, aud it is therefore certainly necessary to find an interpre-
tation of these phenomena which avoids the dilemma mentioned.
The only possibility seems to be that dissipative processes exist
which chauge the linkage of the lines of force so that the gas
of an outburst does not continue indefinitely to be magnetically
connected to the surface of the suu; but that, instead, the lines
of force close locally near the sun and close within the cloud
of outstreaming gas.

Such a cufting off process can be understood in terms of a
rapid dissipative process that must be taking place in the vici-
nity of surfaces of zero magnetic field. The configuration of
the magnetic field of an cutburst must quite generally contain
a plane on which the field vanishes, and on the two sides of
this plane there must be magnetic fields of opposite sense
(Fig. 1). The magnetic pressure in the nearly parallel field

on each side of this plane must be HB

but the pressure must
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Neutral
Plane

Frg. 1 — Magoetic bulge with neutral plane.

be zero exactly on the plane (Fig. 2). The physical nature of
the gas would always imply a finife thickness of a slab within
which the change-over from one sense of the field to the opposite
will be taking place, since current sheets cannot be infinitely
thin.

Such a configuration cannot be in equilibtium. The stab
cannot exert a pressure to balance the magnetic pressure on
the two sides. Material will therefore flow towards this sheet,
bringing lines of force with it, but the symmetry of the process
does not allow a magnetic pressure to be built up. Instead,
as opposing lines of force approach each other, the field would
be annihilated, and a structure of short loops would be re-

O Pressure

HB _HB
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—
b !
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Tie. 2 — Magnetic pressure in vicinity of neutral plane.
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established near the sun, and a magnetically-disconnected
cloud would fly off into space. Gas pressure cannot finally
balance the magnetic pressure of the system, for as soon as
the gas pressure has risen in the slab, it will in turn imply a
longitudinal force along the slab which is not magnetically ba-
lanced. Fig. 3 indicates the flow patterns that must be expected
from such a process.

Chromospheric outbursts certainly are cut off in a period
which must not be more than a few days, judging from the
evidence of particle fluxes, and also from the evidence of co-
ronal shapes. The process mentioned is almost certainly the
fastest agency available. Oulstreaming from the corona as a
whole is however a different matter, for there we have no real
knowledge that the entire corona contributes. The particularly
hot regions in the corona seem, however, to be concentrated in
looped coronal structures, and such structures may therefore
be most liable to expansion. In that case the solar wind pro-
duced in space could not be an entirely steady phenomenon, for
no steady state solution exists for an outflow in anything except
an entircly combed-out feld. It seems to be entirely possible,
however, that an almost steady solar wind merely pulls out one
cloud after another, so that the space at any time is filled with
adjacent configurations like the one in Fig. 3. As cach tuft

Flow
" @

Fis, 3 — Gas flow in cutling off process.
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becomes disconnected and short loops are re-cstablished near
the sun, these in turn get drawn out again by the expansion
of the corona, and a new such tuft iy generated. T think it
most likely that this is in fact the configuration normally
present in the solar system space. The very frequent occur-
rence of the « spiked helmet » shape in the corona is then
presumably the visibie part of such configurations (Fig. 4).

One might argue the case in another way. If there were
uniform outstreaming and a steady state everywhere, then the
field would have to be everywhere radial. But entirely radial
fields must have surfaces of zero field separating regions of
one sign from regions of the opposite sign. Knowing the erratic
nature of the field over the solar surface, one would suppose
that the division between the two senses of the radial field
would itself be a surface of considerable complexity. This
surface would everywhere be unstable in the manner discussed,
and looped fields would be regenerated from the radial config-
uration.

Let us now turn to the discussion of the propagation of fast
particles generated in the chromosphere during a flare. If we
are concerned with protons of energies between 10 MeV and
several GeV, we can immediately discuss various aspects of
their propagation through space. The difficulty lies in finding
which aspects are of dominant importance in the actual case.

It is clear that in the fieldstrengths that exist near the sun,
no free escape of such particles is possible. On the contrary,
the majority of such particles must be stored on looped tubes
of force, and oscillate between mirror points in much the same
manner as the particles of the radiation belts of the earth, In
the case of the earth we know that particles injected at one
place would soon occupy a shell encircling the earth. This
shell, defined by the famous integral invariant, will however
be of much more complex shape in the more crratic solar field
than in the case of the earth; and indeed there is not even any
reason for supposing that it remains single valued with solar
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Fig. 4 — Coronal « spiked helmet ».
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longitude. The particles produced in one place will thus be
spreading out over such a sheet, with drift speeds normal to
the field that depend on the energy of the particles, and on
their pitch angles. The time scale for a large drift in longitude
would be of the order of hours,

This motion would refain the guiding centers of particles
on a surface and would not allow them to move out to fill a
volume. On the other hand, on most occasions when cnergetic
particles are produced near the sun, they seem to be able to
reach the earth, and this fact demands a volume diffusing mech-
anism. One effect might be the expansion of the Ioops of the
magnetic lines of force on which the particles are first stored;
but it turns out that it is a very inefficient mechanisi to distri-
bute particles in a volume, for if the expansion is rapid enough
to be significant, then the adiabatic cooling that it provides
enormously diminishes the energy of the stored particles.

In the vicinity of the sun the constant boiling of the pho-
tospherec and the frequent occurrences of instabilities in the
chromosphere probably provides a high general noise level,
and the corresponding Alfvén waves will be responsible for
diffusing a flux initially confined to a surface into larger and
larger volumes of space. This effect is likely to be largest near
the sun, where the high frequency disturbances are most intense.
Without time variations in the field, one could not understand
how particles produced in one location could be scattered
throughout a large volume.

Time variations have another effect too. Not only do
particles get continuously diffused in their drift motion along
a sheet, but the position of the sheet itself will change from
time to time. Particles drifting along the sheet will thus be
guided to different localities at different times. T take this to
be of relevance to the observations reported by Prof. Ny [4]
regarding the big variability in the ratio of protons to a-particles
for different solar events. Protons and e-particles of the same
rigidity differ in speed and in drift speed by a factor z, and
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they will therefore trace their way through the complex solar
field at times tens of minutes or hours apart, during which very
substantial changes in this field will have taken place. They
will thus not be guided around to the same places and it be-
comes a matter of chance whether the parficular region that is
magnetically well connected to the earth is better accessible {or
the protons or the a-particles. The proton to alpha ratioc might
thus be greatly changed by the propagation mechanism in either
sense. The time dependent routing of the particle fluxes
through the solar field would then imply in the extreme case
no more correlation between the protons and the a-flux in one
event than the correlation that there is from one event to
another.

The distribution of particles over more and more storage
orbits near the sun must be accompanied by more and more
particles being also placed on the small proportion of lines of
force which stretch far out into space. Some particular reglon
on the sun will contain a line of force that reaches to the vici-
nity of the earth, and most of the delay time observed in the
propagation of the fast particles seems to be conneected with
reaching this line., The direct propagation along the line to
the earth, even granted that we do not know how straight the
connection is, is likely to take only a small fraction of the delay
time.

We know that in most events the particles reach this line
of force at a distance from the sun which is much less than one
astronomical wnit, for only in this way can it be understood
that the particles reaching here show in the first place a high
degree of directionality. Trom studies of impact zones on the
earth, McCrackeN [57] and others have estimated that early on
in an event the particle flux approaches the earth’s field from
a direction which is often well defined to less than 10°, and
which is often not a large angle away from the direction to the
sun. This can immediately be understood if magnelic fields
anchored in the sun have guided these particles here, so that
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in moving in a strongly diverging field, the pitch angles had
been greatly stecpened. Thus whatever the injection angles
were on the line of force, the observed anisotropy here is then
explained.

It is equally important however to account for the tendency
to establish isotropy within a time like half an hour or an hour
after the first arrival. The fields in our part of space cannot
be taken to have changed very much in that short period, and
it could certainly not be assumed that a particular change in
these fields occurs every time at this phase in the event. The
only alternative explanation seems to me that the particles even
at this distance from the sun are still on captive orbits so that
we are witnessing the flling up of a storage region. In that
case, even the very small scatter in the particle pitches pro-
duced by irregularities in the ficld will eventually result in the
storage region heing filled everywhere with an isofropic flux.
For the first particles arriving here this scatter would imply only
a small dispersion of angle around the direction of the field,
If this were as little as 10°, then already the first flux
returning in the storage region and approaching now in the
direction of a converging field, will have a scatter that is likely
to be indistinguishable from ¢o°. The usual time history of
the directionality of a flux is thus a natural explanation if the
earth is located in a slightly diffusing storage region, which is
magnetically connected to the vicinity of the sun. The quality
of storage in this region must be quite good, so as to account
for the fact that the intensity of the isotropic flux is only a small
amount less than that of the earlier directional flux, If such
storage were the consequence of a shock wave standing ac
some distance beyond the earth’s orbit, then the shock wave
would have to make a very good reflector. In terms of looped
fields, the requirement means no more than that the decay of
fieldstrength with distance from the sun shall usually be a
little faster than /#%
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It is by no means certain that the required drift motion
normal to the lines of force always occurs fairly close to the
sun. If storage regions are often larger than I AU then the
required longitude drift might be taking place also quite far
out from the sun. One can only say that on all the occasions
when events have shown a very marked anisotropy at the
beginning, it is necessary for this drift to have taken place suf-
ficiently near the sun so that enough collimation in direction
would have been produced in the transmission of particles in
a diverging field. On the other hand in events in which there
is no marked anisotropy at the beginning this drift may well
have taken place at distances cven beyond that of the earth.
So far as the calculations of drift speeds are concerned, both
possibilities exist. It may Dbe that one will find that in events
of long time delay between the flare and the arrival, where cvi-
dently the configurations near the sun have been unfavorable,
the initial arrival was not so anisotropic. One would then con-
clude that the longitude drift motion was executed mostly far
from the sun. The initial anisotropy is likely to he a good
indicator of the region in which the longitude drift took place.

The last point T would like to mention concerns the question
of the sense of magnetic fields in space. OBavasnr and
others [6, 7] have demonstraied that there is a statistical ten-
dency for the time delay of an event to be least if the originating
flare is situated approximately 45° W of the central meridian
of the sun. At longitudes away fronm this one, the time delays
tend to be progressively longer. This is usually interpreted
as implying that lines of force have a spiral shape, as must
indeed be expected from a combination of an outward stream-
ing with the solar rofation. The sense and angle observed fit
this interpretation very well. If drift motions of particles could
take place equally well in an easterly as in a westerly direction,
then there ought to have been approximately as many flares
situated on the back of the sun that resulted in particle events
at the earth, as there were on the eastern half of the disc. This
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contradicts the observation that the great majority of particle
events at the earth appear to have been rclated to a welt re-
cognizable large flare on the visible part of the sun. One
cannot be quite sure at the moment how many wrong identi-
fications of flares may be involved in these statistics, but if the
statistical evidence is good, then it could only imply that part-
icles have a much beiter chance of drifting by a large angle
from Tast to West than from West fo East. The field in space
where this longitude drift is occurring would then have to have
a tendency for a preferred direction, namely such that the com-
ponent normal to the ecliptic should be more often opposite
than parallel to the earth’s external field. It is not clear at the
moment how all this is to be related te the direction of fields
as observed in sunspot regions or how this direction would
change in the sunspot cycle. If this direction in space had a
2z-year cycle, so that the sense changed over at each sunspot
minimum, then the next sunspot cycle would give a better cast-
ward drift for the fast particles. This in turn would mean that
very many unobservable flares and far fewer observable ones
would contribute to particle events af the earth (a situation
which would be very inconvenient for the space program, and
for the attempts of predicting damaging amounts of radiation.)
There is perhaps some relation between this discussion of a
possible tendency for this statistically dominant sense in drawn
out solar ficlds, and Errior’s discussion {8] of a gencral solar
field extending far ont into space. It may be that some of his
considerations could still be applied to a situation where there
is only a statistical tendency rather than a long-lived nearly
static field.
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DISCUSSION

Chairman: 1. BIERMANN

PARKER

First let me say that 1 think Prof. Gorp has given a most excel-
ient and interesting review of the present problems and thinking in
the propagation of particles in inferplanctary space. I had a couple
of questions that I wanted to ask to clarify in my own mind my
interpretation of his remarks. First, you discussed of course the
possibility that particles are detained and drift at the sun, and then
that they are detained and drift in interplanctary space, It was not
quite clear to me whether you regarded the detention at the sun
or out in space the more imporiant.

GoLp

I would think that more particles are delivered to the carth after
having done the journey to a near line of force, to the proper one,
near the sun rather than further out in space, because most evenis
do have a substantial anisotropy to begin with.

PARKER

You say then that detention at the sun is more important than
in interplanetary space. If this is the case, it follows that on lhe
average the delay at the sun will be directly proportional fo the rate
of drift of the particles. At nonrelativistic and at extreme relativistic
energies the drift rate is proportional to the particle energy. Thus
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the delay of amival at the carth for particles of different energy
should be proportional to the particle energy. This is {rue for
some solar events, I am sure, but T wonder if it is frue for the
average over smany cvents. My impression is that the lower energy
particles are not wsually so sericusly delayed as this mechanism
would imply. The sccond point is that if there is little or no dif-
fusion in space, then eacl: energy range of particles should be ani-
sotropic when that energy group, no matter how long delayed,
begins to arrive. It is my impression that observations show that in
most cases there is only a brief anisotropy in the beginning.

(GoLp

You are leading me into a confusion rapidly by using one word,
delay, for both storage and delay in the transportation. Let us dis-
cuss a narrow encrgy range. That travels through this gradient
drift system here like a wave, and it will pass the foot of this line
of force at a fairly well defined time, and that is the fime when
we get injection into our line of force, and after that nothing. So
what we sce is still a fairly short pulse available at the foct of this
line, even though it has got here with a fairly significant time delay.
So then we have these particles in the large-scale system rattling
around, and as I have sald, they must be rattling around in there
with fairly good storage in order to give a decay time diagram where
the tail is connected to the peak. So I think that we must distin-
guish between fhese two times. The quality of slorage in a sense is
good near the sun becanse the sun will refain the particles aliogether
for a longish time, bul it is giving a particalar batch to our line of
force at a fairly well-defined time. There can be a separation
according lo energy, if delay is mainly gradient drift, and according
to velocity if path length along field dominates, or in practice any-
thing in between.

Ney
1 agree with Dr, GoLp on the evidence that very frequentiy the
low energy particles are enormously delayed compared to the high
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energy ones, but 1 have a question somewhat related to the last
one. Yeu use the early anisotropy together with the fractionation
as an argument that the switching occurs close to the sun. DBat
the early anisotropy is measured at high energy and the fractionation
is meagured at low, and it is not clear to me that you can put these
two together to make the argument for the fractionation occurring
close to the sun.

My second question: You use the coronal shapes as observed
near the sun as an argument for your cutting off mechanism, and
you would then think that the culting off would occur relatively
close to the sun; but toward the end of your discussion you want
the lines of force to extend far beyond the earth, and I don’t see
how these two are compalible.

GoLp

Your first point about the fractionation in g-particle storage:
I do not want to say that I force the low and high energy particles
into the same discassion. 1 would merely say that so far as the
low energy particles are concerned (the ones that you have observ-
ed the fractionation of), I could not readily understand, if at ali,
liow we can get such good sorting as the big variations in the rafios
imply, except by amanging for the g-particles to find themselves
propagated through a very differently shaped field. Since they have
the samne rigidity I must discriminate them on the time basis, and
I will have to shape the ficld very differently half an hour or an
hour later from what it was before; and the place where the field
has a very different shape an hour later is fairly close to the sun
and not far ¢ff in space. That is the only reason for assuming that
the fractionation occurs in the vicinity of the sun rather than far
off in space. I don't want to stress the argument any moere than
that. 1I you Dbelieve that big enough changes can occur in inter-
planetary space in the period of an hour, so that one set of particles
are shot to one place and another set to another place, then that
would be possible; bui I think the evidence is that such quick
effects are much more likely closer to the sun. And after all, the

(18] Gold II - pag. 17



448 PONTIFICIAE ACADEMIAN SCIENTIARVM SCRIPTA VARIA - 25

motion is occasioned by what is happening on the sun, and so the
velocity of all the changes is of course much larger near the sun,

Your point number two; where de I have to cut the thing
off? I am aware of the dilemma that you pose to this discussion,
but I don’t think that it is so much of a dilemma. 1 suppose that
the cutting off occurs over the entire length of the bulge; and in
this case all we can really say is that we are not stuck in cutoff
clouds for more than 209% of the time, because these cannot stay
hanging around for a long time, and this is consistent with the
abservations.

Ney

It just seems to me that the fwo phenomena are two orders of
magnitude different in scale, that cutoff in the corona that you
show on the coronal pictures is very near the sun, and the picture
on the left that you drew (I wish they were both up there at the
same time) are on a completely different scale. One is out beyond
the earth, the other near the sun, so it is a facior of 100 in the
scale that we are talking about,

GoLp

And you think it unifikely that the same phenomenon could hbe
spanning such a great range of scale?
Npy

Yes,

Rosst

I wonder whether you looked into the possibility that along the
neutral surfaces where magnetic plasma tongues are cut off from
the sun an acceleration of particles may take place? What I have
in mind is that the collapse of the tongue implies the existence of
an electric field; and that near the neutral surface, where /B¢,
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the electric field does not produce a bulk molion perpendicular to
E and B, but rather an acceleration in the direction of K. The
question, it seems to me, is whether collisions will allow acceleration
to occur, or will rather lead to energy dissipation.

GoLD

When you speak of acccleration of particles, do you have in
mind high energy particles? That I think cannot be so, because
of the quantitics of gas that are involved. If the cutting off process
works at all, then we know that through this neutral plane must
flow the amount of gas that was sitling on all these lines of force
that are being cut off; so we know the quantity of materiai that
must be digested in that process, And that quantity of material is
so great that if that is all treated alike, the energy per particle that
can come out of it is low. This field could only heat the gas to
a temperature of the order of 1o million degrees. Tf the process
were not effective, in some way, and the cutting off did not work,
then of course I could not argue like this and then you might have
high energy particles. But if you believe that the cutting off happens
by this process, then it is ipso facto not producing high energy
particles.

Prters

I wonder whether the experimental evidence, as it now stands,
is already sufficient to reject the possibility that the fractionation
occurs mostly during the pickup, e.g. in the initial stages of acce-
leration? The number of helium atoms accelerated will of course
depend on the number of hefium ions, but probably alse on the
ratio of doubly to singly ionized helium. This ratic will be very
sensitive to temperafure and may vary strongly from flare to flare.
Now, if that were true, it should of course show up also in the
fact that the ratio of g-particles to heavier nuclei does not stay
constant. The evidence that Prof. Nev has given shows that there
are less fluctuations in this ratio but not by any mcans that there
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are no fuctuations; in fact there seemed to be room for changes in
the ratio of He to CNO nuclel by a factor 3. Until the question is
settled whether the ratio of alphas to heavier nuclei is really cons-
tant or not, one will have to consider the pessibility that fractiona-
tion oceurs in the initial stages of acceleration. It should prebably
not be dismissed as yet.

GoLp

Yes, but the factors are evidently not so large, so 1 would think
that what you would be allowed to say at the moment is that there
may be some fractionation occurring in the flare, but 1 think you
would want the great amount of it — that is, between alphas and
protons — to be done in the transportation mechanism,

SIMPSON

I would like to comment on Prof. Gorp's interesting discussion
on the trapping and diffusion of sclar particles at the sun. I think
that one can really put numbers into the hold-up process. As an
example, let us consider the solar protons from the fiare of 23
February 1956. During the period of anisofropy at the earth, one
has an opportunity to look at instruments which detect particles
whose trajectorics extending outward from the earth cover a wide
range of energy. DBy suitable analysis you can show that among
such a group of detectors on the earth having different local geo-
magnetic field cuioffs the arrival time of the first solar particles is dif-
ferent at different detectors, Tor this flare, you will find the onset
times distributed as shown in Fig. 5. When you analyse this
effect, vou discover that the first arriving 10 GV particles arrive
10 minutes earlier than the first arriving 1 GV particles. There
is, of course, an additional time to be added representing the
transit time. This is called a dispersion effect. Soon after these
observations isotropy sets in. We then examined earlier flares and
found that the dispersion effect for the November 1949 flare was
14 minufes for about the same range of particle energy. To this
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1957).

time must be added a base transit time — the time when the solar
w gun » was fired, so fo speak. Since you have to take a time zero,
we chose a time near the maximum light oufput of the flare. This
gives a transit time plus the dispersion time. Tt is very difficult,
indeed, to explain this dispersion curve as due to the interplanefary
medinm; it must arise from particle diffusion near the sun. De-
tailed models cannot yet be given. The scale size of irregularities
in the solar fields must be fairly small; the field intensities must
be fairly large. A more recent case that has just come to our
attention is the September 28, 1961 flare observed in Explorer XI1
by MacDowarp’s group, in which they have seen through direct
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measurement the dispersive arrival of particles at much lower ener-
gles {down to approximately 2 or 3 MeV). Here the time scale is
much wider, extending to ~» rooo minutes. Therefore, we observe
this dispersion effect in almost all flares where the particle flux
from the flare is large enough to perform an analysis.

PARKER

I want to make one comment on the first question and then
ask another one. Apparently we come to different conclusions from
looking at the same data, because I would come to the opposite
conclusion on the basis of this kind of data.

The other question I want to ask goes back to the field con-
figuration that you drew and discussed on the left side of the board.
I worry a little about re-entrant lines of force, because if you were
suitably positioned in space, you would sce particles first coming
from around behind you instead of from the suuward side first; the
statistics are poor, but I don’t think it has ever been seen.

GoLp

Well, I deon’t know whether that has been seen., Of course,
when they come from the other side, as I say, even a little way
round from the back, they will already have been isotropised be-
canse they are already going into a converging field; and it is only
a little way that is needed to isotropise. So such events would not
be events where you see them coming from the anti-solar direction;
they are events in which you see them arrive initially isotropically,
and there are such events.

PARKER

There is certainly the possibility that you should see them arriv-
ing from, say go° between the sun and the anti-solar direction or
even a little bit backward from the sun. Your point is well taken,
and I would not expect this to be often, but I am a little worried
that we have never seen a case like this.
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Gorp

We have seen this. TFor example on November 135, 1960, accord-
ing to McCracKEN, we have seen particles arrive both from one
direction in the sky, which was not the solar direction but one not
too far from the sun, a big spike, and then we have secn half an
hour later a spike which was somewhat anisotropic though not as
much as the first spike, and that second spike had its preferential
direction — what it had of it — in the 180° direction from the
initial one. So we have scen an event where we saw particles first
come from some asymptotic direcfion and then half an hour later
from a direction which was less well-defined but was the opposite
one. And that is just what one would expect. Now that can be
argued easily as being the bounce particles that you see coming
back, but I prefer fo think of it in terms of being the particles
that got into the other foot of the lines of force. I think that is
statistically more probable,

PARKER

The only point T want to make is that T think one has to leave
open the guestion of all the possible kinds of configurations and I
think non re-entrant configurations may weli be present frequently
too.

GoLD

I do not know what you mean by non re-entrant.

PArRKER

Well, not commected in two directions to the sun.

(zOLD

So that the lines of force go to infinity, you mean?
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PARKER

Well, let us just say some large distance, so that there is no
possibility of particles going out somewhere else and coming back
into you from the anti-solar directiou first without having seen them
from the solar direction.

GoLp

If they stick out a very long way, then you must always have
a good reflector on those lines.

PARKER

By a good reflector, just lots of perturbations would be sufficient.

GoLp

No, otherwise you get time curves where the decay is rapid
first and slow later, and this is not observed,

PARKER

That is correct, but you find if you carry out a calculation that
good diffusion is sufficient to do this.

GoLp

Not if it would distribute the reflected beam over more lines than
it travelled out on,

BIERMANN

If T understand correctly, you associate the east-west asymimnetry
with a field, the polarity of which is given by the ficld in the polar
regions, After 1 years, that is from now only six years or so,
it would become apparent whether or not this is so. Now, T recall
that for the big events which were observed at sea level, a similar
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plot was already made by ELLison about two years ago — that was
when ten bhig events were known. These ten cvents had been be-
tween 1942z, when the first ones were observed by Dr. ForsUsH
and Dr, Exmzrt, and I think 1g6o. As far as I recall on this
plot the asymmetry was already clearly scen and there was no indi-
cation of any change over. Perhaps you have looked at this
plot too.

GoLp

There are two points to be distinguished: onc is the east-west
asymimetry which can be seen in the not very many observations on
hand, and when you want to go a long way back in time you come
to a very much smaller number of observations, In those you can
still see the east-west asymmetry that there is; namely, that events
of short time delay have a preference for the west side of the sun.
That means only that the sense of the Archimedes spiral is being
defined, and the sense of that spiral remains the same whether the
fines of force have one sense or the other. But the other effect that I
was discussing is whether particles when they do drift have a ten-
dency to drift a little Detter westwards or a little better castwards.
And that requires a large number of observations before you can
squeeze out of the data the fact that there should have been particles
from flates around the back that you did not see; and it is only
that latter point that suggests the preferential direction of the driff.
So the Archimedes spiral could be established from the early data;
but the direction of a driff can only be established — and even now
perhaps nof quite securely — hy the bulk of all the data that we
know now.

DENISSE

I am not quite clear about the way you get this drift in the
east-west direction. It comes from the general solar field?
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GoLp

Just suppose that there is a imessy field in detail but it has a
slight tendency to have the mean field superimposed on it; so it has
a slight tendency to have always the sense for protons in the one
way. In detail it will diffuse them: in a more complicated fashion.

Denisse

Do you think that optical evidence is for the existence of an
important field of this kind down to the equatorial solar region?

Gorp

Yes, there is evidence that the solar general field still has some
significance even in the low latitude zones. You do sec a consider-
abie tendency at most times in eclipse pictures for a set of loops in
the equatorial zone of the sun to go over smoothly from the high
latitudes. It is a common situation to see a picture which has got
a sort of broad cquatorial mess coming out, but you see here the
plutnes which certainly are quite regular and correspond to some
kind of a general field, and you see this turn over smoothly into
the eguatorial belt on many occasions.

Parker

For the cast-west drift at the sun that you are hypothesizing,
is it in the low latitude loops that one sees as you have drawn them
closed over the equator? Let me tell you why I ask this question,
before you answer it. It strikes me that the magnetograms would
suggest that those loops vary their sense from one month to the
next rather than having to wait from one sunspot cycle, so that
it is not obvious tbat during any one cycle you should get a system-
atic shift of everything only to the east or only to the west.

GoLp

I mean, the corcnal shapes do have some lines of this nature
visible a Jarge part of the time, but of course they do have a very

18] Gold 11 - pag. 26



SEMAINE D'ETUDE SUR LE RAYONNEMENT COSMIQUE ETC. 457
considerable mess in detail, In any fine detail there will be a dif-
fusion and a gradient drift in botl directions, But when the particles
have to go a rather large angle around, then they will often come
through regions where there is a substantial contribution of the
general field present too, because they do not only drift in the
sunspot regions, not only in the messy regions, but also in clean
field regions; and when you see clean field regions on the limb in
an eclipse picture, then they have that kind of a tendency. So in
traversing all the cleaner regions there will always be that tendency
in the one sense, and not in the other sense. And perhaps that is
all that we need to account for a not very perfect statistical result.

Hayagawa

Since T missed the comment by Prof. Denisse during the talk,
I would like to ask: is there any evidence for electrons te drift in
other way than the protons?

DENISSE

T do not think that radicastronomy provides any evidence for
guch drift because the experiments are too crude,
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COSMIC RAY INTENSITY VARIATIONS AND
THE INTERPLANETARY MAGNETIC FIELD

1. ELLIOY

Turperial College of Science and Technology - London - Great Diritain

Abstract — A great deal of attention has been given in recent years
to the interpretation and discussion of the propagation characteristics
of energetic protens emitted from ¢olar flares, and these propagation
characteristics have played an important part in the formulation of
current views about the ficld configuration. In establishing the validity
of the various models, however, 1t is necessary o take into account as
wide o range of relevant cosmic ray phenomena as possible.  This paper
will attempt to summarise the experimental data at present availabie
on the eleven-year variation, twenty-seven day variation, Torbush
decrease, and solar daily variation, and to discuss these data in relation
to the rather different models of the field advocated by Gorp, by PARKER
and by the author,

1. INTRODUCTION

At the present time there is a considerable diversity of
opinion as to the interpretation of cosmic ray intensity varia-
tions in terms of the electro-magnetic conditions prevailing in
interplanetary space and in the solar corona. In view of the
complexity of the problem this is hardly surprising. ALF-
viin [1], for example, has laid particular stress on the impor-
tance of electric fields, and the effects of these fields have been
worked out in great detail by Dorman [2]. MORRISON (3l
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was the first to propose that turbulent magnetic fields moving
outwards from the sun might exercise an important influence
on the cosmic ray intensity in the solar system. Gorp [4], on
the other hand, has strongly advocated the presence of rather
smooth tongue-like configurations of field drawn out of ihe
photosphere by outward moving solar material at the time of
enhanced activity. PARKER [5] has developed the idea first
expressed by Bizrmany [6] that the outward streaming of
solar material is not restricted to times of exceptional activity
but takes place all the time, constituting the so-called « solar
wind ». This wind stretches the photospheric fields out radially
into a configuration which is relatively smooth within the
carth’s orbit but becomes turbulent a fraction of 1 AU beyond
it. This turbulent field provides an outward moving convective
barrier which impedes the arrival of cosmic ray particles from
outside the solar system. SINGER [7] has pointed out that if the
sun is indeed the origin of an expanding cloud of irregular
magnetic ficld then cosmic rays inside this cloud will lose energy
by an inverse Fermi process, and that this energy loss may be
important for the understanding of the intensity variations. It
seems likely that all these ideas will ultimately have to be
incorporated to some extent into the final picture. The prohlem
at the present time is to determine their relative importance.

All these proposals presuppose some measure of understand-
ing of the magneto-hydrodynamics of the solar plasma, but it is
perhaps not too unfair to say that the present diversity of views
arises, in part at any rate, from our Jack of understanding of
this subject. TIn view of these difficulties one wondered if it
might not be worthwhile to begin at the other end, so to speak,
by constructing the simplest model of the magnetic field one
could think of which would at the same time be capable of
accounting for the known energy dependence of the rr1-year
variation, the Forbush decrease, and the solar daily variation
— these being the three main categories of intensity variation.
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In addition, it is necessary, of course, that the model should
be compatible with the propagation characteristics for energetic
solar particles and the established properties of the interplane-
tary plasma. The first question one might ask is whether the
field is stationary or in motion and unfortunately this first
question produces the first problem because we find that when
we set about deducing the answer from cosmic ray evidence,
the answer we gef is not the one we expected.

If the ficld is in motion, in the sense that we have an out-
ward moving convecting barrier as in Parrer's model, the
11-year modulation of the cosmic ray flux should depend on
both particle rigidity and velocity. Consequently, at the lower
end of the spectrum, where 3 is appreciably less than one, we
should expect a greater depth of modulation for «-particles than
for protons of the same rigidity. If, on the other hand, we are
dealing with a static field, the degree of modulation should
depend only on particle rigidity. The evidence at present
available on this point seems to me to be rather strongly ind:-
calive of a purely rigidity dependent modulation.

2, STATIC VERSUS DYNAMIC MODELS OF THE FIELD

If this crucial evidence is correct it seems to me that it
excludes any convective model for the modulation process. The
experimental data on which it is based come largely from the
careful measurements of the low energy proton and «-particle
spectra during the past solar cycle by McDowarp and Wrg-
pEr [8]. WesBER [g] has summarised these data and from the
table he gives we find that for particles with rigidity > 1.5 GV

) (.{'p-’f/"u) ss. min. |, o 0.03
(]P{h) $8. Mmax. |ong
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whereas is is possible to show that, if the modulation is such

that . '
/8

oy Dy
where a; is the differential infensity at the ecarth, %—;3 is the
differential intensity in the galaxy and
B=v/c,
.l 4.0. 85, i . i
then QLML = 0.92
(-7?’/]0-) §8. max. Leave

The experimental evidence, therefore, appears to favour a
modulation process which does not inveive . Unfortunately,
the evidence is not absolutely conclusive and it must be borne
in mind that further observations might lead to different con-
clusions.  Nevertheless, this is the way the experimental
cvidence points at the present time and if we accept it, it
contradicts the view that the large scale interplanetary field is
in continuous outward motion as is to be expected from the
observed plasma flow. Since I was, in my self-imposed terms
of reference, commitied to try to see what can be done with a
static model, such a model should in any case provide some
kind of complementary picture to the dynamic models.

The very first model of the interplanetary field, proposed to
explain the knee in the latitude curve, was that suggested by
Janossy [ro] round about 1937 who pointed out that if the
sun had a dipole moment of 10* gauss em® or so this would be
sufficient to produce the required effect. This suggestion was
taken up and elaborated by a number of people and particularly
by Varrarra and Goparr [11]. Now everyone is agreed that
such a model, based as it is, on the assumption that inferpfane-
tary and coronal material is of no significance, cannot be very
usetul in the light of present knowledge particularly as it is
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in any case in disagreement with cosmic ray evidence. Ne-
vertheless it can provide a starting point and it was on this
basis that 1 tried, two or three years ago, to construct a static
medel of the field which would account for the cosmic ray
intensity variations.

This model has been described in the literature {rz] and
there is no need to enter into details at this point. Suffice it to
say that the field envisaged is an axially symmetric one,
something like that of a solar dipole with its direction per-
pendicular to the plane of the ecliptic and parallel to that of the
carth but with a field strength which falls off with increasing
distance according to 1/ or 1/#* or something in between.
This field contains scattering centres which enable limited
inward diffusion of cosmic rays to take place. Competing with
this inward diffusion is absorption by the sun so that, in the
steady state, the cosmic ray intensity inside the field is depressed
below that prevailing outside in the Galaxy. There is no doubt
that a simple field of this kind can account in a semi-quanti-
tative way for the cosmic ray moduiation processes.

I have already shown that it gives the correct energy
dependence for the ri-year variation and for the Forbush
decrease and this is in the literature so T don’t propoese to discuss
it here unless someone wishes to.

1 would, however, like to say a little about some recent
results obtained by Marnews [13] in London. These, you
may remember, were mentioned by Prof. Amarpr [14] the
other day. They relate to observations carried out using a
scintillation telescope recording p-mesons at a depth of 6o
m w.e. This recorder has semi-cubic geometry, a collecting
area of 3 m? and a counting rate of 50,000 per hour.

Fig. 1 shows the records for three underground stations
during the Forbush decrease of Nov. 11-16, 1960. Measure-
ments of this kind are of particular interest because we are
looking at the extreme upper energy limit of the modulation
process. On the basis of these measurements MATHEWS
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Fig. 1 -— Cosmic Ray Intensity Variations recorded underground during
Nov. 11-16, 1960 at Yakutslk, London and Budapest.
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concludes that the Forbush decrease extends up to energies of
at least 100 GeV. Furthermore he has compared the observed
ratio of magnitude of the effect at different energies to that
expected on the basis of these kinds of models and the results
are given in Table 1.

observed Kp—1 PARKER ELLIOT
Nev/ts, - .+ IL.7I :h o.01 2.41 1.00 1.64
Poa/ter, . . . 0.10 - 0.04 0.02 0.02 0-07

Matarws points oul that in none of the cases can the
agreement be regarded as satisfactory butf, cautions that ani-
sotropies are obviously important. It may be of interest to you
to note in Fig. 2 that the 27-day variation in intensity is also
quite marked at these relatively high energies.

I would now like to say a liftle about the propagation of
energetic solar particles in interplanetary space.

3. PROPAGATION OF ENERGETIC SOLAR PARTICLES

It has sometimes been argued that the arrival at the carth,
in recognisable impact zones, of solar flare particles in the
energy range below 20 GeV or so is incompatible with a dipole-
like field of the magnitude discussed here. This is, however,
not a serious objection if it is borne in mind that the inner part
of the dipole field in often considerably distorted, particularly
at times of great solar activity. There seems to be no reason
why we could not, at such times, have a wide variety of con-
necting paths between the earth and the sun, having properties
adequate to account for what we know about the propagation
characteristics for these particles.

Gorp [15] has objected to the dipole field model on the
grounds that the diffusion fime for low energy particles is very

[19] Eliot T - pag. 7
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long (of the order of a year) and that this long diffusion time
would Icad to a decay time for the energetic solar particle events
very much Jonger than that which is observed.

In fact, the mode of disappearance of solar particles is very
complicated. In a field of the kind under discussion the particles
would be dispersed:

a} By azimuthal drift due to the field gradient;

b} By re-absorption in the sun;

¢) By diffusion outwards in the same way that the galactic
particles diffuse inwards; and

@) By outward convection resulting from the outward motion
of field frregularities.

Assessment of the relative importance of these processes
depends upon a rather detailed knowledge of the field confi-
guration and on a knowledge of the volume initially oceupied
by the solar particles. a) and b) are likely to be most important
in the carly stages and ¢) and d) most important at later times.
In general, we would expect the decrease in intensity of the
solar particles to be most rapid in the early stages and for the
highest energy particles.  Characteristic times varying from
hours in the early stages to perhaps a year for complete disap-
pearance are to be expected. Tt is by no means certain that
such times are inconsistent with ohservation. Indeed, the
observation of an ambient flux of low energy particies under
quiet solar conditions and with energies of a few hundred MeV,
by Vocr [16] and by Bryant et al. [177 would seem to require
storage of solar particles over long periods.

4. THE GRADIENT OF COSMIC RAY FLUX IN THE SOLAR SYSTEM
‘The dipole model enables us to predict the average gradient
of the cosmic ray flux fo be expected in the neighbourhood of

the earth, and in this connection some extremely inferesting

{19] Elliot T - pag. ¢



408

FICIAE ACADEMIAL SCIENTIARVM SCRIPTA VARIA - 23

measurements have been made by the Chicago group [18]
using the space probe Pioneer V. Their data are shown in
Fig. 3 together with the expected gradient, and at first sight
there would not seem to be any inconsistency. However, they
have shown that the 10% drop in intensity, which is observed,
arises from the removal of low energy particles during a Forbush
decrease rather than from a steady diminution of intensity with
decreasing distance from the sun and they conclude that their
data arc inconsistent with the value of the gradient expected
on the basis of the dipole model. I believe that it is important
to bear in mind that a protracted series of measurements will
be necessary in order to establish the average value of the
gradient. If, to take an analogy, the amplitude of the solar
daily variation is really a measure of this gradient, as it would
be on the dipole model, we know that this amplitade shows
greal variability from day to day and that many days of

infensity at BloneerV
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Fig, 3
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observations are required if we wish to establish a reliable
average value.

This discussion is taking place at a most tantalizing time.
We are waiting to hear the results of the direct measurement
of the field by Mariner IT and these observations will no doubt
add greatly to our understanding of the field configuration.
If the average field direction lies exactly in the plane of the
ecliptic we shall know that the model proposed here has no
validity. If, on the other hand, the average field direction
deviates appreciably from that plane, the PARKER's solar wind
mode]l will be in some difficuity. If, however, there should
be a field component perpendicuiar to the ecliptic plane, it may
be quite hard to distinguish between Gorp’s model and the
dipole model. The test would scem to be whether or not, over
a period of several solar rotations, this perpendicular component
kecps the same preferred direction. If the explanation of the
solar daily variation afforded by the dipole model is correct,
this component should be north-poinfing. On Gorn’s picture it
would, subject fo statistical Auctvations, be north-pointing half
the time and south-pointing the other half.

fro] Elliot T - pag. 11
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DISCUSSION

Charrman, 1., BIERMANN

PARKER

Let me say that T am very much interested in the observational
residts that you have presented. I have no particular comments,
I am not sure that any calculations or formulas that I have ever
written down can be applied as high as zo0 GeV, but [ do not think
that that is the explanation for the discrepancy anyway., With
regard to the direction of the field in space, when you said precisely
in the plane of the ecliptic, T winced a Hitle at the word « precisely ».
Let us say that the field should show a general tendency for the
plane of the ecliptic probably with lots of fluctnations, Dr. GoLp
and I have often wondered just what the distinction is between the
two models that we proposed so far as observations from a single
magnetometer in space is concerned. I don’t think that we have
ever come up with a clear cut conclusion. There does not seem to
be any simple way of getting af it,

GoLp

To take the earlier point first, T was not quite sure that one can
distinguish between a static model for the 11-year cycle and a moving
one quite as simply as you discussed. I do not want to say that
what you said is wrong, by any means, but [ only want to say that
T was not sure that one can make that distinction as easily as that,
In particular, whal I have in mind is the kind of model whereby an
outward streaming wind at this distance from the sun {always an
outward stream, but of varfable intensity over the 1r-year cycle)
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may produce a slowly varying bulge in the galactic field much
{urther out; so that there is a bulge, like a snake that has swallowed
a rabbit, in the galactic field and the size of this bulge is changing
with the 1I-year cycle. That is a sort of almost stalic situation
then, irr which the amount of cosmic rays admitted into the interior
of that bulge depends on the mirror ratio and therefore will show
some kind of modulation, Now, whether that gives the right modu-
lation and in the right ratio for the different particle rigidities and
energies, I am not sure, but it gives a different effect from merely
the oniward convection of the field which you discussed.

Then, to come to the other point about the direction of the fields,
it is true that in the view that I advocate all directions of the field
are possible ont here. You should in fact, i you look long enough,
see them all occurring; in particular you should see fields normal
or almost normal to the ecliptic occurring on oceasions. But on the
other hand, there should be a statistical {endency for a field which
is directed somewhere to the west of the sun and not too far away
in the other coordinate. If you imagine any number of these tufts
coming out, then of course the proportion of time that would be in
the clongated part of it would be much longer than the proportion
of time that would be in the nose of one. So that it is only in
the nose that you would have a large angle to the ecliptic and the
rest of the time you would have a smaller angle to the ecliptic. Now,
I think that so far as the evidence from solar cosmic ray events
goes, that is the situation. We have had some events where prefe-
rential direction was pointing in some peculiar angle in the sky but
we have the majority of events peinting fo some angles not very
far from 300 west of the sun.

Evror

In connection with your remarks about the galactic feld, 1
agree, but this is essentially a static field, is it not? You are relying
on the break-down of the first invariant to decide the upper limit to
your energy dependences. Whether or not the cosmic rays get
through the trap in the field and into the cavity detenmines what
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modulation takes place, Now, such a cavity model has heen tried
but 1 think most people would agree that it gives much fco steep
an energy dependence. But you are in fact still agreeing with me,
I think, in that this is essentially a static model that you have to
deal with, and the motion of the field is not important in determining
the modulation,

GoLp
Yes, I would only say that there is not a real conflict in seeing
the gas moving here while we desire a static model.

Evvior

T agree entirely with this, and in the model I am suggesting it
is the substratum of field that is not moving; the scatleting centres
may move, but this does not matter very much because the particles
are essentially tied to the fixed field.

Purcrs

I would like fo ask a question on the subject which Prof. GorLp
has also brought up, namely the argument you have presented in
favour of a static field. It is based on the observation that the
1r-year cycle rpainfaing unchanged the ratio of protons to g-part-
icles. Did I understand right that the cxperimental data apply to
a rigidity range above 1.5 GV? If so, the mean cnergy of the
protons would be above 4.5 GeV, and that of the heavy particles
would be near 2.5 GeV/nucleon kinetic energy. It would then seem
to be very difficult to see the velocity dependence if any existed.
Maybe I misunderstood the argument.

frrior

The calculation is made in this way: One takes a rigidity de-
pendence which agrees with that observed and which is already weli
established from many different bits of experimental evidence. Then
one adds to this a § dependence, and when one integrates over the
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spectrum from 1.5 GeV to infinity one can see what difference
between protons and g-particles there should be, and this is the
number that T have written down on the board,

PrrERS

I3ut then it depends on how much [ dependence you add.

Exrvior

Well, T have taken it to be just propertionz] to {3, which is what
one would expect from Dr. Parxer’s model,

BIRRMANN

What is the magnitude of the magnetic field which you would
advocate in the vicinity of the carth orbit?

Ertior

The field strength is a function of the level of solar activity and
would go up to a maximur of perhaps 8 y. The scattering centres
in the field would have a characteristic dimension of 10! c¢m.

BiErMANN

Does this mean that there is a dependence on the square of the
distance from the centre?

Evrier

I do not think it is possible to decide on the basis of such a
model, as far as 1 can see, between an #2 or #3 dependence, except
in terms of a measurement of the cosmic ray flux gradient, You
wili remember the picture that [ showed you of the measured
gradient: there are two dotted lines shown, one is for #2 and the
other for #, T do not think, however, that one can delermine it
from the energy dependence of the modulation process.
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SIMPSON

In addition to the average cosmic ray intensity gradient there
is a gradient for the Forbush decrease as a function of time.
Alihough the data are limited, there are sufficlent data at 0.1 AU
along the sun-earth line during the Forbush decrease of 1 May 19060
to indicate that the relative cosmic ray intensity obhserved in
Pioneer V and at the earlh is essentially constant. This strongly
suggests that there is a small or negligible gradient of the Forbush
decrease, On the other hand, for a purely static model, such as
you suggest, there should have been a large gradient effect. On
the basis of the Hmited data available the measurements tend to be
in disagreement with the static model.

Ervior

I am not sure what you mean by the gradient in this case.
T should have thought ihat there was no escape from the fact that
there was a gradient in the flux duwring the Forbush decrease,
hecanse we see fongie or blast wave travelling past the earth and
as it goes past the intensity changes by the full amount of the
IPorbush decrease. So there must be such a gradient. I am not
quite clear what you mean by gradient in this respect, I am afraid.

SIMPSON

I mean this in the sense that one waits until the intensity has
dropped to the minimum value and then compares the infensities at
the earth and at the position of Pioneer V.

Eovior

Oh, but I don’t think it is possible to say anything about this.
After the Forbush decrease has happened, surely the distance the
space craft travels before the intensity has relaxed back to the
normal value is small. is it not?
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SIMPSON

There is 0.1 AU along the sun-carth line between the two posi-
tions of measurements. Is it not true in your model, that for two
positions in space 0.1 AU apari, radially away from the sun,
there should be at any given moment in time a difference in the
gradient of the Forbush decrease?

SLLIOT

Yes, on the average a difference of 10%,.
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ON THE INTERPLANETARY PLASMA

I.. BIERMANN

Mav-Planh-Tastitnt fiv Physih und  Astrophysik
Institul Jitr Astrophysilk - Minchen - Deutschland

Absivaci — A discussion is given of the main properties of the
interplanetary plasma and the assoclated magnetic fields, based on
geomagnetic observations, on the chserved properties of the plasma
fails of cometls, on the direct measurements from space vehicles, as
well as zodiacal light observations and some relevant radicastronomical
dala.

Reference has been made in these days to the indirect
evidence concerning the existence and the properties of the
interplanetary plasma, specifically to that component of the
interplanctary plasma which now is commonly called the « solar
wind ». Tt is the obiect of my survey to discuss this evidence
and to relate it to the direct measurements and to the theoretical
considerations which were discussed earlicr this week.

From geomagnetic data [T] we know: g

1) the magnetic storms are individual large events, which are
caused by plasma clouds emitted by the sun during solar
flares;

2) the recurrent magnefic disturbances, which are caused by
persistent particle streams emitted from certain long-lived
active regions on the sun, the so-called M-regions;

3) the almost continuous presence of some corpuscular solar
radiation has been inferred from the rareness of periods
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without any magnetic activity and from the fact that in
stations at high geomagnetic latitudes almost always some
geomagnetic activity and some polar avrorae are observed. .

Other types of observations which give information about
interplanetary plasma are the following:
1} the polarization of the zodiacal light;
2) the effect of the appearance of the radio point sources when
they are within 20° or so from the sun;
3) the acceleration of plasma tails of comets.

Only the observations of the comets’ tails allow conclusions
regarding the state of moticn of the interplanctary plasma and
the dircction of its motion. T will therefore start by discussing
the comets’ observations and the related theoretical work.

In order to introduce the subject T have to say a few gene-
ralities about comets, their heads and their tails.

One of the several {ypes of tails which I shall deal with in
defail is the so-calied fype I The direction of the type I tails
is approximately along the radins vectors from the sun to the
comet, In the second approximation the tail is usually lagging
behind, judged from the sense of motion of the comet, around
the sun, by a’'small angle of a few degrees of arc, just as if
the tail material were accelerated by particles of 10 or 15 times
the velocity of the comet (more precisely its component perpen-
dicular to the radivs vector), that is to say by particles moving
with several hundred km/sec. A large number of observations
of this angle were made by HormeisTER about 20 years ago.

The dimensions of the head are around 10 cm or a bit
more, those of the tails of type I are some 10" cm {o some
10" em in length and ~10% cm in diameter. In some cases
these tails reach through the whole inner system of the planets,
that is they extend over roo million km and more.

The spectra show that these tails of type T consist of mole-
cular ions such as CO*+, N,* and CO,*. These surface densities
are of the order of 10" or more emitting molecules per cm?;
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from this figure together with the dimensions we get the total
number of such molecules present in the tail at any given time.

There are reasons to believe that there arc more molecules
present than we see. The presence or absence of resonance
bands in the ordinary photographic or visual spectral range
appears to determine the selection. Owing to the dilution of
solar light the degree of excitation is only 107° or so of that
given by the Boltzmann formula; for this recason molecules
are cffectively observed only in their resonance bands. One
can casily see that those molecules which one would expect
in greater abundance, such as e.g. NHj, are unlikely to show
up because they do not have resonance bands in the accessible
spectral region.

Next we turn to the velocity and the acceleration of the
tail plasma, the discussion of which leads us dircctly into our
main subject, The velocities can be found from the displace-
ment in time of individual features. The plasma tails, in con-
trast to the dust tails, show a great numbes of structural featu-
res, such as filaments, clouds or edges, which we can follow
during one night, say from hour to hour or from night to night
for — in some cases - half a week. From such observations
it is possible to derive velocities — which are found to be of
the order of some 10 km/sec up to some hundreds km/sec —
and accelerations. In the older literature it is customary to refer
the accelerations to the local value of solar gravity; the fact
that the plasma tails are directed almost radially away from
the sun means, of course, that the acceleration is large compared
with the solar gravity. The individual values range from scveral
tens to severa! lhundred or even J»7103 fimes solar gravity, the
value of which is 0.6 em/sec? at the earth’s distance. The values
of the acceleration may differ greatly for the same comet from
night to night, also between different comets or (occasicnally)
between different parts of the same tail. ITssential features
of these tails are their richness in structures, about which 1 shall
say more later, and their activity and variability. This is in
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contrast to the behaviour of the dust {ails and of the heads of
most comets.

The next question is how can we understand the fact that
this acceleration is as large as it is. An obvious first suggestion
is that the tail molecules are driven by the pressure of solar
light, in other words, by the absorption and remission of solar
radiation. As far as the non-ionized molecules and the dust
particles are concerned, the light pressure is indeed likely fo
be the main force which acts upon them, the accelerations in
question being only of order unity or a fraction of unity.

For the molecular jons of the plasma tails the position is
rather different. The f-values for the observed bands of CO*
are very low (~2 x 107%); in consequence, the acceleration by
light pressure acting on these ions is only of the order of
0.1 x solar gravity. Of course, one may wonder how much
ahsorption below 3000 A and by other ions might contribute
to the acceleration; but since the momentum flux in this part
of the solar spectrum is much smailer than in the ordinary
range, even large f-values would not yield the observed acce-
leration.  Also one would have no explanation for the observed
high degree of variability. It seems therefore that we have to
look for another cause of the acceleration of these tails, and the
suggestion which has been discussed in the last ten years is
that plasma ftails are accelerated by the selar corpuscular
radiation. For the detailed justification I must refer to the
original papers and to the recent review by Rura LiUst and
myself [2].

Let me just summarize some relevant observations and the
theoretical position very briefly. As to the first, one would
obviously expect that if the earth and the comet happen to be
nearly along the same radius vector from the sun, then a
geomagnetic disturbance should be likely to be accompanied
by a disturbance of the plasma tail of the comet. This expecta-
tion has been checked for a number of comets and has been
verified with the probability which one might expect. From
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this kind of observation one should be able to deduce — if the
difference in radial distance is large enough — a value for the
velocity of the solar particles which accelerate the tail plasma;
on this basis Ruza Ltst found a velocity of the order of
300 km/sec for a case which occurred while solar activity was
generally at a low level.

With regard to the theoretical aspects, we have first to
enquire whether the solar corpuscular radiation has enough
momentum.  Using the evidence which has been described by
Prof. Rosst (which I understand is likely to be confirmed by
the present measurements from the Venus probe) we have under
quiet conditions a momentum flux of some 10-% dyn/cm? in
the vicinity of the earth. Using the ohserved overall densities
of ions in the tails, one can show that there is sufficient mo-
mentum provided the coupling between the solar and the tail
plasma is effective. With regard to the coupling there are
three possibilities: first, the direct coupling by the thermal
motion of the electrons. This mechanism appeared promising
ten years ago, when considerably higher figures for the density
of interplanetary plasma were accepted than today: but with
the present values it is likely to play a more secondary role.
Second, we have the possibility of coupling by magnetic fields;
this possibility locked somewhat more remote in 1951, but
now, as we have amply discussed, magnetic fields of the order
of a few gamma arc likely to be present in interplanetary space
practically always; these fields should indeed help to couple
together the solar plasma and the cometary plasma, theugh the
details of this interaction require further investigation.

Finally, there is the possibility that instabilities of some
kind enhance the coupling by drawing on the energy connected
with the velocity difference. The subject of plasma instabilities
has been rapidly developing in the last few years. Grenerally
speaking, one should expect that the situation of the solar
plasma is hitting the comet to be unstable from the points of
view which are currently discussed in plasma physics; but I
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do not wish to express any firm opinion on this nor on the con-
sequences of such an instability.

For the present purposes, I think it is sufficient to say that
we are apparently not short of possibilities, on the basis of
the general experience from plasma physics, the most likely
possibility, at the present time, being the coupling of the action
of magnetic fields; but T will not insist on this. From the
observational side, the high degree of variability of these tails
appears to be a strong general argument for ascribing the accele-
ration to the influence of the solar corpuscutar radiation, which
is known to exhibit just this character.

Let me therefore assume for the following that the plasma
tails do indeed indicate the presence of moving interplanetary
plasma and can be regarded as tracers for this plasma, We can
then draw immediately a number of conclusions from the obser-
vations of such tails. TFirst of all, we saw that the direction of
these tails is almost radial apart from what appears to be an
aberration effect reflecting the individual motion of the comet
itself. This means obviously that the direction of solar wind
is essentially radially away from the sun. One might ask
whether there is at those distances, where one usually observes
the plasma tails — that is between a few tenths and 1.5 AU —
any trace of co-rotation with the sun; that is to say whether
there is any visible difference between the direction of the tails
of such comets which move roughly in the same sense as the
sun rotates itself, and such comets which move in the opposite
direction. Now, no such difference has been found, which
means that if there is any component of co-rotation with the
sun of the solar plasma, then it must be smaller than the usual
amount of the azimuthal component of the comet velocity —
that is smaller than, say, 20 or so km/sec.

Furthermore, the velocities in the solar plasma must be
larger tban the largest velocity which is usually observed, which
means that we need in any case some Too km/sec in the cases
of more violent motion values of the order of 1,000 km/sec.
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These values are of course in the range which we believe for
other reasons.

Next and perhaps most important are the following obser-
vations: If we do observe a comet to have a plasma tail in one
night, then this comet is almost without exception found to
possess a plasma tail also in the following nights as long as
the comet is within the distance from the sun within which such
tails are ordinarily observed. The dimensions, the shape and
the general appearance of the tail might change greatly, but as
far as I know it has never been observed that such a tail,
after having been visible during one or a few nights, disappeared
for the rest of the comet’s period of wvisibility., So we have
to conclude that, while the property o possess such a tail is
presumably a property of the comet itself (probably connected
with its size, its chemical composition and its state of evolution),
the solar corpuscular radiation which accelerates the plasma
must have one component which is quasi-stationary. This com-
ponent has been termed the « solar wind » [3]. We have
heard that this conclusion appears to have been confirmed by the
direct measurements obtained until now.

Next we might enquire whether the property to have such
tails is connected with the general level of solar activity, that
is to say whether we observe such tails e.g. only if the sun is
at least at a moderate level of activity or else at all times during
the 11-year cycle. This question has been investigated in
greater detail recently by RuEA LUsT. From a total of some
30 comets with distinct type 1 tails, for which good data were
available, she found 4 which appeared during periods of very
low solar activity. Hence, we should conclude that the solar
wind is present also during minimum solar activity. In the
years to come we shall have another opportunity to see whether
that is really so or not. We should realise of course that we do
not see all the time comets with plasma tails; the possibility
that we are misled by some queer coincidences should therefore
not be disregarded.
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Next, we might enquire whether comets lose their plasma
tails if they move at a large angle to the ecliptic plane and pass
over the polar regions of the sun. PPart of the comets which are
known to have had such tails did indeed pass also over higher
latitudes of the sun; but their general properties did not differ
from those of comets moving nearer to the ecliptic plane. Hence
we should conciude that the solar wind is emitted also from the
polar region of the sun with a similar (though possibly smaller)
intensity as from the cquatorial regions. A first study of such
comets has been made by PETER Stumrr [4], who got an
indication that the average probahility of a comet having a
plasma tail appears to be somewhat lower if it is moving nearer
to the ecliptic plane. If that means that the solar wind is some-
what less intense above the polar regions, one could relate
this observatlion to some other evidence, which we shall discuss
later when we turn to the observations of radio point sources.

In this connection one might enguire about the mechanism
of ionization. Until some years ago, after the first rocket
observations, it looked as though the photo-ionization should
not contribute strongly while the solar wind was known to ionize
by the exchange of charge, e.g. between solar protons and non-
ionized CO melecules. This particular process, the result of
which are CO* ions and H atoms, has a large cross section
for the velocity range in question, its value being 3 x 10~ cm?,
which is one of the largest cross sections for processes of this
kind. At present the situation has become somewhat complex,
Using HINTEREGGER's latest data [35] for the flux of ionizing
quanta of solar light, it appears that the two processes are com-
pelitive and lead to time scales of ionization of probably the
same order of magnitude (~107% sec™!) [5a]. By the mech-
anism of charge transfer the solar wind itsclf contributes to the
formation of a plasma tail; for this reason one would expect
that the formation of a plasma tail might somewhat (but not
exclusively) depend on the intensity of the solar wind.

One might furthermore engunire about the true geometrical
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structure of such a tail. 1If the interplanetary magnetic fields
are essential in coupling together the solar and the tail plasma,
then the tail structure might reveal something about the
geometry of interplanctary magnetic fields. If for instance the
magnetic fields were mainly in the equatorial plane of the sun,
then one would expect the tail to have a rather flat structure
because the acceleration would be largely in that plane. Now
in fact the plasma tails look more or less the same from whatever
angle we see them. There has been at least one case where the
position of the earth was so that we looked approximately into
the tail itself; in this case the comet’s tail looked like a « Cathe-
rine wheel ».

This evidence appears to indicate that there is no preferential
orientation in those magnetic fields which couple together the
cometary plasma and the solar plasma. It tends to give support
to the conception that the local interplanetary magnetic ficlds
arc fairly disordered and variable.

In this connection we might ask whether we sce any struc-
tures in the comet’s tails which would indicate the presence of
magnetic fields. There are indeed several such indications; the
first 1s that the plasma tails usually show very fine filaments:
these filaments have a length of the order of a million kilometers
or more while their diameter is only of the order of some thous-
and kilometers. Their lifetime is of the order of half a day or
so. It is now easy to see that in order fo keep the structure as
sharp as it is for this length of time, cither the temperature
would have to be very low, of the order of only a few degrees
Kelvin — a temperature which is entirely unreasonable — or
else these filaments must be kept together by some force, pre-
sumably magnetic fields. In this argument it has to be realised
that we do not require magnetic fields which take up the lateral
pressure since the filaments might be embedded in invisible
plasma; we are therefore led again to valies of the magnetic
fields of the order of a few gamma. As to the question of the
origin of these fields, the situation is somewhat complicated.
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One possibility is that the magnetic fields are carried by the
solar wind and have themselves a filamentary structure; but it
could also be that these filaments are created by the interaction
of the solar winds with the cometary plasma.

Occasionally, we see in a tail a structure which looks like
an edge, which when first observed is always near to the head,
but moves further away in the course of the next days. Such
an edge may be observed to move quite fast; the whole fail
appears to be disrupted such that there is for a few hours a gap
between the original tail, which is moving away fast, and the
head of the comct itself, out of which a new tail is formed.
I think this phenomenon could be associated with PARKER's
conception of a blast wave in interplanetary space, which of
course could take up the pressure which must arise from the
compression of the tail material. Such an edge is a rather rare
phenomenon but we know a number of examples of it. That
we have to assume that magnetic fields arc operative there
follows again from the fact that such edges are sharp. In the
comet Mrkos of 1957 such an edge was seen for three successive
nights without any apparent diffusion. With the magnetic fields
which for other reasons (see e.g. Prof. PARKER’s discussion [3])
we believe to be connected with such shock waves the observa-
tion can be explained.

Another observation of some interest is that such a tail
occasionally looks like a glant cork-screw. Similar shapes have
been secen in solar prominences; the figure itself reminds us
of the structure of the so-called force-free magnetic fields. One
(tentative) way of looking at these structures is this: disrupted
magnetic fields are carried info interplanetary space by clouds
of solar plasma; if the plasma pressure falls below the magnetic
pressures, the configuration must progressively become force-
free.

We might ask for which reason the direction of the tails
reveals nothing of the large-scale magnetic fields. As we have
learnt from the cosmic ray observations, there are indications
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that quite often a preferential direction exists in the interplane-
{ary magnetic fields which conforms to the garden hose angle.
Now the flux of momentum of the solar plasma is larger hy
several orders of magnitude than the erergy density of those
magnetic fields of a few gamma, which are usually there; it is
therefore the motion of the solar wind which governs the
dynamical interaction between the tail plasma and the solar
plasma, though the motion of energetic charged particles is still
largely influenced by the large-scale magnetic fields,

Last, we might enquire about the masses concerned. As
we heard already, there are reasons to believe that in a comet
there arc many molecules which are not visible. We are just
in the process of investigating this question anew. It looks as
though often we have gaseous matter in a similar amount by
mass as we have dust. This is a suggestion which on a different
lbasis has been made already by WHaIPPLE a number of years
ago, and there are independent reasons now for believing that
the total production of gas on a comet is considerably larger
than indicated by the amounts of visible ionized and non-
ionized molecules.

The production of visible molecules is of the order of up to
10% or possibly 10% mol/sec. An observation which is relevant
in this connection is the following: Swings and GREENS-
TEIN [6] have noted recently that there are comets which show
forbidden lines of atomic oxygen, and SwiNGs and Mme Rumy-
Bartrtiav [7] have shown furthermore that this is quite a com-
mon situation. I will not try do discuss the details, but it is
perhaps easy to see that the excitation probability for the ap-
pearance of the forbidden lines of oxygen is very low; taking
as a guide the processes going on in the higher atmosphere of
the earth, we are led to amounts of gaseus matter and molecules
containing oxygen which are large, certainly larger by several
power of ten than those found from the figure of 10% to
10 mol/sec which I gave combined with the time scales in
question, I mention this here because it means that the velocity
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field of the solar plasma is likely to be affected by a comet out
to considerably larger distances, of the order of some 10' or
of ro!! em [8].

With regard to the mechanisms of the interaction, there is
one detail which T should perhaps mention; the exchange of
charge in the presence of a magnetic field has the consequence
that the whole plasma is slowed down. This is a point of view
which has been emphasized recently by HarwiT and Hovie [g).
One can immediately see the following: If enly 1%, of the solar
protons cxchange their charge with molecules, then the mass
per particle is increased by something like 30%, assuming that
CO or N, are typical molecules. If we allow for conservation
of momentum, then of course the mass velocity of the plasma
is reduced by at least 30%; in fact the reduction must be still
larger [8].

I now pass on to some other possibilities of obtaining in-
formation about the interplanetary plasma; these are based on
the polarization of the zodiacal light and on the influence of
the interplanctary plasma on the appearance of radio point
sources. The degree of polarization of the zodiacal light is of
the order of several 10%,. The polarization is partly caused
by the electrons, partly by the small dust particles which scatter
or reflect the solar light. Unfortunately it has turned out to
be very difficult to separate the contributions from these two
causes. For this reason all attempts to find values for electron
density in interplanetary space from the zodiacal light observa-
tions have not led to a conclusive result other than just to in-
dicate upper limits which are 2 100 electrons per em?®, accord-
ing fo some authors as large as several 100 cm 3,

We turn now to the observations of radio point sources in
the vicinity of the sun. Owing to the motion of the earth around
the sun, it often happens that a radio point source can be seen
at an angular distance of less than 20° or 30°. The apparent
diameter is then regularly found to increase to values of the
order of several minutes of arc.

lz0)] Diermann - pag. 12
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One finds from these observations [10] that in the vicinity
of the equatorial plane the appearance of radio point sources
indicates the presence of scattering electrons out to distances of
about 100 solar radil. The observations indicate furthermore
that in the direction of the poles the influence of interplanetary
electrons usualty does not reach quite as far. It looks as though
the surfaces of equal density of the scattering clectrons are
somewhat flattened, possibly in the ratio 4:3 approximately.
This, of course, reminds us of the work on comets moving at
high heliographic latitudes; there was also an indication that
the intensity of the solar wind is possibly somewhat smaller
above the polar regions of the sun as compared to the equatorial
belt.

Unfortunately, the radio observations were made only over
a limited period of time, three months or so; it would be very
important to repeat them during the whole solar cycle just fo
see how the properties of the electronic component of the inter-
planetary plasma, as far as they can be derived from these
observations, change.

Other observations of radio point sources have given in-
dications of a filamentary structure of the scattering medium
stretching out approximately radially; but again it is rather
difficult to conclude more than that this observation again
indicates the presence of scattering electrons and some such
structures in their distribution.

From the radio observations it is not possible until now to
derive a value for the density of the scattering elecirons, but
one can check whether the observations are consistent with the
values of the electron density which one derives from the direct
observations, This is indeed the case il we assume a value of
the order of 10! cm~? at the earth’s distance from the sun outside
the geomagnetic field.

Since unfortunately most direct observations were made in
the transition region between the magnetosphere of the earth
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and interplanetary space, it might stiff turn out that the true
value is somewhat higher than the 10! cm~3 usually given.
Most of the comments which might be made in connection
with the theoretical schemes of PARKER and Gorbd have perhaps
been mentioned in my discussion. I think both are compatible
with the comets’ observations, though it is not possible to
discriminate between the two. But I have found no simple way
of connecting the comet observations with the picture proposed
by Prof. Ervrior. In closing I would like to draw attention
again to the general disparity which appears to exist between
the momentum flux of the solar wind and the energy density
of the magnetic fields which under normal circumstances are
likely to be present in interplanetary space. It is the momentum
flux of the former which scems to dominate in the absence of
special events.

f20] Biermann - pag. 14
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DISCUSSION

Chairman, B, Rosst

SINGER

Could you detail the interaction between lhe solar plasma and
the cometary plasma by way of magnetic fields?  Would it be
possible for you to draw the magnetic field struciures as you see
them?

BIERMANN

We need to be concerned only with the component perpendicular
to the motion. We assume that the solar wind carrics always some
lines of forse, which are embedded in the plasma, so that an observer
moving with the plasma sees no electric field. 1f now by exchange
of charge or by photo-icnization of cometary molecules we get
molecular ions, we have a sitvatien in which originally the solar ions
and those of cometary origin have very different mass velocities.
The time scale with which the two are coupled together is then of the
order of the gyration frequency of the respective ions. That can be
seen by applying the ordinary three fluid equations.

SINGER

Then as 1 understand it you always require some perpendicular
component of magnetic field to give you the coupling term.

GoLp

I was intending to speak on just that point. If the field is rough.
then T think the situation for the acceleration is much simpler; if
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one required always a normal component of the field, and the field
were not rough, then of course the tail would take up only the
normal component of the field. If the field is rough, then an ion
generated within it has a high probability of being caught in the
next mirror that comes aieng. The next contraction point in the
uneven field will catch it and it will therefore have a large tendency
to move in the direction of motion of the plasma, which appears
to be usually radial to the sun.

Then T wanted to ask a question about how close to the sun can
you make your limit on the co-rotation? You said that you could
not have a co-rotation of the gas out here, or else the directions of
tails wouid all be wrong, but could you have co-rotation at 1/4 AU?

BIERMANN

That is somewhat difficult to say. I do not recall any detailed
study of how near to the sun there is reliable evidence on the direction
of the tail, but certainly down to ¢.5 AU one does have observa-
tions (1). 1 am not sure whether there are good observations of
comets nearer o the sun which could be used for this purpose.

As to the other point, I agrec that the roughness of the magnetic
field of course helps to couple them together, but T do not agree
that if the fields were not so rough you would get a substantial angle.
The disparity of the momentum flux which I drew attention to will
in any case have the consequence that the tail plasma will have
to mave essentially in the direction of motion of the plasma itseld,
because the cometary ions form lumps of conducting matter which
are so to speak thrown into the solar wind.

GoLp

I do not understand that last point. I I had a radial field, then
I have no effect at all in the smooth case; if I have a field which

() C. Morrmuister, Z. f. Astrophysik, 2z, 265, 1943.
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is wound up info an Archimedes spiral, then 1 will have an effect
all right in the equatorial plane but T will have the wrong direction
for any components out of the plane.

BIERMANN

The mass of cometary ongin set into motion is relatively large.
The lines of force of the magnetic field connected with the salar
matter wonld then be affected roughly as for instance in the scheme
which a number of years ago was proposed by ALrvEN, Irrespective
of the detailed scheme, any sort of irregularity, aiso of the mass
distribution, which reacts on the magnetic field, will always serve
to bring about some effect simijlar to the one which you have
described.

EiLior

Prof. BierMann mentioned the incompatibility between the idea
of a radial streaming field and the picture which T have advocated
from time to time. 1 would like to say, however, that T have never
disputed that the field is from time to time radial; indeed I have
said so. The point at issue is whether or not there is a long time
average component which is perpendicular to the plane of the ecliptic.
Now I agree with you that as the solar wind becomes smoother,
more comprehensive both in space and time, so it is harder and
harder to believe in the plausibility of such a component, unless
one has some kind of effect like the shredding of the external field
by the outward streaming plasma, In fact, since the plasma has a
high conductivity, any field which it did not contain at the beginning
will tend to avoid it from then on. The external field would not
penetrate into it, so that there is the possibility of a plasma moving
outwards through substratum of field with a direction perpendicular
to the plane of the ecliptic. This would mean, of course, that the
wind itself had structure, and you would see it shredded in this way.
Is that not perkaps what your comet tails show?
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BIERMANN

In which respect do you see a confirmation of your picture from
the comel’s observation? I have not guite got this point.

Ervior

I did not intend tv say that! I didn’t see any confirmation, What
I am saying is that if one has a large-scale steady streaming out-
wards of solar material which takes place all the time without pause,
then the only way that I can see that this could be compatible with a
field having an appreciable component perpendicular to the plane
of the ecliptic would be that the wind was divided up in space info
regions where it flowed and regions where it avoided the external
field.  This is perbaps not too inconsistent or incompafible with the
pictures Prof. Gorp just showed us of comets with rather well defined
streamers.

Bieraann

That is a possibility which perhaps cannot be strictly excluded.

Ervior

But it is one which should be resolved quite soon when we know
a little bit more about the structure of wind.

GoLbp

I have one other point I forgot to make, The fact that the mass
put info the field by the comet is quite significant, as you say,
has of course the effect, since the stagnation pressures tend to be
larger than the field in the first place, of making the field locally
stronger than it was before. In the discussion I gave the other day,
we considered the case of piling in the field on the surface of the
moon, where it is stuck in the hard material and you cannot move it.
But if you pile in the field into a gaseons body whicl cannot resist
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heing taken apart, then it must have the effect of putting extra
magnetic field pressure into the head of this comet, which will there-
fore tend also to take it apart sideways. I think that is the reason
for sceing, as one clearly did on some of the pictures, that the tail
is spreading and has individual streamenrs going off at some substantial
angle from the mean direction, The fact that you have extra
magnetic pressure piled into the head wili mean that that will serve
to give a divergence to the tail as the material is picked up,

Brermann

I believe the picture which you propose here is largely that one
discussed by Harwrr and Hovie (2). There are certain reasons
why T hesitate to commit myself to this; part of these are connected
with the time scale of the jonization — a subject which T intentionally
left out of the discussion, The observational fact is that the strue-
tures which then develop info streamers are offen produced in a
time scale of the order of some 10? or 10t seconds only; that is hard
to account for if the density of the solar particles is not higher than
it is now accepted. Harwirt and Hovie thought that the piling up
of the solar material in form of the comet would lead to a local
increase of the density with the result that one would have a shorter
time scale than in free interplanetary space. Qur own subsequent
work has not confirmed the Harwir-Hovir point of view in this
detail; it tarns out that one gets a similar situation as in a fast
shock, in that even with infinitely large Mach number you do not
get a very large increase of the density. It is still doublful there-
fore, whether one gets thereby a sufficient change of the time scale
of ionization,

GoLn

The only statement I am making is that extra magnetic pressure
will in any case be available for spreading out the {ail,

Gy Ap. . 135, 867, 875, xa62.
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BIERMANN

I agree with you as far as that goes, but [ wish to say that there
are certain features of the situation (limiting the applicability of
simple arguments based on the balance of mementum) which I inten-
tionally left out of the discussion today because it would lead us too
far away from our proper subject. Further work on those questions
will appear in due cowse in Z.f. Astrophysik (see references f8n.

SINGER

You mentioned daring your talk that the momentum flux of
ro—8% dyn/cm? was adequate to produce the observed accelerations.
I wonder if you could give some estimate as to what would be the
minimum momentum flux which could produce the accelerations?
1 gather that 1o-8 is more than adequate.

BIERMANN

That is somewhat dilficult to do. If you just have to accelerate
the matter which is visible in the form of CO*, one could simply
write down the local balance of momentum; that of the solar wind
with a momentum flux of some 10-¢ dynjcm? should be adequate,
though not by a very large margin. But we should also expect some
transfer momentum from the side to the main body of the tail;
actually a velocity field of the solar plasma will exist around the
comet such that — as I said earlier — we have the full velocity only
at some fairly large lateral distance {of the order of To! cm). While
{his makes the physical situation somewhat complicated, it helps of
course to accelerate the tail plasma with a fairly low over-all flux.

SINGER

The other point I have some difficuity with is to understand why
the direction should be so precisely radial when the comet is at large
solar latitndes. Is not the outflow of gas from the sun controlled
by the magnetic field structures we have been talking about in con-
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nection with the cosmic ray events? The main magnetic field
certainly is not radial,

BIERMANN

Comets which move at a rather high angle to the ecliptic plane
can usually be well observed. As far as I recall, to the first ap-
proximation, thaf is within a few degrees, one observes the tail having
the radial direction,

PARKER

If you write down the hydrodynamic equations and put in the
magnetic fields that one normally believes in, such as one gauss near
the sun and a few y far out in space, you find that the motion of
the expanding corona, except perhaps very near the sun, is within
a few degrees of being radial, regardless of the magnetic field struc-
ture at the sun.

BirrMANN

What is observed on the comets agrees exactly with what you
expect from the theory.
Rossi

Is not this because the energy density of the magnetic field is
small compared with the kinctic energy density of the plasma?
PARKER

That is right.  Anywhere beyond about fifty solar radii the
magnetic energy content is very small compared to the kinetic energy
density of the solar wind.
SIMPSON

Have there been any observations of comet tails following large
solar bursts? The reason I ask is that, for exampie, in November

20} Bigrmann - pag. 23
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1960 cvents there was not only the low encrgy plasma flow ({solar
wind) and magnetic field changes, but also there were the higher
energy protons witl a total flux of about 107,

BBIERMANN

T recall an event connected with the comet Whipple-Fedtke of
1942 which, however, was mainly visible in the carly months of 1043,
On March 2g, 1943, there was 2 good sized geomagnetic storm, the
largest for a fairly long period of time; this event was clearly visibie
in the comet tail, the structure of which was entirely unusual on that
date. A similar event was seen onty once before in this comet, just
about one solar rotation prior to March zg, such that it looked as
though there was a longer-lived active M-region. In these two
cases the tail looked conspicuously tarbulent, as may be seen from
the pictures obtained at the Somncberg Observatory (3).

Tn that case the general level of solar activity was low. The angle
between the comet and the ecarth, as seen from the sun, was within
20° or sa.

() 2. f. Astrophysilk, 2z, 3035 23, 8, 3194314
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HIGH ENERGY ELECTRONS
IN INTERPLANETARY SPACE

S, HAYAKAWA
Physical Institule, Nagoya University - Nagoya - Japan

Abstract - Cosmic electrons of relativistic energies are expected to
e prodeced by the collisions of cosmic ray particles with interstellay
matter. Recently we have calculated the energy spectrum of the
electrons down to 1o MeV on this hypothesis and found it to be not
inconsistent with recent cbservations. If, however, various effecls
operative in interplanetary space arc taken into account, the observed
intensity of electrons should not in general be in agresment with the
calculated one hecause of the following reasons.

The solar modulation cuts down the subslantial part of electrons
with energies lower than several GeV. Flence the intensity cbserved
should be lower than the one calculated for the galactic space. This
negative effect may be compensated, at least in part, by the following
positive effects.

Firstly, albedo electrons are mixed to the primary ones near the
cut-off energy. Secondly, there may be a contribution of electrons
accelerated together with protons and heavy snuclei.  Thirdly, as a
gpecial case of the second source, electrons produced by solar outhursts
may also contribute to primary electrons.

These positive and negalive contributions will be estimated semi-
guantitavely by reference to various related phepomena including solar
radic outbursts, Possible methods for investigating these effects will
also be discussed. Finally it will be empbasised thal observations of
cosmic eclectrons will provide an important means to investigate not
only the galactic origin of cosmic rays but alse some properties of the
interplanetary space.
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I. INTRODUCTION

It has been well known that the primary electrons in
cosmic rays have important implications in the Galactic origin
of cosmic rays and in radioastrecnomy. 1In this report we
discuss their importance alse in the cosmic radiation in the
interplanetary space. There are two main points which our
discussions are concerned with., One is the interplanetary
modulation and the other the solar preduction.  Altheugh
both problems have been well investigated with protons and
heavy nuclei, their effects on electrons do not only supple-
ment our knowledge obtained by means of nuclear particles
but aiso provide some new information which may otherwise
be hardly obtained.

The modulation cuts down the Galactic electron intensity
below a few GeV by a considerable factor, so that recently
reported observations [1], [2] scem to give too high intensities
to be accounted for in terms of the secondary electron hypo-
thesis. According to this hypothesis, the electron spectrum can
be predicted free from the ambiguity in the low energy part
of the proton spectrum which is subject to considerable modu-
lation. Therefore, the electron spectra in different periods would
give us the modulation factors, if the secondary electron hypo-
thesis were taken for granted.

The solar production of electrons is expected from the radio
outbursts which are believed to be due to the synchrotron radia-
tion. Tt has been pointed out by Gorp [3] that these electrons
responsible for the radio outbursts should survive against the
radiation energy loss and would be cbserved together with
solar protons. In fact, a recent observation by MEYER and
VoGT [4] has detected such electrons after solar flares in July,
1961. Since the mass of the electron is much smaller than that
of the proton, it is interesting to ask the mass dependence of
the acceleration efficiency; this is not easy to see from the
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observation of heavy nuclei, mainly because the degree of
ionization may change in the course of acceleration. TIf there
are a considerable amount of electrons emitted from the sun,
they may be trapped in the solar system, so that they contribute
to the primary electrons even without association of solar flares,
just as in the case of the solar component of protons {5].

Although electrons responsible for the radio outbursts are
thought to be accelerated primarily, a possibility that they are
the secondary products of protons has tc be examined,
especially for their high energy part. The relative importance
of primary and sccondary electrons is also an important
question about Galactic electrons. This can be answered by
observing the relative intensities of negafons and positens,
because the latter are expected only In secondary clectrons.
The feasibility of distinguishing negatons and positons with the
aid of the geomagnetic effect is discussed by reference to the
recent work by Oxupa [6].

2. GALACTIC ELECTRONS UNDER THE SECONDARY ELECTRON
HYPOTHESIS

The intensity of Galactic electrons expected under the
secondary electron hypothesis has been given by many authors.
Here we refer to our own calculation [7] which is mainly con-
cerned with the low energy part of the electron spectrum.

If we pay attention to those electrons which have energies
smaller than a few GeV, their intensity and energy spectrum
are approximately given by

7 (E)dE = (T,/T,) s(E) dE (2.1)
because the energy loss due to the synchrotron radiation and

the inverse compton effect is negligible. s(E) dE is the source
energy spectrum of electrons and can be calenlated rather unam-
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biguously by referring to the energy spectrom of nuclear part-
icles and their pion production cross section at high energies.
T, is the mean lifetime of the electrons in the Galaxy and is
supposed 1o be practically independent of energy at such low
energles. T, is the collision mean lifetime of nuclear particles
with interstellar matter. Here we take

T,/T. = 0.06 {2.2)
for defmiteness. Since T, is expressed as
T, = *fec

where A is the collision mean free path, g the average density
of interstellar matter and ¢ the velocity of cosmic ray particles,
our choice of (2.2) corresponds, say, to

A=50 gem™?; p=3x 107 % gom~3; T,=13 x 10" sec.

The differential energy specttum of electrons thus obtained is
shown in Fig. 1, in which its high energy part is also shown
by taking the cnergy loss processes into consideration, Tn the
same figure the spectra of posifons and negatons are given
separately.  Their infensities are nearly equal above 1 GeV,
whereas the positon excess becomes apperciable at low energies,
simply because protons are more abundant than neuirons in
the nuclear particles and the multiplicity of pions is low.

The intensity and the energy spectrum of electrons given
in Fig. 1 are not inconsistent with the evidence of general
Galactic radio emission.  Therefore, the secondary electron
hypothesis as well as the values of the parameters chosen may
be regarded as not far from reality. As is common to any
theoretical prediction concerning the origin of cosmic rays,
however, the absolute value of the electron intensity calculated
cannot be accurate, say, within a factor of two, although the
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i, 1 — Differential momentum  spectrum of  « secondary »  electrons.

Proton: The spectram of protons responsible {or the produstion of electrons;
¢': The spectrum of positons; ¢ The spectrum of negatons.
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shape of the spectrum is rather reliable, Hence the secondary
electron hypothesis will have to be tested by comparing the
relative intensities of positons and negatons, because electrons
primarily accelerated are supposed to be negatons,

One of the possible methods for this purpose is the observ-
ation of the azimuthal dependence of the electron intensity.
Since the azimuthal dependence practically disappears at too
high latitudes, this method is applicable only at intermecdiate
latitudes, namely for electrons of energics at scveral GeV. In
this energy region the secondary hypothesis predicts the nearly
equal intensities of positons and negatons. If this were the
case, no azimuthal dependence would appear. Therefore, the
azimuthal dependence will indicate the relative intensity of
« primary » electrons which are assumed to consist exclusively
of negatons.

On the basis of the primary eleciron hypothesis, in which
the clectron intensity given in Fig. 1 is assumed for convenience
as due entirely to negatons, the azimuthal dependence at zenith
angle 60° is shown in Fig, 2 [6]. On calculating this the cut-off
rigidities predicted by STORMER’s theory for the dipole field are
adopted, because a more elaborate calculation by ScHwaRrz [8]
gives the azimuthal dependence of cut-ofl rigidities at latitude
40° very close to the one obtained by STORMER’S theory. The
azimuthal dependences at five latitudes given in Fig. 2 will be
good enough for giving an idea on the feasibilities of such
experiment.

Since no information on the « primary » electrons is yet
available, our discussions in what follows will be based on the
secondary hypothesis, taking it into consideration that any
deviation from the secondary hypothesis will imply some indi-
cation of modulations or additional sources.
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3. INTERPLANETARY MODULATION

The variation of the energy spectra of protons and heavy
nuclei is known to take place in connection with solar activities.
If we consider the rr-year variation, the spectra have been
well observed during the last solar cycle [g]. On deducing
the modulation mechanism on the basis of these observed
spectra, a difficulty lies in our ignorance on the unmodulated
spectrum, since the modulation seems to be effective even in the
calmest period of the sun. If, however, one refers to the electron
spectrum, one would be able to obiain unambiguecus informa-
tion on the modulation, provided that the electrons to be
observed were mainly of secondary origin.

The argument for this goes as follows. The secondary
electrons in the low encrgy region are produced by nuclear
particles of high energies, at which the modulation is unimpor-
tant. ‘Therefore, the electron spectrum shown in Fig. 1 shows
the unmodulated one, so that any difference of observed ones
frony it would indicate the absolute magnitude of the modulation
factor.

As an illustration, we draw modulated electron spectra in
Fig. 3. Here the integral spectra are compared because of their
direct connection with observations, The modulation factor is
assumed to be the ratio of an observed proton infensity to the
extrapolated one. The extrapolation is made from the proton
spectrum at high rigidities to lower values with the same power
shape, f.e. 0.4 p~'* cm~? sr~igec™!, where p is in units of
GV [g]. If this modulation factor is used, the electron inten-
sity below 1 GeV is greatly reduced, as shown in Fig. 3. The
observed intensitics [1], [2] then turn out to be much higher
than the modulated intensity. This iflustration indicates how
sensitive the electron intensity is to the modulation.

The discrepancy may be attributed to the following causes.

bz1] Hayakawa 11 - pag. 8
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1) The modulation factors employed are too large due mainly
to the error in the unmodulate proton spectrum; it may be
smaller than the extrapolated one. 2) The « primary » clectrons
contribute significantly and preferentially to a low cnergy part.
3) The contribution of solar electrons is significant, preferen-
tially again at low energies. 4) The observed electrons involve
a considerable amount of albedo electrons [10].  All these
cffects are likely to co-exist and the separation between them
does not seem fo be possible at present. Among them, however,
1) and 3) are common in their nature and hoth contribute to the
negative excess of electrons. Since 3} will be better known in
relation to various solar phenomena, we shall discuss this
problem in the next section.

4. ELECTRONS ACCELERATED AT THE SUN

Some types of the solar outbursts of radio waves are believed
to be due to the synchrotron radiation of electrons. It may be
convenient for later discussions to summarize a number of
mportant consequences of the synchrotron radiation theory.

If the electron spectrum is assumed to be of a power shape

N(E) dE = « N, (E,/E)* dE/E, (3.1)

where E is the total energy of an electron, the radio spectrum
observed at the earth is given by [11]

F(v)=6.0x107 {(a) B, Ny (ve/v)? Wm=? (/) (3.2)
where f{a) is a numerical factor close to unity for a reason-
able values of . B, In gauss is the average magnetic field

strength perpendicular to the velocity of electrons. The relation
between an clectron energy and a radio frequency can be seen
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from the most probable frequency emitted from an electrons
of encrgy &

vy=14x300 B, (B/mc, cfs (33)

where m is the electron mass. The hali-life of electrons against
the synchrotron radiation is given by

Tyy=0.51 % 10" (mc?/E) / B 7 sec. (3-4)

For the lifetime of electrons we have also to fake the inverse
Compton effect into account. This is as cffective as the syn-
chrotron radiation for the energy loss, so that

T,/ (Compton} ~ 0.5 x10° (mc?/E) sec. (3-5)

at the solar surface, but the scattered photons lie mainly in
the soft X-ray region.

The relation between radio outbursts and high energy elec-
trons has been analyzed by various authors in considerable
details, among them by Takaxura and Kar [12] paying
particular attention to the microwave burst. However, the
correlation with the solar proton production is found better for
the meter wave outburst [13], which may be called the type
IVm [14]. Indeed, the source of type IVm bursts seems to
extend as far as several solar radii and there may, therefore,
be a high probability of association with particles emitted in
the interplanetary space. Here we are mainly concerned with
type IVm outburts and consider the properties of electrons
injected,

First of all, as was pointed out by Gorp [3], we show that
electrons responsihle for type IVm outbursts can survive for a
long time after they are accelerated. Since the magnetic field |
strength high in the solar corona may be as low as 1 gauss, a
representative frequency of vewrof ¢fs corresponds to an elec-
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tron energy of about 5 MeV. The half-life of the electron in
this case is, according to (3.4), and (3.5) as long as one year.
Even an electron of 1 GeV can survive as fong as a day, whereas
an outburst continues for the order of an hour. If the field
strength is taken as high as 10 gauss, electrons of energies below
100 MeV can still survive without appreciable energy loss.
Morcover, the energy decreases inversely proportionel to time
and consequently even affer ten times the half-life an electron
of high initial energy may have a non-negligible energy. Once
electrons are Injected in the interplanctary space, their energy
loss is negligible even for multi-GeV electrons, because the field
strength is rarely greater than 10~* gauss.

Next we compare the radio intensily of {ype IVm bursts.
If we take I (v) ~ 107" Wm™? (¢/s)"! as a representative
value, the number of clectrons responsible for the radio emission
is obtained as

N, o 107 (3.6)

This is not much different from the number of protons produced
by a solar cutburst. However, the energies of a proton and an
electron emitfed are different. The former may be of the order
of oo MeV, whereas the latter is on the average only several
MeV, as expected from (3.3). If one observes protons and
electrons in the same energy range, the infensity of protons
may bhe much greater than that of electrons. This seems to be
a reasen why one has rarely observed solar clectrons.

Recently electrons which are likely to be of solar origin have
been observed [1]. Their intensity is higher than the normal
electron intensity and their integral energy spectrum is repre-
sented by E-? between 100 McV and 1.3 GeV as indicated in
Fig. 2. This seems to be associated with solar flares in July,
1961. Although no proton data at high altitudes are vet avail-
able, the proton infensity seems to be as small as in an event
on Sept. 3, T960, on account of the neutron data obtained at
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Deep River [15]. In the September event the proton intensity
of rigidities above 10 MV is about 10 em~? sr= sec=! and the
rigidity spectrum is slightly less steep than the electron spectrum
in the July event. If these intensitics are compared around
300 MV, the electron intensity is smaller by a factor of about
300. If we extrapolate the electron spectrum towards low
energy with the same power shape, the electron intensity at
about zo MV would be as large as the proton intengity at about
300 MV. The shift of rigidity by a factor of several tens is
in agreement with the general consideration given above.

A similar argument may apply for elecirons in quiet periods.
According to Vot [5], protons which seem to be of solar origin
are found to be stronger than Galactic protons below several
hundreds of MV. Their intensity is only slightly higher than
the electron intensity cbserved by VogT and MEuyER [2] in
quiet periods and the same amount of rigidity shift as above
would give too low an intensity of electrons. If, however, we
consider a possibility of the contribution of albedo electrons, the
difference would be greater. Therefore, a significant part of
the electrons observed may be of the same origin as the low
energy protons.

Although no quantitative conclusion can be drawn from
these data, the above discussions seem to provide the evidence
that electrons are injected from the sun together with protons
and their intensities are of the same order of magnitude if rigi-
dity is shifted by a factor of several tens, This factor scems
to be nearly equal to the square root of the mass ratio of the
proton and the electron, which is equal to the ratio of momenta,
of the proton and the clectron in a thermal equilibrium. If ther-
mal protons and electrons are accelerated by magnetic pumping,
their momentum ratio will remain as it is.

It may he interesting to check this hypothesis by comparing
the relative abundances of heavy nuclei from the sun, In the
November 1960 event the above relation seems to held, while
heavy nuclei are underabundant in the September 1960
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event [167. Since the September event is of rather small scale,
it may be possible that the ionization of heavy atoms did not
proceed fast enough, so that their effective charge to mass ratio
could have been small.

Now we come back to the sccond point 2) mentioned towards
the end of Sect. 3. It is quite likely that other cosmic ray
sources ¢ject clectrons just like as in the case of solar outbursts.
For example, electrons in the Crab Nebula possibly escape to
the outer space [11]. If the intensity of such clectrons is that
expected from the rigidity shift, it turns out to be about the
same order of magnitude as the intensity of secondary clectrons
above a few hundred MeV and would be greater at lower ener-
gies. This does not conflict other evidences now available and
will be an interesting problem to look for in more detail. In
this connection, we again emphasize the importance of observ-
ing the charge of electrons.
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DISCUSSION

Chairman: B. Ross:

NEY

[ think that the point of view that Dr. Havaxawa takes about
the clectrons is quite different from the one that STEIN and I have
worked cut. In particular T feel that the low energy elecirons that
Dr. Hayakawa would like to have in low magnetic fields are a
kind of residue left over from the elecirons that are accelerated
together with the protons. The radio emission from these electrons
lasts for hours after the flare. What Stemw and I considered was the
radio emission that occurs during the flash phase of the flare when
it is quite clear that the protons are being accelerated; we claim
that the same number of electrons as protons, and with the electrons
at hundreds of MeV in fields of several hundred gauss, will account
for not only the radio emission but also the white light from the
flarze.  One could not possibly get white light from clectrons of
10 MeV in a field of a few gauss. The other point is that 1 believe
the energy spectrum of the elecirons, which Dr. Havakaws has,
will just not give the right radio frequency spectrum. What one
observes in the flash phase of the flarc is that the higher the frequency
the higher radio wave energy goes up, whereas any power law
spectrum makes the slope of the radio spectrum oppesite.  This
is the reason we were led to a monoenergetic or exponential rigidity
spectrum of the electrons in high magnetic ficlds and with relatively
high encrgy clectrons.

L2017 Hayakawe IT - pag. 17



518 PONTIFICIAE ACADEMIAE SCIENTIARVM SCRIPTA VARLA - 25

HavarAWA
1 think Dr. Ney's comment cleared up the difference between
two points of view. We have dealt with different things for different

purposes,

SIMPSON )

There arc two experimental points that are clear from the measu-
rements of Mevir and Voor. One is the observation of a 40%
decrease in electron intensity during the Forbush decrease of 3
September 1960. These results would be most simply explained as
solar modulation of galactic clectrons. But there still remains open
the question of whether these were stored solar electrons that have
been swept away suddenly during the event itself through the inter-
vention of magnetic fields. The second point is based upon some
unpublished results for 1g62. They find that following a solar flare
in July 1962, they obtain 3 electrons per 100 protons for particles
of rigidity greater than 350 MV. This is a preliminary result, but
it seems to be firm.

Havakawa

May T ask if the July 1962 event was similar to that in iast year?
The clectron intensities in these two events appear to me nearly
the same.

SIMPSON
T do not have the numbers here at the moment to compare, but
they are not greatly different.

VALLARTA

In the Stérmer theory one does not have a north-south asym-
metry because the Stormer cone is a circular cone with the axis
along the cast-west line; but in the theory of the allowed cone one
does have a north-south effect. Now the interpretation of the north-
south cffect is difficult both from the experimental and theoretical
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points of view, because experiments have to be made at very high
zenith angles and therefore the statistics are usually poor. There
arc a few experiments on the north-scuth cffect. The interesting
point that I want to bring out is this: if one compares the north-
south effect with the east-west effect, then one comes out with just
about the same results as have been obtained experimentally by
Meyer and Voor and by Earr. The north-south effect depends
upon the sum of positives and negatives, the east-west effect depends
upon their difference, and by comparing these two one can caleulate
the percentage of positives and negatives, Although this does not
seem to be very significant T think it is worth mentioning.
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REVIEW PAPER I

NATURE, FLUX AND ENERGY DISTRIBUTION
OF COSMIC RAY PARTICLES
IN INTERPLANETARY SPACE

B, PETERS

Institute for Theorstical Physics - University of Copenhagen
Copenhagen - Denmark

The papers presented during this Study Week were excellent
reviews of particular aspects of the problem of cosmic radiation
in interplanctary space. To make a summary of these papers
again, and nccessarily in an abbreviated form, could hardly
add to their valuc. Instead, I shall try to summarize by com-
paring the picture as it was presented in the course of this
week with the state of knowledge as it existed just one year
ago at the time of the International Cosmic Ray Conference
in Kyoto. What new information has appeared since then and
what new interpretations of the data have been attempted?
I shall confine myself to questions which are related to the
nature, the flux, and the energy distribution of the particles
which are present in the interplanetary space. Questions con-
nected with the influence of interplanetary plasmas and fields
on these particles will be treated by Prof. Errior, and the
problem of the radiation belts will be discussed by Prof. SINGER.

1. EXTENSIVE AIR SHOWERS

One of the important new devclopments which have oc-
curred since the Kyoto Conference is the completion of the
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Chacaltaya laboratory which has gone into operation recently
and has alrcady produced results. For the first time, one has
an opportunity to carry out large air shower experiments at
such great height, namely under a thickness of atmosphere
exactly half way between sea level and outer space. Although
the results are still preliminary, they are of considerable in-
terest,

One of the observations reported by Prof. EscoBar exhibits
the existence of a fairly sudden break in the integral shower
size spectrum, leading to a change in the exponent of the
appropriate power law from 1.4 to about 2.0. It occurs at a
shower size which corresponds to a primary proton energy of
about 2 x To? eV, This represents confirmation for the reality
of a phenomenon which had been observed previcusly at lower
altitudes only and has been reported with a gradually increasing
amount of supporting evidence in 1959 at the Cosmic Ray Con-
ference at Moscow and in 1961 at Kyoto. How should this
phenomenon be interpreted? Does it represent a sudden change
in the nature of the primary spectrum or a change in the nature
of nucleon-nucleon interactions at wvery high energy?

At Kyoto it was suggested that this very steep region of the
spectrum is again followed, at still greater shower size, by a
flatter portion. Also at M.I.T., if T remember correctly, it was
found that in the region of the very largest showers the spectrum
follows a power law characterized by an exponent which is
less than 2. If it is correct that this steepest portion is confined
to an intermediate region of the shower size spectrum, it is
almost certain that one has to ascribe it to an irregularity in
the primary cosmic ray spectrum,

If one attributes the break of the spectrum to the fact that
some primaries above the appropriate encrgy are lost becanse
they can escape across a magnetic rigidity barrier located either
in one of the accelerating sources or in some region of inter-
stellar space, then it follows that, in the part of the spectrum
which is affected by this barrier, there occurs also a fraction-
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ation, ¢.e. a change as a function of total particle energy in
the chemical composition of the radiation. In this region of
shower size where the spectrum is steep, it becomes therefore
especially important to study all those features of air showers
which depend on encrgy per nucleon rather than on the total
energy of the primary. Such features arve, for instance, the
absorption coefficient of the shower core, barometric effects,
zenith angle dependence of shower size, the fraction of the
nuclear-active particles and p-mesons among the shower part-
icles, their cnergy spectra etc.

Another result of great interest, which may have a direct
bearing on this question, was also reported by Prof. ESCOBAR.
In the air showers observed at Chacaltaya, fluctuations in the
ratio of p-mesons to electrons are surprisingly small, smaller by
at least a factor 3 than the fluctuations observed at lower al-
titudes.

Only a slight reduction is to be expected if one attributes
the {luctuations in the ratio p/e to variations in the atmospheric
depth at which the incident primary suffers its first collision.
A reduction of fluctuations by a factor 3 seems foo large to be
explained in this manner, and one might ask whether this phe-
nomenon is not related to the observation of the increased steep-
ness of the primary rigidity spectrum. Tor a given magnetic
rigidity of the primary particle, the larger the atomic number,
the larger the shower; therefore a steepening of the rigidity
spectrum must lead to an increase in the average weight of
the shower primaries, which in turn must lead to a strong
decrease of fluctuations. Tor instance, if one substitutes
a-particles for proton primarics, onc reduces fluctuations in the
ratio pt/e by a factor 2, since one is now dealing with the
superposition of four identical nucleon-induced air showers.
Thus, the observed radical reduction in the /e fluctuations
could well be a consequence of the steepening of the magnetic
rigidity spectrum and the resultant change in the composition
of the air shower producing primaries.
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2. (FALACTIC Y-RAYS

Another recently discovered phenomenon is the cccurrence
of air showers which do not contain p-mesons, or at least a much
smaller fraction than ordinary showers. Il is not easy as yet {o
decide whether these showers without p-mesons are due to pri-
mary y-rays or to fluctuations in the interaction products of
incident nucleons. Protons making a glancing collision can be
raised to an isobaric state, and may decay by emitting a neutral
pion in the forward direction. This is a frequent process at
lower energies {~ 25 GeV). It may also occur al very high
energies, in which case a transfer to a single w%meson of up
to 70% of the primary energy is a simple consequence of the
kinemalics of the proceds. Air showers initiated in this manner
must exhibit very low /e ratios, Nevertheless, it is quite
possible that some of the pw-meson {ree showers are not of this
type and that one has begun to cbserve pure v-ray induced air
showers. '

Here T would like to remind vou of the interesting calcula-
fions reported by Prof. Havakawa, who showed that if the
air shower primaries with energy = 10" ¢V are extragalactic
protons, then very energetic y-rays will be produced mainly by
collision with star light. One expects then a ratio of y-ray to
proton induced showers of ~ 0.29%,. This is rather high and
perhaps measurable.  The calenlations can be made fairly
reliable because they are independent of the rather uncertain
gas density between galaxics and instead dependent on the
less speculative value of photon density between the galaxies.
There exists therefore a promising experimental fest for the
hypothesis that cosmic rays of energy above 10'7 eV consist
predominantly of extragalactic protons.

Turning now to y-rays of somewhat lower energies, I just
would like to point out that although we have no new data on
v-rays from the galaxy since the Kyoto Conference, we do
have a somewhat better understanding of the various ways in
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which the v-rays observed by Krausuaar and CrLark could
be accounted for. Prof. Havagawa has contributed to this by
adding a new calculation, in which it is assumed that these
v-rays come, not from intergalactic space, but from galaxies,
particularly from the radio galaxies. Assuming that cosmic
radio noise is due to synchrotron radiation of clectrens which
are secondary to nuclear interaction, f.e. descendants of
wd—wiered decays, the corresponding =° production was cal-
culated and averaged over 10% years, a number characteristic
of the age of the galaxy. It appears that such a model can
give a y-ray flux of the right order of magnitude. One has here
one more possibility, but the true origin of the y rays observed
by Krauszaar and CLARK cannot be definitely established
at this point.

3. Cosmic Ray ELECTRONS

We turn now to the problem of electrons in the primary
radiation near the earth. The main change in the state of this
problem seems to be that one has succeeded in formulating
somewhat sharper the difficulties which one faces when trying
to interpret experimental observations. Prof. Havakawa has
compared the flux of incident clectrons, as measured by EarnL
and by Mever and Voor, with the galactic flux of electrons
estimated either on the basis of radio emission or on the basis
of pion production by nuclear collisions in the interstellar gas.
He suggests that after making a reasonable allowance for the
reduction of interplanctary electron flux by the solar wind,
one expects near the carth fewer electrons of energy close to
~> 1 GeV than are actually observed. Therefore, the measured
fiux contains presumably also clectrons which do not arise from
= |- ¢ decay in the galaxy.

This raises a question which no doubt wiil dominate rescarch
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in this field during the coming years, namely how to distinguish

the four different contributions to the expected electron flux:

a) electrons resulting from nuclear collisions in the galaxy;

&) primary electrons accelerated in cosmic ray sources in the
same way as nucleons;

c) clectrons emitted from the sua and stored in the solar system
for a sufficiently long time to smooth out intensity fluctua-
tions caused by their sporadic production in flares;

d) albedo electrons from the earth’s atmosphere.

It seems not possible to make such a break-down in the
observed electron flux before one has measured very carefully
the latitude effect, the Forbush type decreases, and the ratio
of positives to negatives. Electrons accelerated at the sun
and stored in the solar enviromnent and those accelerated from
cosmic ray sources are presumably all negative, while the other
two sources, namely albedo and collisions in the interstellar gas,
produce electrons of both signs with a small positive charge
GXCess.

The fact that electrons from the sun can be stored for a
sufficient length of time to smooth out the flux and destroy the
evidence that they were really produced in solar disturbances
has also been underlined by Prof. Denisse, who reported that
clectromagnetic radiation due to high energy particles persists,
sometimes for days after a flare has died down, and that the
radiation retains the polarisation of the sun spot near which
the disturbance originated. The occurrence of fong-term storage
of clectrons after a solar flare appears to be an experimentally
established fact.

4. Gavracric Cosmic Ray NUCLEI

Turning now to the nuclear component of galactic cosmic
radiation, the principal addition to the available information
since the Kyoto Conference is due to the passage of another
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year which brings us closer to the goal of possessing accurate
intensity measurements throughout a complete solar cycle.
Prof. NEuer has reviewed the balloon experiments for this
period, which give information mainly on particles of energies
up to about = 1 GeV, and Prof. SimpsoN has reviewed the
neutron monitor data which depend essentially on primary
nucleons in the latitude sensitive part of the spectrum. The
balioon data show cicarfy that throughout the solar cycle there
existed a « knee » in the latitude curve with the exception of
the years of solar minimum, 1954-1955. This exception is a
decisive piece of information, even if it should not repeat itself
in future solar cycles; it means that it is not the galactic spec-
trum which is cut off; the low energy nuclei exist in interstellar
space and we must find reasons for the existence of the knee
inside the solar system. 1 shall not go into the various attempts
to expiain these data and particularly the knee which appears at
a rigidity of about 800 MV; Prof. Errior will no doubt refer
to it when discussing the field and matter distribution.

In the balloon data there is also evidence for a time lag
between the sclar cycle and its modulating influence on the
primary galactic radiation, an effect which was first discussed
by Prof. ForpusH., However, the numerical value of this time
lag (about nine months) is somewhat larger than seems com-
patible with the set of data which were presented by Prof. Simp-
soN and which were based on the world-wide network of neutron
monitoring stations.  Several new features appeared in the
review which we heard on this subject. When comparing resulis
of monitoring stations at different latitudes it appears that
primaries with energies below ~ 1.4 GeV do not exhibit a
time lag with respect to the gencral level of solar activity; the
cosmic radiation intensity begins'to decrease immediately after
the solar minimum has been passed. However, ncutron mo-
nitoring data from lower latitudes show that, as the primary
energy increases, a time lag appears which amounts to several
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months for stations located at the equator, i.e. for primaries
with energy about ~ 14 GeV.

The data show also some other details of the 11-year varia-
tion, namely a very sudden drop in the entire cosmic ray inten-
sity irrespective of energy when the number of sunspots reaches
about 200, i.e. fairly close to the maximum number for that
particular cycle. As has been pointed out repeatedly, the last
cycle was quite unusual; it has a larger maximum than any
cyele on record for the last 200 years and a lower minimum
than most. While not at all typical, it is the only sunspot cycle
for which data on cosmic ray flux arc reasonably complete.
Whether the sudden drop of cesmic ray intensity near solar
maximum is a particular feature of the last cycle or a regular
feature of normal and less violent sunspot cycles must be left
open.

Another important feature exhibited by the neutron monitor-
ing data was the hysteresis in the cosmic ray intensity curves;
as the activity of the sun began to decrease again, the cosmic
ray intensity did not recover hy retracing its path in the flux
versus sunspot number diagram. At first it regained strength
rather slowly, but now as we approach a new solar minimum,
recovery has speeded up and the loop seems to close. 1 shall
not discuss possible interpretations of these new data. Certainly
they provide much more material for understanding the r1-year
cosmic ray variation than was available at the time of the
Kyoto Conference.

5. NUCLEI FROM THE QUIET SUN

Another new problem of great interest has appeared in the
form of a hypothesis that, apart from giving rise to particle
bursts associated with flares, the sun is a steady emitter of pro-
tons in the energy range from 8o to 300 MeV. Such protons
have been observed by MEvER and VoaT already during 1960,
but now these measuremenis are more detailed and cover two
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years. There are two features in the observations which make
it appear that these protons are of solar origin. The shape of
the proten energy spectrum suggests two different sources; it
drops steeply until an energy of ~ 300 McV is reached, then
It rises again, reaches a maximum at ~ 450 MeV and thercafter
foliows the well known power law of the galactic proton com-
ponent. It seems reasonable to assume that the galactic spec-
trum goes through a maximum at 450 McV and that at so-
mewhat fower energy the galactic intensity becomes buried in
the tail of a low energy proton flux of solar origin. This as-
sumption receives strong support from the second feature of the
obscrvation, namely that the steep low energy part of the spec-
trum decreased between 1g60 and 1961, while the high energy
part which is attributed to galactic protons showed an increase
in conformity with expectations for a period which lies on the
descending branch of the sunspot cycle.

The protons in the energy region hetween 8o and 300 MeV
are not connected with flares and seem to persist unchanged
in quiet periods for a time of the order of a week. On the basis
of these observations, MevEr and Vot express the view that
we are dealing here with a new phenomenon, a steady pro-
duction of nuclei at the sun distinct from particie bursts con-
nected with flares,

6. SoLaR FLaRE PARTICLES

Let me now turn to high energy nuclei and electrons coming
from the sun and associated with solar flares. Prof. NEy’s
review of this subject brought out some interesting new features
in addition to strengthening evidence obtained earlier. There
arc more data now which show that most solar flares produce
particles, althongh often restricted to comparatively low energy,
so that they can only be observed by the blackout of galactic
radio noise in the polar regions. This conclusion stands in
contrast to beliefs generally held a few years ago, when it was
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thought that particles are emitted only by a small fraction of
the solar flares. It has also been safely established now what
had already been suspected, namely that the spectrum of nuclei
from solar flares is not always the same but varies considerably
from one burst to the next. If one expresses the spectrum by
a power law, the exponent varies between 3 and 0. However,
it seems that a better description of the spectrum is obtained
if one expresses the energy dependence by an exponential
funetion.

A very important addition to our information on flare
particles is that in a given flare the rigidity spectra are the same
for all nuclei, irrespective of their charge and mass, and still
more important the discovery that the composition of the nuclei
in these bursts does not represent the composition of the source
region but that it is subject to considerable fractionation before
the particles are emitted. The fractionation effect exhibits itself
first of all in the ratio of protons to a-particles which, in the
rather small sample of flare events studied so far, has reached
values as low as 1 and as high as o 30. So from flare to flare
there can be an cnormous difference in the relative number of
protons and -particles which are emitted.

In contrast to this jarge variability, the ratio between
e-particles and nuclei, i.¢. C, N and O, seems to vary little and
possibly not at all. 1 shall come back to these data and their
possible interpretation.

According to Prof. Ny there exist observations on the
electromagnetic radiation from flares, suggesting that electrons
are accelerated in numbers comparable to the number of protons
and with similar energy spectra. Nevertheless, electrons are
usnally absent in particle bursts from solar flares. An upper
Yimit for the ratio clectron/proton has been determiued as 2%
and 0.3%, respectively, in two different cvents. These observa-
tions clearly show that there can be a strong preference for
nuclei as against electrons in the emission process. But it is
not clear as yet whether the observations imply that high energy
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electrons are ncver ejected during solar flares, There are
observations of MEever and his co-workers in which they do
find an increased electron intensity in the energy range of about
100 MeV during a solar flare. On the basis of such preliminary
cvidence, one can state with some reserve that electrons usually
are absent but can be present in solar flares,

It should be emphasized that the relation between the emis-
sion of electrons and of nuclei from steliar or galactic acceler-
ators is a crucial element in the entire cosmic ray picture; our
lack of information makes it the weakest link in existing theories
on the origin of cosmic radiation. Except for direct measure-
ments in the immediate vicinity of the earth, the only informa-
tion which we have about cosmic radiation in various regions
of space is based on electromagnetic radiation attributed to high
energy electrons moving in distant magnetic fields. Yet this
information is used to construct a theory of origin of a primary
radiation which consists practically of nuclei only.

For instance, in GINZBURG's theory of the Supernova origin
of cosmic ray, the plausible but not entirely conclusive
arguments used to bridge this difficulty go as follows. One
knows certain places in our galaxy where electrons are acceler-
ated up to energies of about 10" eV. One can hardly imagine
a mechanism capable of accelerating electrons to such high
energies which will not at the same time accelerate ions: while
nuclel are subject to the same accelerating forces as electrons
and subject to the same energy dissipation by atemic collisions,
electrons posscss additional means for losing energy, such as
bremsstrahlung and synchrotron radiation. FErgo, whenever
electrons are accelerated, nuclei will also be accelerated in
comparable numbers and to at least comparable energies.

It is assumed that these nuclei finally escape but the details,
in particular the fractionation which may occur in the process
of releasing the high energy particles from the accelerating
region, are unknown.

Therefore, it is still somewhat doubtful whether, from the
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data on the electromagnetic radiation emitted by electrons in
certain regions of space, one can obtain informatien on the
number of nuclei emitted from such regions. To illustrate the
unsatisfactory state in which one finds oneself at present, it
may be worth pointing out that if one uses Fermi acceleration
mechanism as the process by which electrons and protons are
accelerated (for instance in the Crab Nebula), one finds that
roughly two thousand times more energy should go into the
proton component than into the electron component. From
optical and radio emission one can estimate the encrgy contained
in the Nebula in the form of high enecrgy electrons. Two
thousand times as much 1s entirely too much encrgy to be
contained in the Craly Nebuia,

Tt is fortunate that processes of fractionation between clec-
trons and nuclei during and after acceleration can be studied
now at the sun. They may have relevance for galactic sources
as well and may contribute to a solution of this type of dif-
ficulty.

Let me now return to solar bursts and the fractionation of
nuclei at the source. The outstanding newly discovered fact is
that the ratio of protons to hellum varies by a factor of at
least 30. The question arises whether this fractionation occurs
during acceleration as a result of the difference in charge to
mass ratio of the particles, or whether {as suggested by
Prof. GoLp) it occurs later, during storage, and has its origin
in the difference of velocity with which particles of different
mass but equal magnelic rigidity propagate from the accelerat-
ing region to the point of ejection.

A more detailed study of abundance ratios among complex
nuclei will be of help in solving this problem. For practically
all the isotopes which are Jikely to be present at the solar surface
in sufficient abundance to be detectable in cosmic ray experi-
ments, the charge to mass ratio of bare nuclei is exactly
one-half. These nuclei, when accelerated, travel on identical
path with identical speed through any configuration of static
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or time dependent magnetic ficlds, Their relative abundance
ratios cannot, therefore, be altered during storage or ejection.
Changes in composition from one flare event to another must
be attributed to fractionation in the early phases of acceleration,
when ionization was incomplete and the particles still differed
in their charge to mass ratio. Such changes in relative abund-
ance, if they exist, will therefore make it possible to estimate
the effectiveness of fractionation during acceleration as well
as the temperature of the region in which acceleration com-
mences.  Further fractionation after stripping can affect only
the abundance ratios involving elements whose most prominent
isotopes have charge to mass ratios different from one-half;
apart from hydrogen this applies only to nuclei of the iron
group.

In closing 1 want to point out again that I have confined
myself to a fraction only of the papers which have been pre-
sented during this Study Week; I have not touched upon any
of the reports which dealt with the interpretation of observations
on high energy particles in terms of particular models nor with
reports which dealt with the structure of the interplanetary
fields, with the interplanectary plasma or with the radiation
belts.
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Chatrman: L, LEPRINCE-RINGUET

DEN1SSE

I would like to point out that the radio emissions {noise storms)
which remain close to the sun after the flares can be radiated by
clectrons as weli as by protons, if the process at work is Cerenkov

radiation.

PrrERS

Has any calculation been made about the density distribution
in that region to show whether Cerenkov radiation is a possible
mecbanism for the light? ‘

DenissE

As far as the radio radiation is concerned, there is a calculation
by M. Comen which is published in Phys. Rev., 123, 711, 190I.
The quantitative calculation is difficult because account has to be
taken of the possible bunching of the particles in the plasma waves
and of the conversion factor from plasma waves fo radiated waves.

SINGER

It occurred to me that it is of course a very important matter in
the solar production of high energy particles to decide whether:
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1) the fractionation occurs at the source, that is in the zcceleration
process itself, or 2) in the process of migration, as wag pointed out
by Dr. Goup during the meeting. I wondered if the matter cannot
be seftled, perhaps approached in the follewing way. The fraction-
ation in migration must depend on the length of the path from the
source to the line of foree which connects to the sarth, That is to
say, if the acceleration occurs on the line of force that connects to
the carth, one ought to see the distribution of clements more or less
as they are accelerated, but if the flare occurs at another part of the
sun and migration is very long, then there is an appreciable chance
for fractionation due to different velocities. Ys there any information
how these particular flares that have been observed behave in this
respect?

Ney

There are two well documented events. One of them is the
November series in which the flares and presumably the acceleration
occurred very near the foot of the lines ot force that connect to the
earth. We think of this as a very well connected cvent because all
of the flares that cccurred, occurred in the same region of the sun
and they just gol displaced as the sun rotated, In this case the
beam was very rich in g-particles. The other well documented event
was in September, in which case the flare occurred on the east Hmb
and was very poorly connected to the earth, and in this case the
beam was very rich in protons. I den’t believe it is possible to
distinguish whether the magnetic connection is important near the
sun or in interplanetary space, even though there is this relationship
between the two kinds.

SINGER

Well, a very simple minded interpretation of what Prof. Ny
has just described would say that in the acceleration process the
heavy primaries are preferred as against protons, Is this statement
consistent with evidence so far?
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NEy

I think a further point I should have emphasized is that in both
cases the particles are observed rather late after the flash phase of
the flare, so that my own interpretation would be that in the well
connecled eveni the protons had essentially leaked away leaving
the beam rich in alphas and in the poorly connected event the
heam was rich in protons because one was observing more the leak-
age than what remained.

GOLD

I would emphasize again that the discussion certainly reguires
time variations in the beam to get the effect at all. 1f there are time
variations that change the connecfion from the source of the flare
to the eventual line of force that leads to the earth, then it is not
possible to make any close argement on the lines that Dr, Sincer
would like, because in the different events there will be quite
anknowable changes occurring between the time that the proton flux
passes a cerfain place on the sun and the time that the g-flux
passes that same place; the fwo fluxes will be going through the
railroad shunting yard with all the switches in different places, and
so [ think we will just observe great variability and no very con-
sistent pattern.

SINGER

Well, T don’t think it is quite possible, if one measares a ratio
of protons fo alphas, to say which leaked away, the profens or the
alphas, unless you know what the ratio was at the beginning. Unless
you can guarantec that the ratio of protons to alphas after accelera-
tion corresponds exactly to the abundance ratio, it is very hard to
say which leaked away.

t2z] Pelers I - pag. 17



REVIEW PAPER 1I

INTERPLANETARY PLASMA AND MAGNETIC
FIELDS

H, ELLIOT

Iepevial College of Science and Technology
Tondon - Great Britain

Like Prof. PETERS I shan't attempt to produce a series, of
potted versions of the various papers that have been given.
Instead 1 shall try to construct a table (see pag. 551) which will,
T hope, show some of the areas of agreement that exist and
also perhaps reveal some of the areas of disagreement.

The story of the interplanctary magnetic field begins with
the fields in the photosphere of the sun. The evidence about
these fields comes from a number of different sources; it comes
from solar magnetograms, from a study of coronal and chro-
mospheric shapes, and to some extent from the study of radio
noise generated by electrons trapped in these ficlds near the
photosphere.  The visible aspects of flares and the radio noise
which they generate have been discussed in detail by Prof. Dg-
NIssE.  All this evidence is consistent with the existence in the
photosphere and in the lower chromosphere of fields which vary
from a few gauss — maybe even rather less — up to strengths
of thousands of gauss in the biggest and most intense sunspots.
In addition to these patchy fields, there is very good evidence
for the existence of polar fields with strengths of the order of
one or two gauss which have some kind of dipole-looking cha-
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racter and which in all probability show a 22-year variation
similar to that shown by sunspot polarities. Up to the present
time, however, only one reversal has been observed in these
fields, so we should not perhaps be too sure about this last
point.

These fields that are obscrved in the photosphere are cer-
tainly so small that if we had a vacunm between the sun and
the carth they would exercise no influence whatever on the ga-
lactic cosmic radiation; they might, of course, very well ge-
nerate high energy solar partcles, but they would be quite
incapable of screening the earth from the galactic cosmic ray
flux, So, if these fields are to play a part in modulating the
galactic cosmic ray inensity, we must have something eise to
come to their assistance, and this of course is the interplanetary
plasma. In the past the evidence concerning the nature of the
interplanetary plasma has been rather indirect, and for this
reason there has been a good deal of argument as to its pro-
perties and about just what it does. The situation has now
crystallized very much in this respect., Evidence from the study
of comet tails was discussed in detail by Prof. BIizrMANN this
morning. Other evidence comes from studies of the zodiacal
light and from the effects of the interplanctary electrons on
point radio sources. Most recently, of course, we have evidence
from direct measurement in space probes. The space probes
provide the firmest data that have been obtained so far and
this was discussed in some detal, you remember, by Prof. Rosst
for the Explorer X space probe. I suppose that quite soon now
we shall have confirmation of the rumors that we hear about
what is being observed by Mariner 1T,

Now, on the basis of this evidence one can say with some
degree of certainty, I think, that there is quite often plasma
present in interplanctary space which has a temperature of
perhaps a million degrees or so, and that at the orbit of the
earth the density is of the order 10 per cm®. Whether these
numbers are truly representative or not one cannot say, because
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the observing time is as yet quite limited. The plasma probe
data and the comet tail data would secem to be consistent in
indicating a veloeity for this plasma of perhaps a few hundred
kilometers per secend; this moving plasma, then, constitutes
the solar wind which is alleged to blow away the comet fails
and which has been discussed in considerable detail by
Prof. Parker from a theorctical point of view. The plasma,
being at this high temperature, is of course highly conducting,
and it is this property of the plasma which connects the inter-
planetary magnetic field to the photospheric fields. Tt is the
marriage, if you like, of the photospheric fields and the plasma
which is going to gencrate the interplanetary magnetic field.

In discussing the properties of the interplanctary magnetic
ficld I propose to divide space into two regions, one within the
earth’s orbit and one outside the earth’s orbit. What can we
say about the interplanctary field lying Dbetween the earth
and the sun? First of all, the evidence for the nature of this
field again comes from a number of different sources; it comes
in part from the study of shapes in the corona, as Prof. Gorp
has pointed out many times; it comes in part from measure-
ments carried out by means of satellites and space probes which
have travelied beyond the limits of the geomagnetic field —
and not too many measurements of this kind have been made
o far, the results from only three have been published, namely
those from Pioneer V, Explorer X, and Explorer XII. These
observations provide information which may or may not be
representative of the interplanetary magnetic field, because the
measurements in two cases were made quite close to the earth,
and one is really quite unsure as to what effect the geomagnetic
field hag in its interaction with the plasma. This is not true,
of course, of the Pioneer V data. This spacecraft went to a
sufficient distance from the earth to be clear of the effects of the
geomagnetic field. The data collected by Pioneer V on the ficld
strength were quite consistent with the information that was
derived about the field from the study of the propagation of
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energetic solar particles from the sun to the earth and I imagine
that you would be prepared to agree that in the neighbourhood
of the earth the field strength is generally in the region of
pethaps 1 to 10 v, I v being 107" gauss, Now this figure
represents the ambient condition of the field but at times of
solar disturbance this field strength may go up very consider-
ably; it may increase by a factor of 10, certainly, during an
interplanetary magnetic storm. Suech an evenlt was in fact
detected and measured in Pioneer V,

This increase by a factor of 10 is, of course, a modest one
compared with the kind of event that Prof. Gorp talked about
when he took us on that fascinating exercise in extrapolation
on Monday and discussed what might happen in a « super
storm » ~— you may remember that at one fell swoop he de-
magnetized the carth, magnetized the moon, and converted an
appreciable part of the Libyan desert into glass. Tt seemed to
me rather a pity at the time that he could not have arranged
simultancously to make water on a grand scale, thereby putting
out the fire and creating a few oases into the bargain!

The next question perhaps that we should ask here is how
does the field strength depend on distance? If we regard the
field as being of photospheric origin we know that we have
to start off at the photosphere with a field which is in
general going to be a few gauss. Sunspot fields of course
represent extreme cases, so we would not regard them as being
in any sense the fields that we have to deal with in gencral.
Instead, it seems that we shall be dealing with the weak ficlds
of 2 or 3 gauss and if that is so it follows that the interplanetary
field must decrease {rom this value of 2 or 3 gauss at the sun
to a few gammas at the earth. The law by which it falls off is,
of course, not yet established — something like an inverse
square law would perhaps be adequate — but if I write down
that it falls off at something, say, between 1/7* and 1/#* it
probably would not be very far wreng. I believe these three
things that I have written down under the heading « Field
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Strength » would be agreed by everyone present and I think
that this represents in many ways a surprisingly satisfactory
state of affairs — that we do in fact know this much about
the field.

Next, though, 1 want to say something about the geometry
of the field. On the first point, I think we would again have
agreement in saying that the field between the sun and the
earth is frequently radial to the sun, This is a deduction which
comes from detailed study of the propagation characteristics
for energetic solar particles and is, I think, based upon pretty
secure evidence. This is not to say that it is always radial.
The question of whether there is a uniform component of the
field perpendicular to the sun-earth line, as I have advocated,
is one which should quite soon be answered, assuming that the
Mariner IT magnetometer works properly, so I won’t say any
more about this particular point. There are, however, irregular-
ities in the field and these irregularities probably have a scale
size of about 1o!! em. These scale sizes are determined from
the propagation of energetic solar particles to the earth and
the degree of scattering required to render them isofropic, or
nearly so.

A point which has been discussed here is whether this field,
in addition to the radial component, also contains closed loops
of lines of force — lines of force which have come out of the
photosphere and then have been cut off somewhere between
the sun and the earth’s orbit. It scems, therefore, that we must
bear in mind that there is a possibility of closed loops which are
in outward motion. I shall indicate these by a question mark.
So far as the distribution of field irregularities is concerned, [
think here there is a considerable debate still. The question
of whether the field close to the sun, for instance, is very
turbulent or is rather smooth is not yet resolved, and I suspect
that this depends very much on where you look on the solar
surface. We know that if we look at the polar regions the field
appears tc be rather smooth; you can see this by the shapes of
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the coronal plumes. On the other hand, going away from the
poles towards the equator, we find that the field becomes more
coniplicated due to the presence of sunspot fields. So, although
the field in the polar regions may be smooth, it seems reason-
able to suppose that as one gets closer to the equator so the
field become wmore and more complicated. There is some
evidence abont the degreec of complication of the field from the
fractionation of solar particles, which indicates rapid changes
in time of these fields close to the sun -— as pointed out by
Prof. GoLp. By fractionation, I mean, of course, the separation
of the heavy partticles from the protons. However, the interpre-
tation of these results, described Prof. Ngy, is still the
subject of debate in the sense that there are alternative pos-
sibilities.

The next thing we might like to know about the field is how
does it depend on solar activity, how does it vary over the solar
cycle? 1 don’t think that we really know anything about this.
The natural thing to suppose would be that there is in general
a decrease with decreasing activity, but we don’t really know,
and this raises a very interesting point, which was discussed
by Prof. StMpson, as to whether there is still some residual
modulation of the galactic cosmic ray intensity at solar mini-
mum. When T come to deal with the field outside the earth’s
orbit I will mention this point again. We shali, of course,
eventually obtain some information about the variation over
the solar cycle frem the space probe magnetometer measure-
ments, but I think that at the present time we are hardly in
a position to say what happens to the interplanetary field as
a function of solar activity. A point of particular interest here
concerns the polar fields in the sofar photosphere, in the sense
that if they contribute to the fields in the interplanetary medium
then there is the possibility of a large scale field reversal from
onc cycle to the next. Such a reversal might have an identifiable
effect on the cosmic ray solar daily variation, for instance.

Let us now leave the field within the earth’s orbit and go
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over to the field beyond 1 AU. Here we can start off with the
field strength at the earth’s orbit, and as we go out from the
earth this value must presumably fall off to that prevailing in
interstellar space, whatever that may be. Various numbers are
discussed in this connection. I think that the current fashion,
among some astronomers at any rate, is in favour of an upper
timit of perhaps something like 3 x 70~ gauss. This is certainly
very uncertain! The way in which the ficld decreases as we go
out from the carth’s orbit to join up with the interplanctary field
is not known. One thing that we can say is that the ficld
strength increases — temporarily of course —— at the time of an
interplanetary magnetic storm. It is here being inferred, of
course, that the increase in ficld observed inside the earth’s
orbit by Pioneer V extends out beyond the earth’s orbit. This
inference is strengthened by the existence of the Forbush
decrease phenomenon. I should have pointed out, perhaps,
that at the present time the evidence we have about the field
outside the earth’s orbit comes exclusively from the study of the
cosmic rays. In particular, it comes from the study of the
energy dependence of the 11-year variation, the Forbush
decrease, and the solar daily variation. We do not have any
other source of information about this field at the present time.

Now what do we know about the geometry of the field? The
answer, I am afraid, is very little, hence the question mark in
the diagram. Unfortunately, it is possible to account for the
cosmic ray infensity variations by very different models of the
field. We can take, for example, Prof. PaRKER’s model with
the convecting outward moving barrier, or the one that T have
proposed with a purely static field, and either of these two
very different field configurations can be made to fit the cosmic
ray evidence. Tt is unfortunate that the cosmic rays do not
convey to us as much information as onc might hope. I think
it is agreed, however, that whichever field model we adopt it
is necessary that the large scale field contain scattering irregu-
larities and that the characteristic scale size of these irregularities
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should be somewhere in the region 10! to 10 cm. We cannot
do much better than that.

We wish to inguire next about the extent of this field, how
far away from the orbit of the earth does it stretch? Isit 4 AU,
or is it 407 The answer again is that we don’t know. In this
connection, I think that experimental data on the upper energy
limit which is involved in the 11-year variation would be a
very great help — an extension, in fact, of the kind of data on
the latitude dependence of the 11-year variation that Prof. Srmp-
soN and Prof. NEugr showed us the other day.

Finaily, the question of how the field external to the earth's
orbit varies over the solar cycle. Here again, as in the case
of the field inside the earth’s orbit, we do not know the answer.
From the cosmic ray evidence we might perhaps expect it to
diminish with decreasing activity on the sum. If so, does it
diminish to sueh an extent that at selar minimum we have no
longer any modulation of the cosmic ray flux so that at this
time we see the undistorted galactic spectrum?

We can see from the diagram that there is, then, some
appreciable measure of agreement about the magnelic ficld in
interplanetary space, but there are still very wide areas of
uncertainty. In this respect one should perhaps ask what
further steps can we take to clarify the situation, what further
experimental data should we try to acquire?

First of ali, it is extremely important to try to decide the
question which 1 discussed the other day, of whether the rx-year
modulation process depends on particle energy or on rigidity
only. A clear decision herc should enable us to distinguish
hetween an essentially static field and one in which convective
removal of cosmic ray particles from the solar system predo-
minates. Resolution of this problem would seem to be within
the capability of techniques presently available, but the situation
is certainly complicated by the presence of low cnergy solar
particles.

Secondly, we would like a much more detailed knowledge
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ot the energy dependence of the 11-year variation and Forbush
decrease, because this information at present provides the most
direct evidence about the characteristics of the field outside the
earth’s orbit. In particular, we would like to know rather
precisely what is the energy limit for the r1-year modulation,
what is the energy limit for the Forbush decrease process?

Thirdly, it would be very nice if we could have measure-
ments of the cosmic ray flux gradient in space. One measure-
ment only of this important quantity has been made so far —
by the Chicago group —— and I persenally would like to see
more measurements of this because it is a quantity which can
be readily compared with theory, and which is capable of
giving us information about the gross structure of the inter-
planetary field.  This information is extremely hard to get
by direct observation using space probe magnectometers alone
because these provide measurements along the spacecraft
trajectory only and so cover a very limited region of space
and time. Conseguently, if we are to build up a comprehensive
picture of the interplanetary field we must use these two comple-
mentary techniques — the direct measurcment of the field to-
gether with the cosmic ray data.

Finally, the question of the storage of solar particles is
extremely important for our understanding of the large scale
properties of the field, and here one would like to know whether
the flux of protons with encrgies of a few hundred MeV or so,
observed by Voer and also in the Explorer XII flights, are
solar particles which have been trapped for a long period, or
whether they represent a continuous production process at the
sun. The question of the dispersal and diffusion of solar particles
is one which I think could very profitably be tackled on a
theoretical basis by setting up somewhat more detailed medels
than have been considered so far. This question bears par-
ticularly on the demarcation line which we have to draw be-
tween galactic cosmic ray particles and solar cosmic ray
particles.
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The main theme of this meeting was concerned with cosmic
rays in the interplanctary magnetic field, and in this summary
I have tried to outline some of the areas of agreement and
disagreemnt and to Indicate some of the things that I personally
would like to see dene. I am quite sure that there are many
others that could be added, and indeed perhaps will be added,
in the discussion which is to foliow.
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DI5CUSSION

Chatrmain: L. LEPRINCE-RINGUET

Ross:

I would like to ask on what experimental evidence you base
your estimate of a million degree for the temperature of the plasma
near the earth, The Explorer X data durmg most of the time show
a rather weil collimated beam, which is somewhat difficult to bring
in agreement with such a high temperature. Of course, there is the
guestion whether temperature means anything, i.e., whether there
is an isotropic distribution in e velocity of agitation of the particles
in the frame of reference of the moving plasma.

Ervior

Well, may I ask the question of you? ‘What would you estimate
the temperature to be, from your plasma measurements in Explo-
rer X?

Rosst

From the collimation of the beam observed during most of the
flight T would say, to be very conservative, that 109°K is an upper
limit. However, in the early phase of the light, when the magnetic
field was disturbed both at the satellife and on the earth, then
there is evidence for a larger spread which might agree with 106°K.
This spread, of course, measures the « component of the tempera-
ture » perpendicuiar to the line of flight; the component parallel to
the line of flight is reflected on the energy distribution. At the
beginning of the flight there is evidence for a wide energy distribution

f23] Klliot 1T - pag. 13
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which again wouid indicate a high temperature. The rumours that
I have heard about the Mariner flight results is that they show a
wide energy distribution, whick would call for a temperature of the
order of miflions of degrees, My question was what experimental
evidence did you use to make your estimate?

Ervrior

You have given the answer. The number was based on your
Lxplorer X data coupled with the rumoar of even higher values from
Mariner I1. It seemed to me that if 1 wrote down 109, this was
probably a reasenable compromise.

Rossi

I would like to ask another question, really for my own inform-
ation. We have not diseussed the possible composition of inter-
planetary plasma. What is known about the composition of the
soiar atmosphere, of the chromosphere above the corona? How much
helium, how much hydrogen is there?

BIERMANN

Regarding the composition of the solar atmosphere, the follow-
ing may be said: The ratio of hydrogen to helium, which is some-
what difficult to determine, is by numbers probably around 1 to ¥
or T to 6. Most of the relative abundances of the more important
elements are reasonably well known from standard methods of
spectral analysis. There is little reason to donbt that there is prac-
tically no separation of elements and that the compesition of the
solar corona and the solar atmosphere is just the same, becanse the
former is continuously being replenished from below; so we are pro-
bably justified in taking the composition which we know from the
solar atmosphere also for the corona and for the solar wind.

To come to another snhject, your statement on the temperature
of the interplanetary plasma reminds me of an omnission which oc-
curred during my talk this morning. When discussing the tem-

(23] Elliot I - pag. 14
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perature of the interplanetary plasma, one should distingnish be-
tween the ion femperature and the clectron temperature, Most of
what has been said in this last discussion refers {o the ion tem-
perature. While I have no comment on that, I wish to peint out
that with regard to the electron temperature there is certain infor-
mation from the comets. If during magnetic storms the electron
temperature of the solar plasma would be of the order of 108 °K,
then one should probably sce conspicuous collisional effects which,
however, appear to be absent. IFrom this upper limit T would guess
the clectron iemperature to be in the range of 105 to 104, The best
guide T know of at the present time is perhaps the theory of the
solar wind, T wonder whether Prof. PARKER would give an estimate
as to the loss of heat energy in the process of expansion from the
solar corona or on the possibility of a separation of elements in this
process.

PARKER

I think Prof. BierMany has summarised the sitvation very well.
I recail that I always used to say there was no argument against any
temperature between any 1o® and 10%°K, and I think I will stick
with that.

The other point is the abundance of the heavier ions. Cal-
culations of the downward diffusion rate of heavy jons in the
solar corona, suggest that there is the barest possibility that the
solar corona may be poor in heavy ions, but I think that it is rather
doubtful and that the ion abundance, as Prof. BizrMann suggested,
is probably the same in the solar wind as in, say, the solar pho-
tosphere.

GoLD

We have looked a little into the question of the electron tempe-
rature out in space, .and .we have really not been able to find any
mechanism that would kecp the electrons at a higher temnperature
than about 10* K. Magnetic fields of any shape and any roughness
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and turbulence in them will all nevertheless imply an adiabatic
expansion that would have cooled the electrons to about 10! degree
if they started out with the temperatures that are nceded for the
fons in order te make the outburst. 1f one assumes that in the fare
there was equilibrium with the jons (and in the flare the densities
are high and the time of relaxation for the electrons is fairly short,
shorter than the life of the flare by a large factor), so that they
started out in equilibrium, then adiabatic expansion would cool
the electrons terribly. We have looked into all the processes that
might heat them on the way out, and they are all quite negligible;
they do not get themselves significantly heated, and so adiabatic
expansion is ali that T can see to be ruling the temperature that
they will have out here,

Paryier

Temperatures below 10%°K are whal one expects for adiabatic
cooling of the gas in the solar wind. 1t is conceivable that a system
of waves — gravity, acoustical, hydromagnetic — propagating in
the expanding corona could raise the temperature of the gas as far
as the orbit of the carth to, say, 108°K. It is strictly hypothetical,
but one can get a fair amount of energy.

Oort

I would like to discuss with Prof. Ervior the valae he gives for
the field strength in mterstellar space. There are in this problem
two trends of thought; one comes to values of a few times 10-5
gauss and the other to a few times 10-5, There appears to be just
as much evidence for the one as for the other, and il is not quite
fair just to quote one figure.

Eririor

I agree with that statement entirely. I think 1 did say there
was doubt at the time. That is why I put brackets around the
number,

23] Eliot IT - pag. 16
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PARTICLE ORBITS
IN THE GEOMAGNETIC FIELD

S.F. SINGER (%
National Weather Satellite Cenler
United Siates Weather Bureaw - Wasbington, 1LC, - U.5.A,

What I should like to do is to review to some extent the
papers that were given carlier, referring to particle orbits in
the geomagnetic field . This is an excellent time to recognize
the importance of the work of LEMAITRE and VALLARTA, be-
cause the papers that T am reviewing here are essentially an
outgrowth of this early work in two different directions. TFirst,
an cxtension of this work to the inclusion of the ring current;
this was the paper by Ray. In the second group of papers,
an extension of this work to particles of very small energy (or
large values of 7, if you like), particles which are cither trapped
or very nearly trapped.

First, the paper about ring currents: The effect of ring
currents on geomagnetic cut-offs is a very old subject, which
was worked on by Cuarman, by Tom JouwsoN, Havarawa,
by TremMaAN, by Ray, and by KELLoGG and WINCKLER. But I
think none of these treatments were really satisfactory until
the present one which was given just the other day by Dr. Ray,
who has used correctly the diamagnetic ring current. As he
explained, the ring current is a current system consisting of
both an castward and westward current. He calculated the
effect of this current on the geomagnetic cut-offs of LEMAITRE

{*) On leave of absence from the University of Maryland.
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and VALLARTA. I think he has really solved what may be
called a classical problem. The result is that there is a break
at a certain /afitude at which the effect of the ring current be-
comes noticeable; it is a function only of the position of the
ring current. But the amowunt of the effect, the amount by
which the cut-offs are displaced, depends on the sivength of
the current. With regard to this result it should be much easier
now to analyze the geomagnetic cutoff data, experimental data
obtained during geomagnetic storms and during quiet periods,

Going over the second set of papers, they concern the par-
ticles of low energy which are very nearly or completely trapped
in the carth’s magnetic field. This is not really an academic
question; it was shown here that there are in the earth’s magnetic
field protons of 500 MeV; and if we can believe the neutron
albedo origin of these protons, they must have lifetiraes of
300 years!!  To translate this into other terms, 300 years
correspond to 10" gyrations along the fines of force. This
corresponds to a total path-length of travel of 102 cm. As I
mentioned many times, and I will state it again, it is intuitively
very difficult to accept these long lifetimes, and I must say,
I do have some slight hesitation in accepting them myself.
Nevertheless, the protons are there; their presence has heen
shown by photographic emulsions; and what evidence we have,
what analyses have been made (I gave them in some detail
in my paper) seem to show that the neutron albedo theory
accounts for their existence. But this then demands this very
long lifetime of 300 years.

Now, with these long lifetimes experimentally demonstrated,
all of the papers that were given here, which deal with the long-
time stability of orbits become of a much more than academic
importance. We wonld like to know from a theoretical point
of view whether particles can exist for such a long time in
orbits of this type. It is difficult to accept these long times,
because of the existence of other time wvariations of the field,
and because of the non-dipole character of the field; in fact,
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anything that you might think of would tend to disturb these
particles.

My feeling has been that we must start with the analysis
of stmple cases. Perhaps it is useful to go back again to Le-
MaITRE and VALLARTA and ask them whether they would have
undertaken their monumental work if they had known of the
existence of hydromagnetic waves in the upper atmosphere, of
ring currents, of the inferplanetary magnetic field, and all
sorts of other disturbances. Maybe they would have just
thrown up their hands and not produced their beautiful theory
which has been of such great value to us in the study of cosmic
rays. Well, here I feel very similarly about the works which
Bossy, De VogeLAERE, and Havaxawa reported. True enough,
their work refers only to questions of the first invariant and its
validity; and there may be many other effects which are im-
portant. But a start has to be made, and perhaps the funda-
mental problem to study at the present time is the instability
of a particle in a purely static dipole field.

Now, the work of LEMAITRE and Bossy, which was reported
here by DE VOGELAERE, essentially produces the results which
ALpVEEN has produced but from a different point of view; they
are equivalent and give what we now recognize as the various
adiabatic invariants. Then the problem attacked by Bossy
and Havakawa was the question of how good the first invariant
really is. They ask how constant the magnetic moment remains
as a function of time in a dipole field. Both of the papers start
with a hamiltonian which is divided into three parts, and
both treat the problem to the first order. Both authors -— I
talked to them privately because the discussions were a bit dif-
ficult to follow and are highly mathematical — seem to think
that it will be important to develop the theory to second order
before any numerical predictions can be made, if T understand
correctly. There does notl seem to be quite an agreement on
a fundamental point, and that is the following: Havaxawa
feels that the change in the magnetic moment leads directly to a
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change in the mirror altitude of a particle, and this of course
would be quite important; Bossy fecls that the magnetic mo-
ment may change during the orbit of the particle, while it
bounces back and forth, and i is not guaranteed that the
mirror altitude will also change.

Next, the paper by DE VoGELAERE discussed the long-term
instability of periodic orbits; and this again is a theoretical
problem which can be related very directly to the important
experimental situation which exists with the trapped protons
in the earth’s magnetic field.

Finally, there is the empirical approach (SinGEr) which
relies on the observation of these trapped protons. An attempt
was made there to develop a discriminant, which is essentially
the ratio between the radius of curvature of a trapped particle
and a scale length of the magnetic field, i.e. magnetic field
divided by its gradient. As you know, the radius of curvature a
of a particle of given energy is inversely proportional to the
magnetic ficld and therefore will increase as 3. The scale length
of the magnetic ficld, B/grad B, for the dipole field, gives #/3,
so the discriminant varies approximately as #:

3
i r
N o= ¢ oo r?

Blgrad B 13

This gives in a very direct way the relation between the maxi-
mum momentum which can remain trapped and altitude, which
looks approximately like this:

P = (1800 MeV/c) »72.

The constant here is empirical. Use is made of the fact that
the inner, proton radiation belt is observed to go to zero at two
earth radii, and this gives the constant.

At the present time, 1 think, we are in a position where
we must let the observations decide what ultimately removes
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these high energy protons at higher altitude. They are present
at lower altitudes but not at high altitudes. If it is breakdown
of the first invariant, then the maximum trapped encrgy I,
must go as 1/ If it is hydromagnetic waves, at least the
theory by Dract gives 1/#!1. There is one experimental result
which T just became aware of yesterday (Y): Dr. Pizzrira has
carried out an analysis of Explorer IV data, and the exponent

To make a clear decision, what one wanis to measure is the
unidirectional differential flux of trapped protons as a function
of ecnergy at various distances from the centre of the earth —
say in the equatorial plane — and at various pitch angles. At
the present time we do not have such data available; thercfore,
1t is perhaps a little useless to speculate. In any case, whatever
the cause for the disappearance of these high energy protons,
they do disappear at high altitude. But I do want to remind
you of the fact that they exist, and that the very fact of their
existence means that their orbits at low altitudes have a remark-
able stability, which is of course an Intriguing subject for
theory and for future experiments.

(0 Note (added March g, 1963): The analysis of KExplorer IV data by
McInwaiy and Przzirrisa shows that B, ~100 »%, in almost perfect agree-
ment with the predicted behavior. {Sixcer, Phys, Rev. Leflers, 3, 188,
1959; See also Progress in Cosmic IRay Physies, Vol, 6, North Holland

Publishing Co., 106z, p. 300).
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Chairman: L. LEPRINCE-RINGUET

SIMPSON

There were measurements by Leo Davis on Explorer XII which
perhaps Dr. Smger had no time to discuss but which seem to he
relevant to the question of the role of hydromagnetic waves out to
great distances in the magnetosphere. Specifically, his measure-
ments show that the proton energy density for protons of 1000 to
5000 KeV energy in a region of 4 earth radii to approximately 4
carth radii is at least one-tenth the cnergy density of the magnetic
field itself and represents the major energy component in the outer
Van Allen belt. At a greater distance the proton flux suddenly
disappears in a layer of the order of 100 km: presumably this being
the magnetospheric boundary, In view of these observations it is
important te think very carefully about what role hydromagnetic
wave propagation plays in the magnetosphere. Would you care to
comment on this?

SINGER

Yes, T can comment on Davis’ data. I have analysed them as
far up as 3 carth radii. At 3 earth radii, it would appear to me
that the protons that Davis has measured which are by now quite
low energy protons, of the order of 1 MeV if T recall, are under
control of the atmosphere. This can be recognised by the fact that
Davis observes a low energy cut-off of the protons at 500 KeV,
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The cause for this, I think, is charge exchange. Charge exchange
provides a very sudden limit to the lifetime of low energy protons.
As soon as they slip down to 500 KeV, charge exchange cuts them
off and gets them out of the magnetic field. As far as the high encrgy
cutoff in Davis® data is concerned, it is consistent with the idea of
breakdown of the adiabatic invariant which I discussed. I was
surprised to see this, but this is the situation. I had not expected
that any simple relation like this would be applicable as far out as

3-4 earth radii.

Di VOGELAERE

With respect to Dr. Havaxawa’s paper, Prof. Bossy has con-
vinced me that Bossy’s results must be equivalent to Dr. Havaxa-
wa’s. The main reason for my conviction is that looking more closely
to Dr. HavAkAwA’s paper if appears that s results are obtained by
averaging using the gyration variable, and I believe it is only
possible to obtain results equivalent to those obtained by the secular
method if one averages for the motien in latitude from one mirror
point to the other. Therefore, it wonld of course be of interest to
carry out this averaging as 1 have mentioned before.

{247 Singesr 11 - pag. B
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FINAL STATEMENT

A. — Cosmic ray particles of magnetic rigidity greater
than several GV are for the most part of extra-solar origin.
This conclusion is based mainly oun the following ecvidence.

1. The inverse correlation between solar activity and
cosmic ray intensity during the solar cycle. This is easily
understood if cosmic rays are of extra-solar origin. If they
were of solar origin, it would be necessary to postulate a storage
time within the solar system of the order of several solar cycles,
which seems excessive.

2. The chemical composition of solar cosmic rays differs
quantitatively from that of galactic cosmic rays. The latter
reflects events occurring during their travel through intex-
stellar matter.

B. — DProtons, a-particles and heavier nuclei, with ener-
gies up to several oo MeV, occasionally several 1000 MeV
are certainly produced by the sun on the occasion of large
solar flares.

C. — There are indications that some of the cosmic ray
particles with magnetic rigidities less than a few hundred MV
that are found ordinarily in interplanetary space may be of
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solar origin. Tt is possible that such particles are emitted by
the sun continuously.  Alternately it is possible that they are
emitted in solar flares and stored between flares.

D. —  Earlier views that interplanetary space is pervaded
by a moving plasma of solar origin (solar wind) have now been
confirmed by direct experiment.

E. — Complex magnetic fields of solar origin transported
by the solar wind in interplanetary space have a significant
effect on fluxes of both solar and galactic cosmic rays in the
lower encrgy range.

F. — There is as yet no clear comprehensive idea for the
origin of the electrons and protons in the Van Allen radiation
belts, nor is the broad and complicated transition region between
the geomagnetic field and the solar wind understeod. Further
observational and theoretical exploration of these problems is
needed.

Amarnn, Bigrmann, Bossy, Denisse, Dr Voon-
LAERE, Ervior, Escosar, ForrusH, GoLp, HAvA-
Kawa, NEHER, Ny, PARKER, PETERS, Rav, Rossi,
S1MPSON, SINGER.



NOTE COLLECTIVE FINALE

A) Les particules des rayons cosmiques de rigidité magné-
tique supérieure 4 plusicurs GV sont pour la plupart d’origine
extra-solaire. Cette conclusion s’appuie principalement sur les
données expérinientales' suivantes:

1) La corrélation inverse entre Pactivité solaire et 'in-
tensité des rayons cosmiques pendant le cycle solaire s’explique
facilement si le rayonnement cosmique est d’origine exira-
solaire. Pour une origine solaire, il faudrait postuler un temps
d’emmagasinement dans le systéme solaire de 'ordre de plu-
sieurs cycles d’activité, ce qui semble excessif.

2) La composition chimique des rayons cosmiques so-
laires est quantilativement différente de celle des rayons
cosmiques galactiques, qui montrent dans leur composition
Veffet dii & leur voyage a travers la matiére interstellaire.

B) A l'occasion de grandes éruptions chromosphériques, le
Soleil produit certainement des protons, des particules alpha
et des noyaux lourds qui peuvent avoir une énergie de plusieu-
res centaines de MeV, et parfois jusqu’a plugieurs GeV,

C) Nous avons quelques indications qu’une partie des par-
ticules des rayons cosmiques de rigidité magnétique inférieure
4 quelques centaines de MV, que T'on trouve ordinairement
dans I'espace interplanétaire, peuvent élre d’origine solaire. i
est possible que ces particules soient éjectées continuellement
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par le soleil. Ou bien il est possible qu’elles solent éjectées a
I'occasion des éruptions solaires ef emmagasinées entre une
éruption et 'autre.

D) Des mesures directes ont maintenant confirmé I’existence
dans 'espace interplanétaire d'un plasma en mouvement d’ori-
gine solaire, le « vent solaire »,

E} Les champs magnétiques complexes d’origine solaire
transportés par le « vent solaire » dans l'espace interplanétaire
ont une influence significative sur le flux des rayons cosmiques
soit solaires soit galactiques dans I'intervalle des énergies plus
basses.

) 11 n'existe pas encore d’idées claires pour la compréhen-
sion de 'origine des électrons ef des protons présents dans les
ceintures de radiation de Van Allen, et I'on n’a pas encore bien
compris la large et complexe région de transition entre le champ
géomagnétique et le « vent solaire ». Il est nécessaire d’explo-
rer encore ces problémes et du point de vue expérimental et du
point de vue théorique.

AMALDI, BierMann, Bossy, Denissk, Di Voce-
LAERE, ELLIOT, Escopar, Forpusu, Goip, Hava-
Kawa, NEHER, NEyY, Parker, Prrers, Ray, Rossi,
SIMPSON, SINGER,
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