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Aik~l’j~AC1’

An upl ated report.  is C i  yen ol observat  I otis ot Calac I I c c ’ ~~m i c

ray int .ens  I t v  t o he liocent  t i C  r a d i a l  d i s t ances  ot ’ S. o and IS I~ AU

w i t h  l ioneer  11 and I ’ioueer IC , respect ivel,v . Colar  a c t i v i t y  V I I I

the magne t i c st  ruc t u t e  ot ’ the lu t e  rp latiet .ary mediu m C o i t  t- i t ines t c

modula te  the i n t e n s i ty  out t o  the g rea tes t-  d i s t ance  reached t h u s

fa r .  [‘ur i ng  the period t~ 72— 1)7 ) , ape t- I Id ic t empora l  v a r i a t i o n s

of j u t  ens i t  y by about -  a f ac tor  of two and on a (-1 me scale i ’t ( lie

- • c’rde r ol - a y ear are observed as are qita s I —pers is ten t -y o t i c  vii t i  a —

t i  otis o C — day period and ~unp L i t  ide o C a t’ew percent - . The l.a t i e  ~
•

I
are associated w i t h  Cas t—s low solar wind  streams , not.  w i  ( i t  t oward —

away niagne t i C  fie ld  sec to r s .  Eor prot ons of one t~~v I~~ ~ So Me’ .

• there is  a Cal t - 1~v cons istent .  he l iocent r ic  r ad ial  ~t a d  l e n t .  ot ± A. I
C r —

(± o. 3) percent per AU in in tensi  tv un t i l  A p r t i — M a y  Lit 7t~. at wh i  cli

t ime a substan t ia l  d i s r u p t i o n  ot ’ the  d i s t r i b u ti o n  ‘f Cosm Ic  ray s

in the heliosphe re occurred.  The radius ot ’ 1-lie h et i o s p h ei c  is

es t ima t ed I o be ot ’ the orde r of SC AU .  
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I.  INTRODU CT I ON

The intensity of galactic cosmic rays at 1 AU varies

cyclically w ith a period of eleven years, in approximate synchronism

with the variation of activity on the sun as characterized by mean

sunspot numbers (Forbush l95i~).  Maximum intensity occurs near

epochs of’ minimum sunspot number and vice versa. For prr tons having

energies E > 55 MeV, the observed max imum-to-minimum intensi typ

ratio in interplanetary space at 1 AU was about 1.9 during the

period 1967-73 (Thomsen and Van Allen 1976).

The general view of this effect is (a) that the solar system

is bathed in a nearly isotropic distribution of interstellar cosmic

rays having intensity, spectral form and composition that are con-

stant with time over periods of many, many hundreds of years; (b)

that the interstellar intensity is greater than that at any point

within the region of the sun’s influence (the “heliospherett ); and

(c) that the solar cycle modulation of observed intensities is

attributable to varying magnetic properties of the interplanetary

medium.

The traditional interpretation of the solar cycle modulation

rests on the assumption that, at any given moment, there is quasi-

equilibrium between diffusion of cosmic rays into the solar system

- f - . - --~~~..-O
.
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from the nearby interstellar medium and their outward convective

transport by irregular magnetic field structures (“ scattering

centers”) moving away from the sun in the solar wind . Such an

interpretation requires an outward directed gradient of intensity .

The order of magnitude of the necessary physical scale of scattering - •

structures is suggested by the magnitude of’ the gyroradii of’ protons

moving perpendicular to a magnetic field ~ of strength appropriate

to measured values in the solar wind . At 1 AU, 1g 1 ~ 5 7
[1 gamma = 1 nanotesla = 1 x l0~~ gauss] and exe.tiplary values of

I gyroradil are as follows: 100 MeV, 0.0020 AU; 1,000 MeV,

0.0076 AU; 10,000 MeV, 0.O~9 AU.

Thus a long standing problem in cosmic ray physics is the

observational determination of (a) the heliocentric radial dependence

of the intensity and of’ other properties; (b) the position of the

— 
- 

outer boundary of the influence of the sun (“the heliopause”); and

I (c) the intensity and other properties of the radiation in the

nearby interstellar medium. At the present time, the most advanced

- • effort in this research is represented by the ongoing measurements

to increasingly great distances from the sun with instruments on

Pioneer 10 and Pioneer 11. In the energy range (~ 50 MeV ) relevant

to the present paper, earlier reports by the author (Van Allen

1972, 1976) and others (Teegarden , McDonald, Trainor , Roelof. and

Webber 1973; McKibben, O’Gallagher, Simpson, and Tuzzolino L975.

Thomsen and Van Allen 1976; Axford, Fillius , Gleeson, and Ip  N7C;

— ~~~~~~~~~~~~~~~~~~ 
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Mci onaLi , La] , T r aii~or , and Van Holleb eke 1~)77 ‘J have a] t c . ~~i - , sliowtt

tha t  the he I icc et i t  r i o  r ad ia l  gradient  ol i n tens  i ty is m cli s:t ;a l i e  r

and that the heliop aus e lies at . a tuich greater d i s t an c e  t han

expected t’i-om the t i-ad it .  ional  theory . I n  addi t ion • an i

k n ow led ge 01’ the detailed n a t u r e  of the solar modulat . I on has CCII

obtai ned Van Allen 1’)7t~) (re ferred t o as VA 7r lie re aCt e r . flit-c e

obse rvat ions toge ther w i t h  an increas in g  r eali za t i ’t i of t lie non- . -

spherically — sy:une t r i c na tu r e  01 the in t e  i-planet a n-y ned i ~nn have

stimulated fresh theore t ica l  approaches. 

_~~ _~~~_~~~~~ _;



--  .
-_

~~~~~~~~w

i i .  : : ~: ~~~~~~~ CA -Ct\ l- : \ \A 1’ I o N \ I~ C :  ~~~~~ : . ‘1~ci:~

The tn ye r n  i t  \ 1 own t ns t n n ~n eni  t s ott  F I onee -c IC :nnl 11

-o~npr in c  , run ni ~~ ot l ie n -  d e t e c t  ct - s  s i x  n i  i i i  a t :  t e  del  C C —  ::e I t o t

t n t ’e s  in three a pp r o x  1 nate 1~ —matched pairs  bet  w e c i t  t h e  t w o

spa c -  i n  f t  . these de t c o t  Ot -5 a t e  sh ie Lied ontu t Id I t o o  I otni Lv i t  •

r o have ii penet. rat ion l ir e ’  nl i ~’ ~1 d of SC M~ \ t ’or pr o 0::

Ot t-  I r - ‘ t n t  i t n t  t a t e  ate a t  t i _ i bu t  a1~ Ic t o ~a la. - t II ’ ‘~ ‘;nn 10 t - a \

so a — c ti i t  ed ene tge  t ic  par t  i c t en , and cad i cac ¶ i Vt’ C r i c a

the tad ci sotope I I to cmii I CCt C t a t  o r : :  ( td’d • s which p:ov ‘~de c t o ’ ’

power i c r  the  s p a c e o n - a f t  and i t  s ins t .  runnent .s . C ‘to n - i  ( s t  I ‘n: :

hit . s are :il’ t i n -  t ed  by an improved ye n- :; ion of h~’ p coed s i t  it —

s cr 1 bed i ’V Thi o :nse tt  and Van A l l en  i, I ‘1 - bo t a t -  one t -~
-, t - i - p a r t  i c  : 1 :

a n-c i d en t  I thed w i t  In t h e  lie ip of ot h e r  de los t orn ha v I : ,-~ I ‘Wt’ ct : t ’

( in -esho L.ls. • i ~ period s dut- lug which the i - i- ~-o nt  ~~ :n:t.  I I —

i fi ant are omi t ted as at-c the pe t- iodr d:i r InC tOt i - t i  l i t ’ 5p i i s~ oc n I l n~

we i-c neat- ,l up i  t e r - . F t ’ t~e~- of h i p  I t - e r—e un i ed par  id es have p:~’:-an I_\

(~eer iden t I Vd in out- dat  a Icy Venka t.esani • ~~ n a w a  .as I a: - \i

I ~~~ ) bnt have not been e Ii  ml nat  ed

The t r - a 5 io c t or -  i en of r 1 once i-s IC at id 11 t i t e  sI low:

I” i ~ut -e i . \  t t he  ti n e ot’ Launch ~ t’ Ui ottee r 11 , I -  ~~ 
£~ •\

~ ~
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and r11 = 1.00 AU so that ~r r10 - r11 = 2.91~ AU. The value of

A~ diminished to a minimum of 1.20 ALl on 19714 Septeni.-e~- 2 and

thereafter has increased monotonically. The difference in hello-

centric ecliptic longitude t~cp - cp~ has varied widely

(Figure 1).
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. f  cac ti I l l S : :  i , : .  hi Was ~ 0. 0  : s ’ ~~~~ ‘ has cet .  n -eu -os t o  ‘ .

I I l r i : a~ 17’ , as t e p - r t e . t  p~ e ; i , .n1~ ( \ A  7’ 1 t o ~- l-~7~- , i - i , at o:

~~~~~~~~~~ ~c r e ’ i n  a : i a c i — p e x ’ s i n t e n ’  pe ! I n c  .‘ 3 t A 3 ’  i on  ‘f t h e

‘ c d t  m a t ra e: W1 11 t u e  ii . . ns~~:c pe n -i~~i ci n - o n  at ion  ct the  s

t a t  - C 0’ sa;s). ih ~is  f in e r s -are —•-at -ianiti A ,- is superposed o n :

the grcnts —~an’ i a i Li I;, - wh i  ‘h is the no :-e p n’otn: I t i e n : :  f e a tu re  ‘i ’ 
- 

-

Figure 2. ih~e pa i n-s ol st r at I  l e t t e r s  a , a ’ ; u , b ’~ et  ‘ . i t :

F I .~nn-e ~ tal e i - -on ’n - esp ond i ng  fea t  ui-es in  the two cur-.-es as t ’c .s.~:

:noS 4 -o ::v in ’ -i : n~’i- , Ic -; c t v en - l a y in i C  large s -ale ye ’s ions of the  t w o

separate - - :z’ves cii a li ght t a i - t e . The t ime  d i f f e r e n c e  -e :wee t :  - wo

corn-esponding fea tures  ~t a t~~ — ~~ give s a vat - :e  ci the so l a r

wind vcL~~s i t ;  v in ~ocd ahreement  w i t h  d i r e c t ly  mea su r ed va l ics i t ’

one i-elates the I w o  q m i t t  i t i e s  t o  the pos i t iona l  data by he

fon’msla:

t V = (1 1
- - t~~t - A~p/w)

where w = 1. n ’~ 7 -
~~ LC~~ de~ ~~~ , (-he convent t ona l ly  adopt ed t h e n - e a t

anCslat ’ veloci :-; ci’ the sun at he L iog i -aph ic  t a t  i t - she 17~ . The

in te rp re t a t ion  of t h i s  f i n d i n g  (VA 7n) is I ha t  the ?n— d n ,v v a n - i a —

tion is caused by d i  f f en - ing  magnet ic  st r :i : ’t it - e s ( and het :. ’e

d i f fe ren t  d i f f u s i o n  coe f f i c i en t s  and/or d r i f t  c o e f f i . - i e t : t n ~ ii :

quasi-pers is t e n t  solar wind streams ~-ot -ota t - ing  w i t  ii t lie s-si: so

as to form an an -chitn edian i sp i ral  pat te rn as viewed in i nc  1 1 i t t

coordinates. [turing 1977 (Figure i~ the q u a s i-p e r i o d i c  v a r i a t  Ic::

- -- ~~~~~~~~~~~~ - ‘ - - -~~~ - -•
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‘i toie : e  :- e! -- .-ar ions .  : i t -ing toils- (F i ~~’:re 5) ‘he .:as:e ’ e:c:c:. - e s

.e , t - iuc - oh to,e n -e w a :  ot .e sa ot -  cobe r - e t . - . t e a ’ e I:: -,i .I t ’ . 1—ha . .

L- -~7t~ whl  - h has -ce :. t. r c a :  e I I t :  d e t a i l  i t a sepai-a ’cs pap e:- ( ‘  at A l  let .

Al l ,  ~a’l a it :  - he t ’sre .tol: . .t t ’ i , s n  es have : ee:i I - o r he c- ’ or n

C 1~ ar.J ‘ h I the sata  t o ’  ‘ wc othe r pair: ;  St ;et0.C or s  l C~~

and ~ ar-e e:set:t i n l i s  i Je l~~t i -a t  in; t a t  ~t - e .

:he :-e is  a I ’ l r t j t~~t ~ a l i t  a- lye  n-e se :t : ~a: , -e :et% -~eer ‘ i : : .
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h — s t  beca •se :ie ther- v non -  p can in f luence  the cos:t:io t -a ,~ i n t e t s it :.

d i n e : :  Ly,  i t  appears that  t h i s  a s s o c i at i o n  is cnJ~-; .Indioa: ly e  of

a C - i n -  t h e  n- ass oc Ia :  i o n ;  I-c ’ ween i  ti e f a s t  — slow :r 01:1! ’  w i  n: i s ’ ‘ca - - : . at :,,;

a 31 : 1:1 ’ i I .v that can — — sane ly m a o net  t o  st  t ’ s i c t s t - e .
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~‘uri add it. iotial  iinp ll c at ion is that  t u e  i-’t t’ , 1: ; : t temporal va r - i t t —

t ion :; of ‘ ‘oStr ij c -  n-ay i n t en t s  i Icy ( l- ’i gure 2) are a t t n - i  bu tab l e  t o  I ow 
4

change s in the magite t i st i-nc t in t- c ci the  eat i n-c lid I osphe t-e in

t h r e e — dj n n e n i s j 0~ 5. fu ch  changes :tia’,’ nut be measun -abi e  in or

near the solar equa toria l  p la tt e .  -
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IV.  t IE LI CI 3RAPHIC LATITUDE DEPENDENCE
OF INTENSiTY

During mid-February 1976, Pioneer 11 reached a maximum helio-

graphic latitude of +15~8, the highest value achieved by any space- I ’

craft to date; at the same time the heliographic latitude of

Pioneer 10 was +7~7, following a maximum of -t-8’~6 in late-December

l97L~. Cosmic ray data together with the heliographic latitudes :‘

for both spacecraft are shown on the same time scale in Figure 6.

The principal conclusion is that there continue s to be close

coherence between the two counting rate curves, on both large and

small time scales. In particular, the cyclic 26.-day modulation

persists in the Pioneer 11 cosmic ray data and solar wind data

throughou t the period shown despite the fact that Smith and

Tsurutani (1978) observed a marked reduction in toward-away

polarity switching in the interplanetary magnetic field vector

at Pioneer 11 during late 1975 and most of 1976. It is noted

that in February 1976 Pioneer II was about LO Al] above the

solar equatorial plane, a distance of the order of 100 times the

gyroradius of a 1000 MeV proton. Thus, it appears that the cosmic

ray modulation is identified with the magnetic field s t r u c t u r e  of’

fast-slow solar wind streams and not with toward-away magnetic

field sectors.
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Anothe r- aspect  of ’ ‘he data of F igu re  t . is ‘- l i e  casually

apparent possibility ot~ determining the heliogr-aphi ’ Lati n sic  depeni-

dence of cosmic n’a:; i n t e n s i t y , though i t  is  clean- that an;:,- such

effect is so small as to be strongly obscured by tempo ra l and

spatial variations. After my best efforts to remove the latter

variations , 1 find an apparent latitude dependence of the c10/C1~

ratio of 0 ± 1.5 percent pet- 10°. But it should be noted tha t

Pioneer 11 and Pioneer 10 are at greatly d i f f e r e n t  radial dis-

tances (3 .~’ and 9 .3 AU , respectively ) and it is exceedingly

unlikely that a latitude dependence , if any,  could be “ r i g i d ”

over that great a distance. Also the dependence ct cosmic ray

intensity on lat i tude presumably has eithe r a maximum or a mini:ri’im

and hence a zero-slope tan gent at the equator .  Fox- th ese reasons

the foregoing null result is of li t t le or no si gnificance .

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- — -  
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G = +2 . 1. (± 0.3) percent per AU (2 )

The quoted uncertainty in (2 )  is in the nature of an overall standard

deviation, as estimated from the uncertainty of the RTG corrections

and from the spread of the three separate determinations quoted

above At least part of the latter is caused by the former.

Even though the range of Ar is only from 1.2 to 8~ AU,

it is clear that the result in equation (2) is appropriate to the

range 1.0 < r <16 AU. Result (2) is thought to correspond to an

“effective” proton energy of several hundred MeV (VA 76).

For Ar > 8.5 A!], there is a strong increase in all three

ratios B10/1311, c10/c11, and D10/D~~ (Figures 7, 8, and 9). At

first glance, this increase might be thought to signal approach

to the heliopause. But this is seen to be an untenable conclusion

by reference to Figure 2. Intensities at both spacecraft decreased

strongly at the time of the April-May 1978 Forbush decrease and

have continued to be depressed. The increase of the 10/il ratios

is the result of the fact that the relative decrease was greater

at the spacecraft closer to the sun, not to an increase in the

absolute rate at the more distant spacecraft. Approach to the

heliopause by Pioneer 10 would presumably be accompanied by an

increase of the absolute intensity to a value higher than any value

previously observed at lesser radii (ef. Introduction). An

-t
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Vi .  CONCLUSIONS

A summary of this investigation and a brief recapitulation 
-

of conclusions are given in the abstract.

“i
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spanning the time of max imum heliographi (. latitud e oi~
Pioneer 11.

Figure 7. Ratio of the counting rates of detectors U 15 ( t - t - ~~t ,)

and B11 (t) as a function of difference in heliographic

x-adial distance.

Figure 8. Same for detectors C10( t +~~t )  and B~~~( t ) .

Figure 9. Same for detectors D10 (t +A t ) and D11( t ) .
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