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I. Interest in the elemental and isotopic compositions of solar

corpuscular radiation has arisen as a result of studying such problems

as the mechanism and dynamics of the production of solar cosmic rays

and solar wind, the abundance of elements and isotopes in the various

regions of the sun, physical conditions of the active regions of the sun,

propagation of corpuscular radiation in interplanetary space and its

interaction with the earth's magnetosphere, etc. In this paper we con-

sider solar corpuscular radiation in connection with solar neutrinos.

We first note that, in spite of theoretical predictions, solar neutrinos

have not yet been detected ; however, the neutrino experiments have

yielded information on solar corpuscular radiation.

2
For brevity we shall make certain assumptions in interpreting

the results of neutrino experiments.

1- The carbon-nitrogen cycle cannot be the main source of

energy release in the sun's interior. Comparison of the experimental

37 - 37
rate of the reaction Cl (v,e )Ar with the theoretical shows that the

C-N cycle contributes less than 5% to the sun's luminosity.

2. Within the framework of the generally known facts about

the hydrogen fuel in the sun's interior, the experimental upper limit

37 - 37
for the rate of the reaction Cl (v,e )Ar is a factor of 10 lower than

the theoretical prediction.

3. The following are considered possible reasons for the

discrepancy between theory and experiment.

(a) The weight concentration of all the elements (except

_3
hydrogen and helium) in the sun's interior is negligibly small - 10 ,
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i.e., a factor of 15 lower than that on the surface. At present It is

not clear how such inhomogeneity of the heavy elements is achieved.
4

(b) The weight concentration of He in the early evolu-

tionary period of the sun was less than 157., lower than that of helium

on the sun's surface and much lower than the helium concentration in

other galactic bodies.

(c) Strong mixing in the sun's interior causes a continuous

flow of hydrogen fuel to the region of thermonuclear reactions. This

reduces the temperature of the solar center and hence the intensity of

the high-energy neutrinos.

(d) The neutrino, an elementary particle, has character-

istic oscillations.^
(e) Since the nonresonance method of extrapolating the

3 3 4cross section for the He (He , 2p)He reaction to the low-energy region

underestimates the indicated reaction rate in the sun's interior, the

37 - 37

theoretical value of the rate of the reaction Cl (v,e )Ar is over-

estimated. It was assumed ' that a narrow 0 level, which sharply

reduces the flux of high-energy solar neutrinos, exists in a Be nucleus

near the 2He decay threshold.

(f) Since the presence of He with a weight concentration

20.01% in the sun's interior reconciles the discrepancy between theory

and experiment, the fuel in the solar interior must be an He Isotope

rather than hydrogen.

As can be seen from this brief review, the neutrino experiments

give concrete information about the solar corpuscular flux. The validity
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of assumptions (a), (b), and (f) concerning the low concentration of He

and heavy elements and the high concentration of He can be checked by

determining the isotopic composition, energy spectrum, and intensity of

the solar wind and solar cosmic rays.

II. Many papers have been devoted to studying nuclear reactions in
g

che sun during solar flares. Lingenfelter and Ramaty theoretically

investigated this problem in depth. They calculated the probability for

the production of deuterons, tritons, and He nuclei in nuclear reactions

in the sun following solar flares. Their results show that (except for

the energy region E < 20 MeV/nucleon for tritium) deuterons, tritium, and

He are produced primarily in hydrogen nuclear reactions induced by fast

a particles. In the case of tritium at E s 20 MeV/nucleon the helium

reactions induced by fast protons are predominant. In all cases, however,

there is a very strong energy dependence of the intensity of nuclear -

reaction products.

Figure 1 shows the calculated energy dependence of che ratio of

3 9
the intensities of He and tritium produced in nuclear reactions. Note

that this ratio is virtually independent of rigidity. Therefore, by

3 3measuring it we can determine whether H and He are the nuclear reaction

products, without recourse to data OR the characteristic features of

solar flares. Moreover, since the characteristic rigidity P changes

dramatically during a flare, it is difficult and sometimes impossible to
3

determine it precisely during the production of tritium, He , or deuterons.

Let us now analyze the available experimental data.

1. The 3 solar flare of November 12, 1960. Noticeable quantities
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of He and tritium were observed " in samples of the Discoverer 17

satellite, which was orbiting during this flare. During the exposure

6 -2
time of 50 h the average flux of tritium nuclei was 5 x 10 cm , and

3 8 3 3that of He was 4 x 10 ; i.e., He /H = 80. The particles detected were

in the energy range of 95-180 MeV for He3 and 90-150 MeV for H3. The

theoretical value of the He /H ratio for the secondary nuclei was 2,

i.e., 40 times smaller than the experimental value. This discrepancy

can be explained as follows.
3

(a) Since He is present in the sun and the main fraction
3

of the recorded He nuclei are primary nuclei, we obtain a value of

X, = 3>% for the weight concentration of helium-3.

3 3
(b) It follows from Fig. 1 that the He /H ratio increases

with decreasing energy. Therefore, at energies of 5-10 MeV/nucleon

there is agreement with the experimental value. Assuming that the

3 3detected He and H nuclei have an energy of 5-10 MeV/nucleon on leaving

the sun, the recorded energies can be achieved as a result of acceleration

in interplanetary space.

If we assume that tritium was produced as a result of nuclear
2

reactions at the time of the solar flare, we obtain a value of 0.1-1 g/cra

14for the thickness of the material, in agreement with the Be and B contents.

12
Measurements taken in a rocket during the solar flare of

4 -2
November 12, 1960, gave a value of 8 x 10 cm for the total flux of
tritons with energies of 0-27 MeV/nucleon. During the rocket's flight the

total proton flux in the energy range of 2-27 MeV, measured by Ogilvie

et al. with scintillation counters, was 8 x 10 cm" , i.e., H /p - 10 .

During the same flight the upper limit for tritons in the enet^y range of
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16 3 2
20-45 MeV/nucleon, measured with nuclear emulsions, was <0.7 H /cm *sec«ster,

3 2and the proton flux in the same energy range was 0.9 x 10 /cm-sec-ster.

3 -3Thus, H /p £ 10 for E = 20-45 MeV/nucleon. The thickness of the material

2 2
was x - 0.5 g/cm in the first case and x < 0.5 g/cm in the second, in

good agreement with the values given above. On the basis of the measure-

ments conducted during the rocket's flight, Biswas et al. set the upper
3 -3

limit for H /p at 3 x 10 in the energy range of 25-48 MeV/nucleon
following the solar flare of November 12, 1960, which corresponds to

2
x •£. 1 g/cm .

3 4 ?

It follows from the measured value of He /He that x « 8 g/cm *,

or 10 times higher than the values obtained from the data for tritium,

deuterons, Be, and B. Since the value of x virtually does not change

when the energy is reduced to 5-10 MeV/nucleon, the hypothesis that the
3 3

He /H ratio is attributable to acceleration of particles in interplane-

tary space is untenable.
It should be noted that, according to measurements obtained in

the rocket, the total He flux is 4 x 10 He cm in the energy range
3

of 40-105 MeV/nucleon, i.e., 10 tiaes smaller than the He flux and 50
times smaller than the He flux determined by Schaeffer and Zahringer.

At present this discrepancy cannot be satisfactorily explained. It could
4

be due to strong time variations of the He flux or to experimental error.

3 42. Relative Abundance and Energy Spectrum of He and He in

Solar Flares in 1967. The results of investigating the energy spectrum

3 4(in the 10-100 MeV/nucleon range)and the intensities of He and He with

use of a telescope of semiconductor detectors are given in Ref. 17. The
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measui-ements were conducted in 1967 in an IMP-4 satellite. Seven solar

flares were studied, and significant variations were observed in the

4 - 3 - 2
He /p ratio from one flare to another, ranging from 2 x 10 to 4 x 10

3
(a factor of 20). In all, 27 He nuclei were detected. The differential

- 1 8 3
energy spectrum dN/dE ~ E * was determined from the 27 recorded He

4 -"* 0
nuclei; the He spectrum, however, was steeper (dN/dE ~ E "*' ). At this

3 4 2
He /He ratio the thickness of the material was 2 g/cm , which exceeds

3
somewhat the values given above. Therefore the production of He could

be attributed in this case to the nuclear reactions were it not for the

following problem.

The theory predicts that at E > 40 MeV/nucleon the He /He

ratio sharply decreases with increasing energy, whereas the experimental

results point to the contrary. Hsich and Simpson resolve this problem
3 3

by assuming that the recorded He nuclei are primaries, i.e., He is
contained in the sun. By assuming that He /He = 2.1 x 10" and that

4 3

the He concentration is 20%, we obtain X- = 0.3%. The He concentra-

tion on the surface of the sun is large in this case. The accuracy of

the results can be greatly increased by measuring the deuteron and
3 4tritium flux in this experiment in addition to He and He .

3. Results of Experiments Conducted in Space Probes Soyuz 4.

5, and 9 and AMS Zond 8. One of the great difficulties in evaluating the

3 3results of the experimental studies of He and H conducted at the time

3 3
of the solar flare of November 12, I960, is that the H and He contents

were measured in different materials of the satellite Discoverer 17 and,

most importantly, that the background of these materials was not measured
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18 19
prior to the flight. Detailed investigations ' show that the spread

in concentrations of the indicated isotopes in different materials ranges

from a factor of 10 to 100. Therefore special measures were taken to

obtain pure targets for the isotopes to be measured. The experimental

procedure and the main results are-given in Refs. 18 and 19. Let us con-

sider some of the results. In the two sets of experiments - Soyuz 4, 5,

and 9 within the earth's magnetosphere and outside of it Zond 8 - only

3 3
the targets exposed in Soyuz 5 had large quantities of He and H . These

19
results cannot be accounted for at this time. However, Alimova et al.

advance the following working hypothesis.

During the flight of Soyuz 5 after Soyuz 4 had landed (from

9:53 a.m. January 17 to 10:00 a.m. January 18, I960, Moscow time) tritium

3
and He were ejected from the earth's radiation belt in which they had

been trapped as a result of strong solar flares on December 27/28, 1968,

and January 1, 1969. It was concluded from the measurements of C, N, and

0 fluxes obtained by the satellite 0G0 5 between March and December 1968

that a fairly large number of solar particles can be trapped in the

20
Van Allen radiation belts. It was shown in Ref. 20 that the intensity

of the geomagnetically trapped C, N, and 0 nuclei exceeds their flux in

interplanetary space by a factor of more than 160.

III. The dynamic characteristics of the solar wind have been fairly

thoroughly studied, It is known that the proton concentration and the

velocity and flux of the solar wind vary with time. We shall cite some

data from Ref. 21. A monotonic decrease of the concentration from

3 3
10 particles/cm in 1963 to 4.3 particles/cm in 1969 was observed. The
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wind velocity increased from 370 to 410 km/cm during this time. A

significant variation of the ratio of the a-particle flux to the proton

flux was observed. At the average value of 5.1% the a/p ratio varies from

1 to 30%. A noticeable helium concentration was detected in the solar

wind following the solar flares: 12% following the flare cf July 7, 1966;

29% following the calss 3B flare of January 11, 1967; and 17% following

the class 3B flare of May 28, 1967. According to these data, the relative

helium concentration increases with increasing solar activity: a/p = 3.4%

(June 1965 - July 1966); 4.3% (July 1966 - July 1967); and 5.5% (December

1968 - March 1969).

These variations are attributable not only to the solar wind but

also to propagation in interplanetary space. On the other hand, the

elemental and isotopic compositions are much less affected by the flux

propagation in interplanetary space and are primarily determined by the

processes occurring in the solar regions in which these fluxes originate.

The degree of enhancement or depletion of a given isotope depends on the

processes responsible for isotopic separation.

The isotopic and elemental compositions of the solar wind are

now determined by making direct measurements in outer space using electro-

22 23 24-27
static analyzers ' and by exposing special foils on the moon, in

18 28
satellites, and in rockets. Structural materials from Surveyor 3

7R 9(\ ̂ O *̂ 7

(Ref. 29) and samples of lunar rock * ' ' were also used. According

to Geiss, the relative isotopic concentrations are not affected by dis-

turbances in the vicinity of the moon; hence the measured ratios should

correspond to the isotopic abundance in the unperturbed solar wind, except
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possibly for those regions in which there are unusually large local

32
magnetic fields. Measurements of the ratio of deuterons to hydrogen

in lunar soil show it to be more than nine times smaller than that in

ocean water. The small value of D/H indicates that the main fraction

33-35
of hydrogen in fine grains of lunar soil is of solar origin.

The presence of tritium in solar wind was observed by Stoenner

36 37
et al. ' One hundred times more tritium was detected in two samples

of lunar soil brought back by Apollo 12 than in the samples obtained

37
from Apollo 11, 14, and 15. A high A activity, detected in one of the

samples, is attributed to the nuclear reactions in lunar soil produced

by solar flare protons. The solar flare occurred on June 2, 1969, 17 days

before the moon landing of Apollo 12. Analysis showed the presence of

tritium, which was difficult to contain, in the surface layer.

36 37

Experiments ' were carried out during the biological quaran-

tine immediately after the flight, when conditions for detecting tritium

in the solar wind were optimum since the highly absorbable tritium also

easily escapes from a sample. Measurements conducted 6 months later

showed that most of the tritium had escaped from these samples. An

analysis of various sources with anomalously high tritium concentrations

showed that the tritium was of solar origin. The ratio of the tritium to

hydrogen flux in the solar wind was found to be within the limits of

10 -10 . Our measurements obtained from Zond 8 set this ratio at ~10~ .

These estimates, however, are very rough. The only conclusion that can be

drawn from this is that there is some evidence of measureable quantitites

of tritium in the solar wind. Since tritium is radioactive (haIf-life, 12
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years), it is safe to assume that it comes from nuclear reactions in the

sun. Determination of the nature of tritium wind is vital in solar physics.

Considerable experimental information is available on helium

18 24 28 33
isotopes in the solar wind. ' ' ' Since a detailed analysis is not

feasible here, we shall make some general remarks.

4 3 4 20

1. A positive correlation between He /He and He /Ne has been

established. This indicates that there is no significant electromagnetic

separation of isotopes either in the sun's interior or near the moon, for

otherwise there would be an anticorrelation. The He /He and He /Ne

ratios probably vary because of the time variations in the ot-particle

flux, as indicated by the theory.
4 3

2. The He /He ratio increases with increasing K , in agreement
30

with theoretical prediction.
3

3c There is a tendency toward a secular increase in the He

concentration of the solar wind. Some mechanisms leading to such an

increase are examined in Refs. 26 and 38.

The problems considered above are obviously not closely related

in every respect. There is, however, some evidence of common general

characteristics. It is the purpose of this paper to show the importance

and necessity of a comprehensive approach to studying solar neutrinos,

isotopic composition, energy spectra, and time variations in the composi-

tion of different isotopes in the solar wind and in solar cosmic rays. This

approach will most likely yield nontrivial results.
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Fig. 1. Energy dependence of the
Ratio of He3 to H3 flux.
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Fig. 2. Dependence of He /He on the geomagnetic K factor:
A, Apollo f l ights 2 6 ; 3-8, data of Zond 8; §nd S-3,
data of Surveyor 3.
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