P“' AD=A076 605  IOWA UNIV IOHA cITY DEPT OF PHYSICS AND ASTRONOMY F/6 371
- GALACTIC COSMIC-RAY INTENSITY TO A HELICOCENTRIC DISTANCE OF 18==ETC(U) '
| AUG 79 J A VAN ALLEN NOOO14=T6=C=0016

UNCLASSIFIED U. OF IOWA=79=31

=lEE~l=]"] ] B
i
- EEBEEEENR

END
DATE
FILMED

|2=79

[

DOA




|
| 8

1.2 ‘;
5 e

\
4
O




-

AAO76605

b:. 5 ¥y

I V(=2 s
i—J et [)
-~ I-. >

< = ~
OUNDED 18

e

This document hes been uppmﬂ

for public relsass ang sole:
distribution i unlifiag o; its

DO _FILE_COPY

Department of Physics and Astronomy

THE UNIVERSITY OF IOWA

Iowa City. Towa 52242

79 11 09 123




U. of lowa T79-31

GALACTIC COSMIC-RAY INTENSITY TO A
HELIOCENTRIC DISTANCE OF 18 AU

by

James A. Van Allen

Department of Physics and Astronomy
The University of lowa
lowa City, lowa 52242

Submitted for Publication to Astrophysical Journal

August 1979

§
¥
$
;
¢
¢

S R




UNCLASSTIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

Ly

READ lNSTRU(‘TIONS
REPORY NUMBER 2. GOVY ACCESSION NO.{ 3 RECIPIENT'S CATALOG NUMBFR
I, of lowa=79-3%1 — o

4 TITLE (and Subtitle)

X‘\)('l t oo?’l.‘ )l DA S

//
4\‘.‘“‘ ['1cC éﬂ SMIC TJAA\‘ y\l’l‘i-‘N:‘ ITY 1O A ?

TOCENTRIC DI STANCE OF 18 AU , .

G. REPORYT NUMBER

= = - --
7. AUTHOR(s) 8§ CONTRACTY OR GRANT NUMBER(s)
James A. /\'m llen y ‘o /V ,4\10001)‘-‘,‘(:-(‘-001(\
/ | ./ -
9 PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT PROJECT TASK
i T AREA & WORK UNIT NUMBERS
Department of FPhysics and Astronomy —
lhe University of Iowa I" {_ﬁ/
lowa City, Towa 52242 N e
11, CONTROLLING OFFICE NAME AND ADDRESS 2. REPORT DATE
ffice of Naval Research /, Augwrtuiy |
Electronics Program Office 13. WOMBER OF PAGES . ..
Arlington, Virginia 22217 29

UNCLASSIF

T4 MONITORING AGENCY NAME & ADDRESS(If different from Controlling Office) 1S. SECURITY CLASS. (of thie report)

ED

SCHEDULE

T8 DECLASSIFICATION DOWNGRADING |

16 OISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

17 DISTRIBUTION STATEMENT (of the abetract entered in Block 20, If different from Report)

18 SUPPLEMENTARY NOTES

Submitted for publication to Astrophysical Journal.

19 KEY WORDS (Continue on reverse side If necessary and identify by dlock number)

Cosmic-Ray Intensity
Heliocentric Cosmic Ray Gradient

20 ABSTRACY (Continue on reverae side If necessary and identify by block number)

I

See page following. )

DD ,“5x'5s 1473  €oirion oF 1 NOV €818 OBSOLETE UNCLASSTFTED

SN 0102-LF-014.4601

178 #60

SIECURITY CLASSIFICATION OF THIS PAGE {ﬁ.ﬂ Deta Entered)

i

o ety

R T
alia

Sy,

H
N
1
{




BT e

A

o T R SR L

n

ABSTRACT

\

An updated report is given of observations of galactic cosmic

ray intensity to heliocentric radial distances of 8.6 and 18.4 AU
with Pioneer 11 and Pioneer 10, respectively. Solar activity via
the magnetic structure of the interplanetary medium continues to
modulate the intensity out to the greatest distance reached thus
far. During the period 1972-1979, aperiodic temporal variations
of intensity by about a factor of two and on a time scale of the
order of a year are observed as are quasi-persistent cyclic varia-
tions of 20-day period and amplitude of a few percent: The latter
are associated with fast-slow solar wind streams, not with toward-
away magnetic t'ield sectors. For protons of energy Ep > 80 MeV,

e
there is a fairly consistent heliocentric radial gradient of +2.1

(£ 0.3) percent per AU in intensity until April-May 1978, at which
time a substantial disruption of the distribution of cosmic rays

in the heliosphere occurred. The radius of the heliosphere is

estimated to be of the order of 80 AU,
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I. INTRODUCTION

The intensity of galactic cosmic rays at 1 AU varies
cyclically with a period of eleven years, in approximate synchronism
with the variation of activity on the sun as characterized by mean
sunspot numbers (Forbush 1954). Maximum intensity occurs near
epochs of minimum sunspot number and vice versa. For prntons having
energies Ep > 55 MeV, the observed maximum-to-minimum intensity
ratio in interplanetary space at 1 AU was about 1.9 during the
period 1967-75 (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 "heliosphere"); 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
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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 B of strength appropriate
to measured values in the solar wind. At 1 AU, |§| ~5 7y

[1 gamma = 1 nanotesla = 1 x10°® gauss] and exewplary values of
gyroradii are as follows: 100 MeV, 0.0020 AU; 1,000 MeV,

0.0076 AU; 10,000 MeV, 0.049 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
(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 (2 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, 0'Gallagher, Simpson, and Tuzzolino 1973:

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




McDonald, lLal, Trainor, and Van Hollebeke 1977) have already shown
that the heliocentric radial gradient of intensity is much smaller
and that the heliopause lies at a much sreater distance than
expected from the traditional theory. In addition, an improved
knowledge of the detailed nature of the solar modulation has been
obtained (Van Allen 1976) (referred to as VA 76 hereafter). These
observations together with an increasing realization of the non-

spherically-symmetric nature of the interplanetary medium have

stimulated fresh theoretical approaches.
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I1. INSTRUMENT AND OBSERVATIONAL CIRCUMSTANCES

The University of lowa instruments on Pioneers 10 and 11
comprise, among other detectors, six miniature Geiger-Mueller
tubes in three approximately-matched pairs between the two
spacecraft. These detectors are shielded omnidirectionally in
order to have a penetration threshold of 80 MeV tfor protons.
Their counting rates are attributable to galactic cosmic rays,
solar-emitted energetic particles, and radioactive emissions of
the radioisotope thermal generators (RIG's) which provide electrical
power for the spacecraft and its instruments. Contributions by the
RIu's are subtracted by an improved version of the procedure de-
scribed by Thomsen and Van Allen (1976). Solar energetic particles
are identified with the help of other detectors having lower enerm
thresholds. Prisf periods during which their contribution i= =iy
nificant are omitted as are the periods during which the spacecrat't
were near Jupiter. Effects of Jupiter-emitted particles have probably
been identified in our data by Venkatesan, Agrawal, and Van Allen
(1979) but have not been eliminated.

The trajectories of Pioneers 10 and 11 are shown in
Figure 1. At the time of launch of Pioneer 11 (1973 April o)

the respective heliocentric radial distances were ryo = 5.94% AU
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and ry; = 1.00 AU so that Ar = r;o - r;; = 2.94% AU. The value of

Ar diminished to a minimum of 1.20 AU on 1974 Septemrer 2 and

thereafter has increased monotonically. The difference in helio-

centric ecliptic longitude Ap = 1o - 1 has varied widely

(Figure 1).

e

o

:i
f
k
E
¢
;,
F
g
'i
§

e




REVIEW QF INTENSITY DATA AND TEMi
Figure 2
rected) counting rates of the two members of

detectors on the two spacecraft for 1972-1979.

presents a comparative overview of

metric factors of the two detectors are slightly different

no normalization has bteen performed. Omitting the narrow spikes

varied over

(solar particle events) the rate of detector Cy

' P = R
range 0.55 to 0.84 7%

C;1 varied over the range 0.43 to 0.82 s7%.

during the pericd shown w'

my. oo » 3 N ~
“e gross variations

in counting rates at the two spacecraft are coherent

clearly temporal, not spatial, in nature.

Thus, a principal finding from Figure

(via the interplanetary medium) continues to have an important

fluence on cosmic ray intensity out to at least

The finer scale temporal variations of

1976, 1977, and 1978 are exhibited in Figures

respectively. The corresponding curves for 1973,

a tive-da

have been published previously (VA 70). Note that
S \ \

running mean has a statistical standard deviation

percent, where h is the fraction of the interval

observations are available. During about the tir




of each mission h was 2 0.8 but by 1975 had been reduced to ~ 0.25.
During 1976, as reported previously (VA 76) for 1973, 1974, and
1975, there is a quasi-persistent periodic variation of the two
counting rates with the synodic period of rotation of the sun
(about 26 days). This finer scale variabiliyy is superposed on
the gross variability which is the more prominent feature of
Figure 2. The pairs of small letters a, a's b, b'; etc. in

Figure 3 label corresponding features in the two curves as found
most convincingly by overlaying large scale versions of the two
separate curves on a light table. The time difference between two
corresponding features At = ty, - t;; gives a value of the solar
wind velocity v in good agreement with directly measured values if
one relates the two quantities to the positional data by the

formula:

Ar

& (1)
(ot - ag/w) =

where @ = 1.642 x 10”* deg s™!, the conventionally adopted sidereal
angular velocity of the sun at heliographic latitude 17°. The
interpretation of this finding (VA 76) is that the 26-day varia-
tion is caused by differing magnetic structures (and hence
different diffusion coefficients and/or drift coefficients) in
quasi-persistent solar wind streams corotating with the sun so

as to form an archimedian spiral pattern as viewed in inertial

coordinates. During 1977 (Figure 4) the quasi-periodic variation

)




of counting rates is less clear though there is still a time-

delayed general coherence between the rates on the two spacecraft.
The reduced level of coherence is presumably attributable to
evolution of the magnetic field structure in the increasingly
greater Ar between the two spacecraft. The curves for 1977

show much lese regularity in the interplanetary struc*ure than

that in the preceding years, at least at the large radial distances
of these observations. During 1978 (Figure 5) the same tendencies
continue, though there was one major coherent feature in April-May

1978 which has been treated in detail in a separate paper (Van Allen

1979).
All data in the foregoing figures have been for detectors
Cyo and Cy,3; the data for two other pairs of detectors By,, By,

and D5, Dy, are essentially identical in nature.

There is a striking qualitative resemblance between annual
plots of daily mean values of solar wind velocity v and number
density p (J. H. Wolfe and J. D. Mihalov, private communication)
and those of cosmic ray intensity: i.e., when v and p exhibit a
regular periodic variation so does the intensity; and when v and p
exhibit small and/or irregular variability, so does the intensity.
But because neither v nor p can influence the cosmic ray intensity

directly, it appears that this association is only indicative of

a further association between the fast-slow solar wind streams and

IS

a quantity that can --namely magnetic structure.
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An additional implication is that the gross temporal varia-
tions of cosmic ray intensity (Figure 2) are attributable to slow
changes in the magnetic structure of the entire heliosphere in

three-dimensions. Such changes may not be measurable in or

near the solar equatorial plane.




IV. ELIOGRAPHIC LATITUDE DEPENDENCE
OF INTENSITY

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

graphic latitude of +1528, the highest value achieved by any space-

craft to date; at the same time the heliographic latitude of
Pioneer 10 was +7:7, following a maximum of +8°6 in late-December
1974. 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 continues 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
throughout the period shown despite the fact that Smith and
Tsurutani (1978) observed a marked reduction in toward-away
polarity switching in the interplanetary magnétic field vector
at Pioneer 11 during late 1975 and most of 1976. It is noted
that in February 1976 Pioneer 11 was about 1.0 AU 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 structure of
fast-slow solar wind streams and not with toward-away magnetic

field sectors.
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Another aspect of the data of Figure 6 is the casually
apparent possibility of determining the heliographic latitude depen-
dence of cosmic ray intensity, though it is clear that any such
effect is so small as to be strongly obscured by temporal and
spatial variations. After my best efforts to remove the latter
variations, | find an apparent latitude dependence of the Cy0/Cy,
ratio of O £ 1.5 percent per 10°. But it should be noted that
Pioneer 11 and Pioneer 10 are at greatly different radial dis-
tances (3.7 and 9.3 AU, respectively) and it is exceedingly
unlikely that a latitude dependence, if any, could be "rigid"
over that great a distance. Also the dependence of cosmic ray
intensity on latitude presumably has either a maximum or a minimum

and hence a zero-slope tangent at the equator. For these reasons

the foregoing null result is of little or no significance.
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V.

The study of
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HELIOCENTRIC RADIAL GRADIENT OF

COSMIC RAY INTENSITY

the heliocentric radial gradient has now been

extended to cover the ranges 1.0 < rjo < 18.4 AU, 1.0 < r;, < 8.0

and 1.2 < Avr < 9.8 AU in the same manner as previously described

N

(VA 76). The updated results are shown for the three pairs of

detectors in Figures

7, 8, and 9, Assuming that the temporal

variations are properly removed by taking the ratios of countine

rates at "corresponding” times by the time-lag method (VA 70)

\

and further assuming that 3J/3r is constant, where J is the cosmic

ray intensity, 1 have

fit a least squares straight line to the

data in Figures 7, 8, and 9 for Ar < 8.5 AU. The results for

the radial gradient of

" intensity, integral for protons Fp > 80 MeV

(together with helium and heavier ionsg having the same range in

the shield of the detectors), are as follows:

F\‘l‘ BI\" “11
Cios O13

l\h‘ ’ I‘n

The errors shown are

r.m.s. departures of

value is

o+ 1,94 (& 0.08) percent per AU
v+ 2.55 (& 0.09)

4+ 1,91 (& 0.08)

one standard deviation as derived rom the

the points from the titted tine. The mean

T . I SR —




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 gquoted

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

Even though the range of Ar is only from 1.2 to 8.5 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 T76).

For Ar > 8.5 AU, there is a strong increase in all three

ratios Byo/By1, C10/Ciy, and Dyo/Dy, (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 10/11 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 (cf. Introduction). An

P
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alternative interpretation of the unusual rate of increase of the
10/11 ratios in 1978-79 has been suggested by the author elsewhere
(Van Allen 1979). Briefly it invokes the possibility that the
region of space near the heliographic equator (= the ecliptic plane)
is replenished in intensity, following a depletion, primarily b
translatitudinal dif'fusion or drift and not primarily vy radial
diffusion, as usually supposed. Irrespective of the validity ot
this suggestion, it is clear that the large Forbush decrease of
April-May 1978 signaled a substantial disruption of' the distribution
of' cosmic rays within the heliosphere.

No really trustworthy estimate of the position of the helio-
pause can be derived from the present results but the tollowing
line of thought may have some merit: As shown in Figure 2 and our
previous work with Explorer 35 (Thomsen and Van Allen 1970),
varying solar activity has been observed to cause variations in
cosmic ray intensity of the order of a factor of two, deep inside
the magnetosphere. Hence, it is reasonable to expect a rather
larger ratio, say of the order of ftive, between the interstellar
intensity and that near the sun. At the rate of 2 percent per
AU, the corresponding radius R of the heliopause would be given

by (L.OP)R ~ 5 or R a 80 AU.
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V1. CONCLUSIONS

A summary of this investigation and a brief recapitulation

of conclusions are given in the abstract.
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FIGURE CAPTIONS

l. Heliocentric ecliptic projection of the trajectories

of Pioneer 10 and Pioneer 11 and the orbits of Earth,

Jupiter, and Saturn. Black dots are at six-month intervals.

The kinks in the trajectories of the spacecraf't occur at
planetary encounters.

2. The time dependence of five-day running means of the
tfully corrected counting rates (in counts per second) of
two members of an approximately matched pair ot shielded
Geiger-Mueller tubes on Pioneer 10 and Pioneer 1l1. The
respective heliocentric distances are given at the bottom
and top of the figure.

3. An expanded plot of the data of Figure 2 for 1976.
The pairs of small letters a, a'; b, b'; etc. identify
corresponding features of the two curves at varying time-
lags caused by corotation of the interplanetary magnetic
field structure.

4, Same for 1977.

5. Same for 1978.

6. Time dependence of detector counting rates and helio-

~

graphic latitudes of the two spacecraft for a period




spanning the time of maximum heliographic latitude of
Pioneer 11.

Figure 7. Ratio of the counting rates of detectors By, (t + at)
and By,(t) as a function of difference in heliographic

radial distance.

Figure 8. Same for detectors Cio(t +4At) and By, (t).

Figure 9. Same for detectors D,o(t +4t) and Dy, (t).
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