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A set of 663 charged-particle orbits in the earth’s dipole magnetic field has been obtained by integration,
using the AVIDAC computer of the Argonne National Laboratory. The orbits integrated were selected
according to their usefulness in the analysis of cosmic-ray intensity increases associated with solar flares.
The calculation of intensity increases for different locations on the earth is discussed using the orbit results.

I. INTRODUCTION

ARGE and moderate sized solar flares are known

to be associated with an increase in the counting

rate of suitably placed cosmic-ray detectors on the
earth.l? One theory to explain the flare-effect assumes
that positively charged particles of cosmic-ray energies
are produced at or very near the sun. They travel away
from the sun within a wide cone filling practically one
hemisphere of solid angle.® There is some scattering of
the particles due to magnetic fields between the sun
and the earth.* However, it seems reasonable to a sume
that when the particles are first deflected in the earth’s
magnetic field, their velocity vectors all fall uniformly
within a given cone in velocity space, the axis of the
cone being defined by the sun-earth line. The solid
angle of the cone opening is the apparent source solid
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* Assisted in part by the Office of Scientific Research and the
Geophysics Research Directorate, Air Force Cambridge Research
Center, Air Research and Development Command, U. S. Air
Force.

T Based on a dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the De-
partment of Physics, University of Chicago.

fNow with the University of Maryland, College Park,
Maryland.

1. Firor, Phys. Rev. 94, 1017 (1954).

2 Forbush, Stinchcomb, and Schein, Phys. Rev. 79, 501 (1950).

3 Simpson, Firor, and Treiman, Phys. Rev. 95, 1015 (1954).

48S. B. Treiman, Phys. Rev. 94, 1029 (1954).

angle and the geomagnetic latitude of the sun is the
source latitude. The influence of the earth’s magnetic
field is, of course, to deflect the particles so that some
will arrive at the earth in preferred regions called
impact zones and the others will be deflected away. It
has been shown' that experimental results are approxi-
mately in agreement with the above theory in so far as
we have information about the intensities to be ex-
pected in the impact zones. (Of special interest are the
cosmic-ray intensity increases observed outside of
estimated impact zones by stations at high lati-
tudes.?%%) Detailed discussions of the flare effect by
several investigators have indicated the need for
calculating more orbits of charged particles in the
earth’s magnetic field in order to define the impact
zone intensities for various source latitudes and source
solid angles. Therefore this paper reports the integration
of 663 cosmic-ray orbits in the earth’s dipole magnetic
field. The orbits were selected with an application to
the flare-effect in mind. For the purpose of illustration,
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F16. 2. (a) Asymptotic latitude A, and (b) asymptotic longitude
¢, of an outgoing negatively charged particle orbit. The impact
latitude is Ao. This figure is taken from reference 1.
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TaBLE 1. Grouping of orbits by impact zones.

Number of orbits per zone Impact zone

444 0900
174 0300
32 %ggg} Background zone

the orbit information is used to compute impact zone
intensities during a hypothetical solar flare.

II. ORBITS OF COSMIC-RAY PARTICLES

For the application of orbit knowledge to the flare-
effect, we are not interested in the detailed path of the
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orbit, but only in where and how the orbit intersects
the earth and what is the orbit direction outside the
earth’s magnetic field. In the literature there is con-
siderable orbit information, obtained both from inte-
gration (Stoermer,” Schliiter,® Dwight,® Firor,! and
others) and from model experiments (Malmfors,?
Brunberg and Dattner'). There are two ways to obtain
an orbit by integration: start at infinity and integrate
toward the earth, or start at the earth and integrate
outward to infinity. Orbits started at infinity arrive at
the earth with a random direction of impact, and
therefore tend to arrive at the earth with large zenith
angles. Near vertical impact, however, is by far the

TaBiE II. Values of A, and ¢. in degrees for orbits with 0° impact latitude.

N A Impact direction
(Bv) (Stoermer) 32E 16E 0 16W 32W 32N 16N
26.0 0.66 0.0 0.0 0.0 0.0 0.0 9.5 6.4
136.3 98.1 72.7 52.7 36.1 84.1 75.6
244 0.64 0.0 0.0 0.0 0.0 0.0 6.6 5.0
151.6 106.1 78.6 57.8 40.8 90.3 81.6
22.9 0.62 0.0 0.0 0.0 0.0 3.1 3.5
116.0 85.6 63.5 46.0 97.7 88.7
21.5 0.60 0.0 0.0 0.0 0.0 —0.9 1.6
128.7 93.9 70.2 52.0 106.7 97.1
204 0.585 0.0 0.0 0.0 0.0 —4.2 0.0
141.5 101.3 76.0 57.0 115.2 104.8
194 0.57 0.0 0.0 0.0 0.0 7.7 —1.8
159.4 110.2 82.6 62.7 126.0 114.0
184 0.555 0.0 0.0 0.0 —10.9 -3.7
121.3 90.3 69.1 140.7 125.6
TaBLE III. Values of A\, and ¢ in degrees for orbits with 10° impact latitude.
N A Impact direction
(Bv) (Stoermer) 32E 16E 0 16W 32W 32N 16N 16S 328
26.0 0.66 —8.0 —6.3 —1.6 3.2 7.5 3.7 3.6 ~8.7 —14.8
130.4 94.5 0.3 514 35.7 86.9 76.3 69. 74.7
244 0.64 —6.5 —-7.2 —-29 2.0 6.5 —0.4 1.0 —8.8 —13.5
143.5 101.9 75.9 56.2 40.2 92.6 81.9 75.3 80.6
229 0.62 —2.8 —7.9 —4.2 0.6 5.3 —49 -1.9 —8.7 —11.7
162.4 111.0 82.3 61.6 45.2 99.7 88.4 81.9 874
21.5 0.60 —-8.1 —5.6 —-0.9 3.9 —-9.7 —-5.0 -84 —94
122.5 90.0 7.9 50.9 108.7 96.4 89.7 95.3
204 0.585 -7.3 —6.6 —22 2.6 —13.2 -7.3 -79 —7.2
133.7 96.9 73.2 55.7 1174 103.7 96.5 102.4
19.4 0.57 —5.2 ~7.5 —3.6 1.2 —16.1 —-9.7 —-71 —4.5
148.4 105.1 79.4 61.0 129.0 112.6 104.6 110.8
18.4 0.555 —8.0 —-5.0 —04 —16.7 —114 —5.8 —1.0
1151 86.5 67.0 145.0 123.9 114.4 121.1
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TaBLE IV. Values of A, and ¢ in degrees for orbits with 20° impact latitude.

Impact direction

N
(Bv) (Stoé}'mer) 32E 16E 0 16W 32W 32N 16N 16S 328
21.5 0.60 —8.2 —15.5 —84 0.6 9.1 —148 —8.6 —11.8 —16.1
151.0 106.0 79.6 61.5 48.0 100.8 88.1 75.5 76.4
20.1 0.58 3.6 —15.8 —11.1 —-2.5 6.1 —19.8 —12.8 —13.0 —15.6
174.1 117.0 86.9 74 534 110.6 95.9 82.8 83.7
18.7 0.56 11.8 —13.9 —13.7 —6.0 24 —-229 —16.7 —13.8 —14.5
240.1 131.5 96.0 4.3 59.6 124.6 106.2 91.6 924
174 0.54 —6.9 —15.5 —-9.7 —-1.8 —20.1 —18.9 —-13.9 —124
151.6 107.9 82.8 66.8 144.8 120.4 102.6 103.1
16.1 0.52 9.9 —14.9 —13.3 —6.5 —-2.1 —16.3 —12.2 -84
187.3 124.0 93.7 75.6 173.5 140.6 116.9 116.6
15.5 0.51 11.1 16.8
239.8 200.8
14.9 0.50 —8.35 —15.8 —11.5 —0.6 —6.7 —-13
146.9 108.5 86.7 171.7 136.6 135.3
14.0 0.485 49 —15.3 —14.9 12.7 2.5 7.3
175.1 123.7 97.7 245.7 159.1 157.2
13.6 0.477 14.6
206.3
13.2 0.470 —12.3 —9.8 —16.9 13.2 11.9
. 333.7 144.6 112.4 210.4 206.4
124 0.455 6.8 —14.5
179.3 132.8
TaBLE V. Values of A, and ¢ in degrees for orbits with 30° impact latitude.
N A Impact direction
(Bv) (Stoermer) 32E 16E 0 . 16W 32w 32N 16N 16S 328
18.0 0.55 —11.7 —22.6 —15.1 —4.2 5.9 —-27.0 —19.3 —14.8 —16.9
139.8 102.7 78.9 64.5 554 103.6 89.2 71.6 67.2
16.1 0.52 10.5 —20.3 —204 —11.8 —2.7 —273 —24.7 —184 —18.3
165.7 120.5 91.3 73.7 63.5 123.0 104.0 83.0 78.0
14.9 0.50 18.8 —12.9 —22.2 —-17.0 —-9.3. —18.6 —24.5 —19.8 —18.5
214.0 135.6 102.9 82.1 70.2 138.3 118.3 93.1 87.1
14.3 0.49 1.0
334.5
13.7 0.48 2.6 —20.5 —21.3 —16.1 0.4 —12.1 —19.2 —-17.3
155.2 117.9 93.4 79.1 154.2 135.5 106.0 98.5
12.6 0.46 20.7 —11.5 —22.6 —22.0 234 2.0 —144 —13.5
200.0 137.0 109.1 91.6 182.6 156.4 122.5 112.8
12.1 0.45 —20.1
295.2
11.6 0.44 9.7 —16.1 —23.7 —22.7 21.0 —1.5 —4.7
164.7 130.0 109.8 268.6 208.9 144.8 131.9
11.1 0.432 —21.1
295.5
10.7 0.423 —2.8 1.3 —16.5 16.9 9.0
247.3 153.3 130.2 181.3 157.6
10.3 0.415 9.0
227.9
9.9 0.407 19.7 3.6 5.6
207.1 154.4 229.2
9.18 0.392 16.5
216.1
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TaBLE VI. Values of A and ¢ in degrees for orbits with 40° impact latitude.
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Impact direction

(I?L) (Stog'mer) 32E 16E 0 16W 32W 32N 16N 16S 328
14.9 0.50 —25.6 —24.8 —16.8 -7.3 0.4 —29.0 —22.8 —129 —11.1
96.8 79.5 66.9 59.3 55.3 82.9 75.2 58.8 51.3
13.2 0.47 —21.0 —25.6 —22.3 —15.8 —10.3 —-29.1 —27.0 —17.9 —14.6
102.9 88.3 74.6 65.6 60.5 88.8 83.1 66.3 58.7
11.6 0.44 —15.0 —22.7 —25.0 —229 —20.3 —24.7 —26.4 —21.7 —18.1
107.7 97.8 85.0 74.7 68.0 91.7 92.2 76.5 68.5
10.3 0.416 —10.2 —17.7 —23.5 * =255 —25.6 —19.9 —22.3 —22.5 —20.1
111.7 105.1 94.8 84.6 76.8 91.5 98.3 87.1 79.1
9.26 0.394 —6.4 —12.1 —18.9 —23.5 —25.8 —15.7 —-17.1 —20.2 —20.1
1174 112.0 103.8 94.6 86.2 92.0 102.4 98.8 91.8
8.34 0.374 —-29 —6.6 —12.8 —184 —219 —13.1 —12.5 —14.8 —16.8
127.6 120.4 112.2 103.3 93.8 97.0 106.8 111.0 106.6
7.57 0.356 2.7 —1.1 —6.5 —124 —16.7 —124 —9.0 —6.9 —-9.0
146.5 132.7 121.7 111.2 99.7 109.6 1144 124.3 123.4
6.88 0.340 13.1 6.3 —0.1 —6.7 —12.2 —9.5 —54 29 3.8
190.8 153.7 135.1 120.5 106.3 132.8 128.3 1411 144.3
6.34 0.326 13.0 79 —-1.0 -84 9.8 2.5 13.5 16.7
204.6 157.1 134.0 1164 175.8 153.0 168.6 181.8
6.12 0.320 15.2
192.3
5.85 0.313 10.0 7.7 —-3.2 7.8 —12.5
2184 158.7 134.1 233.7 268.9
5.60 0.306 13.6 2.6
188.0 150.5
TaBLE VII. Values of A and ¢« in degrees for orbits with 50° impact latitude.
N A Impact direction
(Bv) (Stoermer) 32E 16E 0 16W 32W 32N 16N 16S 328
149 0.50 —14.5 —74 14 9.7 15.5 —104 —4.5 5.9 9.0
48.2 46.6 45.1 44.5 44.8 51.2 49.9 38.4 31.2
121 0.45 —11.7 —10.1 —5.9 —1.5 1.3 —104 —9.9 —-11 34
47.7 47.2 46.2 45.3 4.3 46.3 48.0 42.3 379
10.0 0.41 —8.2 —9.6 —-9.1 7.7 —6.4 —4.1 —9.1 —6.5 —34
50.6 49.2 47.6 45.7 43.0 449 47.2 46.3 444
8.61 0.38 —8.5 —-9.2 —-9.6 —9.0 —-7.2 —0.6 —6.5 —10.0 —9.6
57.4 53.4 50.3 46.9 42.6 50.2 494 50.5 50.3
7.32 0.35 —154 —11.5 —104 —-8.5 —4.8 -17.5 —-7.2 —13.3 —15.6
69.9 62.2 56.3 51.0 45.8 62.8 574 56.9 57.6
6.12 0.32 —23.5 —20.1 —16.0 —12.0 —8.2 —23.1 —174 —17.2 —19.1
89.3 718 68.8 61.9 57.5 80.3 73.0 67.4 67.1
5.38 0.30 —20.2 —22.5 —21.3 —19.0 —17.8 —234 —23.6 —20.2 —-19.7
100.6 92. 82.1 74.5 70.5 89.1 87.7 78.4 75.7
4.74 0.282 —15.0 —18.3 —21.3 —22.6 —23.5 —18.1 —20.5 —20.7 —19.7
104.8 102.7 96.2 89.7 85.0 88.9 97.5 91.7 87.2
4.20 0.265 —11.8 —13.1 —15.8 —18.4 —19.8 —17.0 —15.7 —16.7 —17.5
116.1 111.5 107.2 101.5 93.6 100.5 102.6 106.7 104.5
3.72 0.250 1.9 —6.5 —10.1 —13.3 —15.9 —8.8 —12.2 —8.9 —8.2
149.2 130.7 1204 111.3 101.4 134. 120.1 1234 125.8
3.50 0.242 18.0
192.7
3.35 0.237 —17.0 14.9 24 —-5.8 —10.9 15.9 79 4.2 74
2759 175.8 1479 133.0 125.2 168.0 158.8 1479 150.8
3.15 0.230 —16.4 15.6
2984 208.2
3.01 0.225 —9.5 17.5 15.6 14.7 14.6 9.1 12.9
257.2 189.8 172.0 186.3 361.6 221.8 208.5
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TasLE VIII. Values of A\, and ¢ in degrees for orbits with 60° impact latitude.

N A Impact direction

(Bv) (Stoermer) 32E 16E 0 16W 32W 32N 16N 16S 328
14.9 0.50 11.8 16.9 23.6 29.7 33.5 13.9 18.4 28.1 31.8
27.8 30.8 33.5 36.3 39.0 37.5 374 27.2 20.2
10.5 0.42 19.0 18.1 18.5 19.5 20.4 22.2 184 20.5 22.4
31.1 30.3 30.7 30.6 28.9 29.6 30.2 30.3 29.8
7.73 0.36 9.4 14.2 16.9 19.6 23.8 19.6 19.7 14.0 111
424 38.3 34.3 30.8 21.7 43.5 374 33.0 31.8
5.74 0.31 —-2.0 1.1 59 10.1 119 0.5 29 7.3 8.4
40.6 414 40.8 40.1 40.2 41.5 43.0 37.3 33.9
4.37 0.27 —1.2 0.2 0.4 1.2 4.0 44 29 —-0.3 —1.0
48.0 44.3 42.3 404 37.5 46.9 42.7 42.5 42.7
3.72 0.25 —11.8 —-7.0 —3.2 0.0 2.5 —-93 —4.4 —4.4 —-5.7
53.2 51.0 47.8 45.3 44.8 51.8 50.6 46.2 4.7
3.15 0.23 —9.8 —11.5 —10.8 —9.8 -9.3 —-5.5 —10.7 —9.2 —-7.7
54.1 53.6 53.0 51.7 494 51.3 52.4 51.6 50.2
2.63 0.21 —19.2 —15.6 —13.1 —11.1 —94 —17.8 —14.2 —143 —15.5
67.3 63.4 59.5 56.6 55.6 63.4 62.1 59.2 58.9
2.20 0.192 —18.7 —18.1 —18.7 —18.6 —16.3 —18.7 —16.9 —18.6 —18.3
75.3 71.6 70.2 68.0 63.6 73.2 68.8 69.8 69.4
1.88 0.177 —194 —21.0 —21.1 —-21.0 —21.6 —18.8 —21.2 —20.5 —19.9
87.7 88.5 85.0 81.9 80.2 81.5 85.7 83.1 81.3
145 0.156 —10.8 —12.2 —134 —15.0 —16.6 —12.5 —144 —14.0 —144
123.8 117.0 115.2 112.2 104.2 120.1 1121 114.4 113.6
1.27 0.147 1.9 3.1 —1.2 —44 -59 —-1.2 —1.0 —2.0 —2.7
1443 1444 138.8 134.0 128.6 141.3 136.9 136.6 134.5
1.14 0.139 13.5 15.6 15.0 11.3 124 14.6 17.2 15.6 16.1
206.5 203.4 176.5 164.4 163.9 177.1 187.7 177.8 179.2

most efficient trajectory for secondary cosmic-ray
production in the atmosphere. Hence there is need for
information about near-vertical orbits. In order to
specify the angle of impact with the earth, the inte-
gration of an orbit was thus begun at the earth. The
problem of ‘“What is the orbit of a positively charged
particle arriving at the earth?” was replaced by the
equivalent problem, “What is the orbit of a negatively
charged particle being shot away from the earth?”” The
geomagnetic latitude of an observer on the earth will be
called the impact latitude Ao. Ten-degree intervals of
impact latitude were selected, 0°, 10°, 20°, etc. The
impact longitude was set equal to zero. The direction
an observer must look in order to observe an incoming
positive particle will be referred to as the “impact
direction.” It is the tanget direction, with respect to
the observer, of an outgoing negative particle orbit,
Impact directions were selected 32, 16, or 0 degrees
from the wvertical, successively toward geomagnetic
north, east, south, and west (Fig. 1). The integration
proceeded from the earth outward until the asymptotic
latitude and asymptotic longitude could be computed
(Fig. 2). The magnetic rigidity N=pc/Ze of an orbit

was selected by choosing a value for 4, the earth’s
radius in Stoermer units.

It is obvious from the differential equations of motion
that the orbit of a negative particle of magnetic
rigidity N, shot away from the earth at impact latitude
Ao with given impact direction, will have a unique
asymptotic latitude A, and unique asymptotic longitude
¢, provided it can escape from the dipole field. As
mentioned above, for discussion of the flare effect it is
useful to know A, and ¢, as a function of Ao,V, and
impact direction. One point of view is to assume Ao and
the impact direction are held constant and NV is allowed
to vary. For extremely high rigidity the orbit will
essentially be a straight line. As rigidity decreases, the
variation of A, and ¢, is known down to moderate
rigidities, from the model experiments of Malmfors!®
and Brunberg.!! Their experiments give information
about orbits that are bent around the earth approxi-
mately from O to 90 degrees in longitude, i.e., orbits
belonging to the first impact zone centered about 0900
local time. For the present orbit program, values of 4
were selected corresponding to lower rigidities than
those of the model experiments, but higher than the
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cutoff rigidity for the particular Ao and impact direction.
Many different values of A are necessary so that ad-
jacent values of rigidity result in neighboring values of
Mos @w. In this manner the model experiment results
were extended to other impact zones than the 0900
impact zone. Near the cutoff rigidity, of course, the
orbits take on a complicated behavior, the radius vector
from dipole to particle alternately decreasing and
increasing.” Orbits with a decreasing radius vector
were not included in this program.

A set of 663 orbits was obtained by integration, using
the AVIDAC at the Argonne National Laboratory,
Lemont, Illinois. Again it should be emphasized that
we were not interested in the detailed path of an orbit
but solely in the magnetic rigidity, impact latitude, and
impact direction and the resulting asymptotic latitude
and asymptotic longitude. Since only one intermediate
point of the orbit was printed out, there resulted a
considerable saving of machine time. If an orbit went
monotonically outward, the integration was continued
to a distance of ten Stoermers, at which point the
asymptotic latitude and asymptotic longitude were
computed. The error introduced by stopping at ten
Stoermers was estimated to be at most ; degree. The
error in latitude is generally less than the error in
longitude. By comparison, the error due to taking a

TasBLE IX. Values of A, and ¢, in degrees for orbits
with 70° impact latitude.

N A Impact direction

(Bv) (Stoermer) 32E 0 32W 32N 328
14.9 0.50 377 461 529 378 541
172 274 381 320 124

10.5 0.42 444 440 451 478 447
262 240 212 245 242

7.73 0.36 331 424 505 428 372
332 274 216 401 19.7

5.74 0.31 31.8 352 384 325 393
242 286 312 282 227

4.37 0.27 279 333 383 339 298
332 284 249 363 258

3.72 0.25 244 295 331 259 308
28.1 306 320 310 246

3.15 0.23 260 266 289 300 263
328 295 267 336 29.7

2.63 0.21 202 232 250 219 245
301 322 328 310 281

2.20 0.192 154 204 244 174 184
345 325 320 356 3006

1.88 0.177 149 16.1 19.0 167 16.0
364 336 314 374 337

1.45 0.156 8.0 111 12.2 10.7 103
366 368 371 362 3438

1.27 0.147 4.5 8.0 106 6.4 6.7
394 379 379 384 374
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TaBLE X. Values of A, and ¢,, in degrees for orbits
with 80° impact latitude.

N A Impact direction
(Bv) (Stoermer) 32E 0 32w 32N 328
14.9 0.50 61.3 682 724 603 © 75.0
72 244 490 328 22
10.5 0.42 672 675 683 710 66.0
277 212 143 238 208
7.73 0.36 570 665 750 656 . 62.1
291 245 162 475 6.6
5.74 0.31 61.8 632 646 61.1 66.7
169 238 292 240 181
4.37 0.27 561 624 681 619 59.6
27.3 240 205 375 140
3.72 0.25 582 604 622 582 63.1
18.8  24.5 289 252 17.7
3.15 0.23 56.7 59.7 628 615 57.3
28.5 233 186 323 202
2.63 0.21 57.5 57.7 582 579 59.6
21.8 244 253 234 219
2.20 0.192 53.2 567 59.2 543 5§71
22.1 24.7 274 2712 18.3
1.88 0.177 51.7 553 585 544 538
256 241 239 262 202
1.45 0.156 526 526 525 539 53.6
245 251 242 252 237
1.27 0.147 508 516 51.8 51.7 525
234 251 260 245 225

step of finite size in the integration procedure was
found to be 0.001 percent. A test for systematic errors
was made by comparing a machine-computed orbit
with a hand-computed orbit. The agreement was within
the estimated errors.

Previous work on the solar flare effect has pointed
out that a solar cosmic-ray source in the geomagnetic
equatorial plane would give increases in zones, the first
two being centered on 0900 and 0300 local time.! As
the sun moves northward off the geomagnetic equatorial
plane, these two zones move apart in the nothern
hemisphere and merge in the southern hemisphere.
Theoretically, there is a series of such zones, the third
and fourth being centered on 2000 and 1300 local time
for an equatorial source. It has been pointed out! that
after the first and second zones, the following zones do
not have a very strong local time dependence and might
well be grouped together into a background zone.
Inasmuch as a given orbit can be said to belong to one
zone or another, the 663 orbits of the program were
grouped into zones as shown in Table I.

III. IMPACT ZONE INTENSITIES

In order to estimate the intensities expected in impact
zones during a solar flare, we note that according to
Liouville’s theorem if a plane wave of particles, all
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with the same rigidity, comes toward the earth, an
observer at the top of the atmosphere looking in a
certain direction will either see the full intensity, or
nothing at all. Thus if there is a spectrum of rigidities
and a finite source solid angle, the problem is what
fraction of the solid angle at the top of the atmosphere
is allowed.??

Assume that a detector is omnidirectional and one
hundred percent efficient for all cosmic ray rigidities.
Assume it were to be placed outside the earth’s magnetic
field, and that the normal cosmic-ray background were
to be zero. Then the count rate of this detector during
a solar flare would be the integral rigidity spectrum of
solar flare particles times the solid angle of the source.
On the other hand, if the same detector is placed at the
top of the atmosphere at point P, the flare particles
arriving at the detector will have suffered deflection in
the earth’s magnetic field. The count rate at P will be
the differential rigidity spectrum j(N) of solar-flare
particles times the allowed solid angle Qp (V) integrated
over rigidity. Nmin and Num.x are the minimum and
maximum rigidity of the solar flare particle spectrum.
Qp () depends implicitly on the latitude of P, the local
time at P, the source latitude, and source solid angle.

Nmax
Ip= f ](ZV)QP (ZV)le
Nmin

For a given rigidity, there are parts of an impact
zone where the allowed solid angle at the top of the
atmosphere is greater than the solid angle of the source.
Physically this amounts to a focusing property of the
earth’s magnetic field with respect to cosmic-rays. i.e.,

12§, B. Treiman (private communication).

a wide solid angle detector counts particles coming
from a narrow solid angle outside the earth’s magnetic
field. There can also be defocusing. For example, when
very close to the cutoff rigidity, the allowed solid angle
at the earth is much less than the source solid angle.
Some specific examples of focusing are considered by
Astrom.B

The AVIDAC results are listed in Tables II-X. The
double entries in the tables signify that the upper
number is A, in degrees, the lower number is ¢, in
degrees. From the tables a hypothetical flare has been
studied: sun in the geomagnetic equator, source solid
angle 45 degrees extent in latitude, 4=10 degrees extent
in longitude. It will be noted that a rectangular source
was assumed for convenience. The source was assumed
to emit a flat spectrum from 1 to 10 Bv, normalized so
that the idealized detector has a count rate of 100 per
second. For this source latitude and source solid angle,
47 orbits were found connecting points on the earth
with the source. Some points on the earth had several
orbits starting in different directions from the top of the
atmosphere and connecting with the source. The allowed
solid angle at a given location was taken to be propor-
tional to the number of connecting orbits. This could
introduce an error of possibly 209, in the intensity pre-
dicted at a given location. The integral Ip was approxi-
mated by a summation. The counting rates which would
be expected for the idealized detector at the top of the
atmosphere are given as a function of local time for
different latitudes in Fig. 3. The mean rigidity (in Bv)
arriving at the top of the atmosphere is also noted. It is
clear that this distribution of intensity in the impact

13 E. Astrém, Tellus (to be published).
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zones depends on the particular choice of source
latitude, source spectrum, and source solid angle.

There is the additional comment that at 50 degrees
latitude, the 0900 impact zone receives higher rigidity
particles, the 0300 impact zone lower rigidity particles,
whereas at latitude 60 degrees, both the high and the
low rigidity particles are received in the 0900 zone.
This tendency for observers at middle latitudes to see
monorigidity solar flare particles, and observers at
higher latitudes (60 degrees) to see the integrated
spectrum, is not too sensitive to source latitude and
source solid angle.
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The zenith and azimuthal angular distribution of primary cosmic rays with charges =6 has been measured
at the equator using oriented nuclear emulsions. The magnitude of the azimuthal asymmetry is consistent
with an integral power law spectrum which falls off inversely as the 2.0 power of the total energy per nucleon.
However, the maximum intensity comes from the southwest rather than the west. This is consistent with the
recently proposed shift of the earth’s effective magnetic field for cosmic rays.

The flux at the top of the atmosphere is 0.68 particle m™ sec™? sterad™ for CNOF (carbon, nitrogen,
oxygen, fluorine) nuclei and 0.21 particle m™2 sec™? sterad™ for nuclei with Z=10.

INTRODUCTION

ARLY counter measurements! of east-west asym-
metries have always resulted in asymmetries which
are smaller than that predicted by geomagnetic theory,
assuming that the incident flux is isotropic and that
all the primary cosmic rays are positively charged.
Part of this discrepancy is no doubt caused by non-
primary radiation? in the form of secondary particles,
resulting from interactions with air nuclei, which enter
the counter telescope from below. This effect would be
especially large at large zenith angles, and this is where
the discrepancy is the greatest. If one were to measure
the asymmetries of heavy nuclei, however, one could
be certain as to the primary character of the particles.
Therefore an orienter was designed to orient horizontal
nuclear emulsions with respect to the earth’s magnetic
field.

A second purpose of this experiment was to measure
the primary flux of the heavy component at the equator.
This flux measurement constitutes an important point
on the integral energy spectrum for the heavies.

* This work supported in part by the joint program of the U. S.
Atomic Energy Commission and the Office of Naval Research.

1 National Science Foundation predoctoral fellow, 1955-1956.
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! Winckler, Stix, Dwight, and Sabin, Phys. Rev. 79, 666 (1950).

2 K. A. Anderson, Ph.D. thesis, University of Minnesota, 1955
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A knowledge of the analytic form of this integral energy
spectrum is important since the exponent in the proper
law (if one assumes that a power law of the total energy
is the correct analytical form) appears to be larger for
heavy primaries than for protons. This would be useful
information concerning the acceleration mechanism and
lifetime of the primary cosmic radiation.

The third purpose of this experiment was to resolve
the charge spectrum as much as possible. This is of
interest since the comparison of relative abundances of
the elements in the primary cosmic radiation at various
energies with the observed abundances in the universe
is valuable information concerning the lifetime and
sources of cosmic radiation. Any marked deviation of
the abundances of the components of the cosmic rays
from the observed abundances in the universe provides
important data in devising an origin theory.

BALLOON FLIGHTS AND APPARATUS

Two balloon flights were flown as part of Project
Churchy, a cosmic-ray expedition to the Galapagos
Islands near the geographic equator. The time-altitude
curve for Flight 2 is shown in Fig. 1. The flight record
for Flight 1 is similar. The trajectory of the balloon
was approximately straight from the launch point (geo-
graphic latitude 0°20’S; geographic longitude 90°20'W)
to the splash point (1°20’S; 96°10'W).



