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Alpha Particles in Solar Cosmic Rays 

over the Last 80,000 Years 

Abstract. Present-day (1967 to 1969) fluxes of alpha particles from solar cosmic 

rays, determined from satellite measurements, were used to calculate the pro- 
duction rates of cobalt-57, cobalt-58, and nickel-59 in lunar surface samples. 

Comparisons with the activities of nickel-59 (half-life, 8 X 10' years) measured 
in lunar samples indicate that the long-term and present-day fluxes of solar alpha 

particles are comparable within a factor of approximately 4. 
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Fig. 1. Fluxes of alpha particles produced from seven large solar flares in the period 
28 May 1967 to 1 January 1970. The fluxes plotted are summed over the duration of 
the individual events. The inset contains the average alpha particle spectrum over the 
approximately 900-day period. 
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Inferences about the helium abundance 

deep within the sun have been drawn 
from the results of the 37C1 solar neu- 
trino experiment (4). 

Spectroscopic measurements indicate 
that the number ratio of alpha particles 
to protons (a/p ratio) in prominences 
and the chromosphere is approximately 
0.06 (1). Another analysis of the solar 

spectrum yielded a/p 0.1 (5). Al- 

though the helium composition of the 
solar wind varies a great deal, the a/p 
ratio infrequently rises above about 
0.1 (6) and is about 0.045 from long- 
term measurements (2). From the 
rather low limits set on the solar neu- 
trino fluxes, a value of a/p 5 0.07 is 
obtained (4). 

Measurements of the fluxes of alpha 
particles in solar cosmic rays by rocket 
and balloon techniques during solar 

cycle 19 (April 1954 to September 
1964) seemed to indicate that the fluxes 
of alpha particles and the a/p ratio 
differed from flare to flare. When par- 
ticles of equal energy per nucleon are 

compared, the a/p ratio changed even 

during a single flare event (3). These 
results have been confirmed for lower- 

energy (s 10 Mev/ nucleon) alphas dur- 
ing the maximum of solar cycle 20 
(which began in October 1964) by con- 
tinuous measurements made from satel- 
lites during the events (7, 8). Further 
results have shown that frequently the 

a/p ratio during a single flare event is 
constant only when the particles are 

compared on the basis of equal energy 
per charge, but that this ratio also 

changes from flare to flare (7, 9). From 
these cosmic ray studies, the a/p ratio 
is generally found to be less than about 
0.1 for particles of equal energy per 
nucleon. 

It is desirable to obtain information 
about solar conditions, and particularly 
the solar helium abundance, in the past. 
The fluxes of energetic particles from 
ancient solar flares can be studied by 
measuring the long-lived radionuclides 

produced by these particles in extrater- 
restrial matter. No radionuclides pro- 
duced by solar cosmic rays have been 
observed in meteorites, since their 
original surfaces undergo considerable 
ablation in the earth's atmosphere. Cos- 
mogenic radionuclides are also pro- 
duced in cosmic dust (micrometeoroids) 
in interplanetary space (10, 11). Since 
meteoric material continuously falls on- 
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considerable uncertainties in the re- 
sults for marine sediments, both in the 
experimental measurements (12) and in 
the rates of the accretion of cosmic 
dust (10). 

The acquisition of samples of lunar 
material through the several Apollo 
missions has made it possible to investi- 
gate the solar proton flux over the past 
several million years. In brief, the anal- 
yses for both short-lived (half-life: 
n6Co, 77 days; "2Na and 5"Fe, both 2.6 
years) and long-lived (26Al, 7.4 X 105 
years; r5NMn, 3.7 X 106 years) radionu- 
clides produced by proton-induced re- 
actions appear to indicate that solar 
flares have produced cosmic ray pro- 
tons with similar fluxes and spectra 
over the past 1 million years (13-15). 

Information about the abundance of 
helium in solar cosmic rays in the past 
can be obtained by comparing present- 
day fluxes of solar alpha particles, de- 
termined by satellite measurements, 
with those inferred from an analysis of 
long-lived radionuclides produced by 
alpha-induced reactions in lunar ma- 
terial. The best reactions with which 
to observe the effects of s.olar alpha 
particles are the ones that produce the 
radionuclides r!)Ni (half-life, 8 X 10' 
years), n8Co (72 days), and 'TCo (271 
days) by alpha particle bombardment 
of iron. Although most of the bom- 
bardment-produced radionuclides found 
in lunar materials result from energetic 
solar protons and galactic cosmic ray 
particles (16), the low abundances of 
the elements Co and Ni in lunar sam- 
ples (approximately 100 parts per mil- 
lion) compared to the high abun- 
dance of Fe (approximately 10 percent 
by weight) means that "'Ni, '8Co, and 
'7Co are mainly produced by solar 
alpha particle reactions with iron. 
The important alpha-induced nuclear 
reactions are 5;Fe(a,n))5Ni (threshold 
energy, 1.4 Mev/nucleon), 6";Fe (,pn )- 
?*8Co (3.4 Mev/nucleon), and -'Fe- 
(a,p2n )5Co (5.6 Mev/nucleon) (17). 
Only the 5;Co is produced in significant 
quantities from other sources; about 
half of the 5'Co observed in lunar 
samples is produced by solar protons 
by the r>Fe(p,n) '5Co reaction. 

Cobalt-57 has been measured in the 
top surface layers of lunar rocks 
10017 (13) and 12002 (14). Cobalt- 
58 has not yet been measured in lunar 
samples. The detection of 58Co is made 
difficult by its short half-life and by the 
similarity of its decay scheme to that 
of 77-day -6Co, which is produced in 
large quantities by solar protons (13, 
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14). Nickel-59 was measured in the 

Apollo 11 bulk soil sample 10084 (13), 
and a preliminary value has been re- 
ported for the top millimeter of rock 
12002 (18). Nickel-59 is a useful 
nuclide to study because its long half- 
life goes well beyond present-day alpha 
measurements. In addition, its half-life 
is only one-tenth that of 2'Al, which 
was used in the solar proton compari- 
sons (13-15) and thus provides an 
intermediate reference point for studies 
of possible variability in the production 
of solar cosmic rays. 

Information on the present-day (1967 
to 1969) production and spectra of 
low-energy alpha particles in solar flares 
has been obtained from measurements 
made with instruments flown by Bell 
Laboratories on the Explorer 34 and 
Explorer 41 satellites. Alpha particles 
were distinguished from electrons and 
protons by energy loss and range as 
well as by the use of an on-board 

particle identifier (19). Plotted in Fig. 1 
are spectra of the total alpha particle 
Iluxes measured after seven of the 
largest solar events that occurred in the 
interval 28 May 1967 to 1 January 
1970. These seven spectra have pre- 
dominantly power-law dependences on 
energy, with the exponent in the power 
law ranging in value from -1.5 to -3.3. 
The horizontal "error bars" indicate 
the widths of the differential energy 
channels. 

The inset in Fig. 1 is the time- 
averaged spectrum of alpha particles 
measured over the approximately 900 
days that include the seven events. This 
time-averaged alpha spectrum, ob- 

Fig. 2. The differential flux of solar alpha 
particles at several depths in the moon, 
calculated for an isotropic bombardment 
of a semi-infinite plane. The incident flux 
(0 g cm-2) is the time-averaged flux shown 
in the inset of Fig. 1, integrated over 2r. 
The production rates for the formation of 
the radionuclides "Ni, 'Co, and 57Co from 
iron for these alpha particle fluxes are 
shown as a function of the depth in the 
moon. (Note the break in the depth scale 
at 0.02 g cm-2.) 

tained near the peak of solar cycle 20, 
has an E-1.9 energy dependence over 
the range of approximately 1 to 12 
Mev/nucleon. Over one-half of the 

alphas included in this averaged spec- 
trum were produced in the three largest 
events, 12 April 1969 (day 102), 18 
November 1968 (day 323), and 6 July 
1968 (day 188). There were additional 
fluxes of alphas from numerous flares 
in the time interval covered by the 
spectra of Fig. 1, but their inclusion 
would not increase the fluxes in the 
inset spectrum by more than a factor 
of approximately 2. This in part com- 
pensates for the fact that the approxi- 
mately 3-year period sampled here oc- 
curred during a period of solar maxi- 
mum and thus does not include any 
data for a period of solar minimum, 
when the solar alpha particle fluxes 
are expected to be much smaller. Thus, 
it is reasonable to compare the average 
flux shown in the inset of Fig. I 
with the long-term flux inferred from 
the 59Ni measurements (20). An exami- 
nation of the time-averaged proton 
fluxes over the 900-day interval indi- 
cates that the a/p ratio was about 0.02 
to 0.04 for particles of equal energy 
per nucleon (21). 

The rates of production of the radio- 
nuclides ;'"Ni, 58Co, and 57Co in lunar 
samples by solar alpha particles can be 
calculated by using the model of Reedy 
and Arnold (16). If we assume only 
ionization energy losses and an isotropic 
flux for the incident alpha particles, the 
differential flux of alpha particles can 
be calculated for various depths in the 
moon for any energy spectrum of inci- 
dent alpha particles. For the power-law 
energy spectrum shown in the inset 
of Fig. 1, the calculated fluxes of alpha 
particles for several depths in the 
moon are shown in Fig. 2. Because of 
the short range of the alpha particles in 
lunar material (an alpha particle with 
an energy of 2 Mev/nucleon has a 
range of only about 10-2 g cm-2), the 
flux of low-energy alpha particles de- 
creases rapidly with depth. 
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The production rate for a particular 
radionuclide can be obtained by an in- 
tegration over energy of the product of 
these calculated differential fluxes and 
the cross sections for the specific reac- 
tion (16). The cross sections used for 
the 56Fe(a,n)59Ni reaction were the ex- 
perimental values up to an incident 
energy of 3.8 Mev/nucleon (22) and 
values estimated from nuclear system- 
atics above that energy. The peak cross 
section was 600 millibarns at 3.5 Mev/ 
nucleon. The cross sections used for the 
'TFe(a,pn)58Co and 56Fe(a,p2n)57Co re- 
actions were the experimental values up 
to an incident energy of 17 Mev/ 
nucleon (23). The calculated production 
rates for these three radionuclides as a 
function of depth are shown in the 
inset of Fig. 2. 

The production rate for 57Co in the 
top 0.33 g cm-2 of the surface [cor- 
responding to the sample OP-1 of rock 
12002 (14)] is 43 atoms per minute 
per kilogram of iron [atom min-1 
(kg Fe)-l]. This calculated value is con- 
sistent with the activity of 95 ? 36 dis- 
integrations per minute (dpm) per kilo- 
gram of iron measured for 57Co in OP-1 
(16.8 percent Fe) (14). In the sample, 
the solar proton contribution was in- 
dependently estimated (from 56Co ac- 
tivities) to be 54 dpm (kg Fe)-', leaving 
41 (? about 100 percent) for the solar 
alpha contribution. 

The lowest energy product, )9Ni, has 
the highest production rate at the sur- 
face, 661 atoms min-1 (kg Fe)-1, and 
its production rate decreases most rapid- 
ly with depth, half the production being 
in the top 7 X 10-2 g cm-2 (approxi- 
mately 0.2 mm) of the surface. The 
total production of 59Ni from iron by 
alpha particles is 0.019 atom min-1 
per square centimeter of surface. From 
the production rate profile of Fig. 2, 
the production rate for 59Ni in the OP-1 
sample (0 to 0.33 g cm-2) is 40 atoms 
min-1 (kg Fe)-1. The production rates 
from other sources are small, the rates 
from 58Ni (n,y)59Ni and 6"Ni(n,2n) 59Ni 
(secondary neutrons from galactic cos- 
mic rays), and 6ONi(p,pn)59Ni and 

59Co(p,n)59Ni (solar protons), being 
estimated as 0.5, 0.1, 1.2, and 1.4 
atoms min-1 (kg Fe)-1, respectively, 
for this sample. Because of the steep- 
ness of the "9Ni production profile 
with depth, steady removal (erosion) of 
surface material can affect the activity 
of 59Ni. The erosion rate for rock 12002 
was estimated to be 0.5 mm (150 mg 
cm-2) per 106 years. The present-day 
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activities of 59Ni, calculated from the 
production profile of Fig. 2 by using 
erosion rates of 75, 150, and 300 mg 
cm-2 per 106 years, are 32, 28, and 23 
atoms min-1 (kg Fe)-'. The activity of 
5'Ni expected in OP-4, when the other 
sources of production and the estimated 
erosion rate are corrected for, is 25 
dpm (kg Fe)-', within a factor of 3 of 
a preliminary value of 54 ? 18 mea- 
sured for r'9Ni in this layer of rock 
12002 (18). 

The alpha particle flux inferred by 
SHRELLDALFF (13) from their Apollo 111 
59Ni data was not much better than an 
order of magnitude estimate because of 
uncertainties in the data. The activity 
of 59Ni measured by SHRELLDALFF in 
soil sample 10084 (12.3 percent Fe) 
was 3.3 + 1.0 dpm kg-', but since the 
depth of the sample was not known, 
the alpha particle flux could not be de- 
termined from the activity alone. 
SHRELLDALFF also measured a limit of 
less than 3 dpm kg-1 for 5'Ni in the 
top 12 mm of rock 10017 (15.3 per- 
cent Fe). Using both these results, 
SHRELLDALFF estimated the omnidirec- 
tional (4rr) flux of alpha particles with 
energies above 2.5 Mev/nucleon to be 

approximately 101 cm-2 sec- over 
the mean life of 59Ni. The correspond- 
ing value of the omnidirectional inte- 
gral flux for the average spectrum of 
Fig. 1 is 8 cm-2 sec-1. 

In summary, measurements of radio- 
nuclides in the top surfaces of lunar 
samples can be used to infer the flux 
of solar alpha particles with energies 
of a few million electron volts over 
time intervals of about 1 year ,(from 
measurements of 58Co and, with less 
accuracy, 57Co) and about 105 years 
(from measurements of .>`Ni). The mea- 
surements of 57Co in lunar samples are 
consistent with the alpha particle fluxes 
measured by satellites. The Apollo 11 
results and the Apollo 12 results for 
59Ni in lunar samples indicate that the 
solar alpha particle flux over the last 
105 years has been comparable, within 
a factor of approximately 4, with that 
measured by satellites during 1967 to 
1969. If the large flare of August 1972 
is included, the agreement would tend 
to be somewhat better (20). These re- 
sults, together with the result that the 
average solar proton flux during the 
last 106 years is similar to the present- 
day fluxes (14), indicate that the long- 
term (105 to 106 years) emission of 
both energetic protons and alpha par- 
ticles by solar flare processes has not 

been very different from that observed 
today. Hence, it can be inferred that 
the solar surface material that is ac- 
celerated by flare processes has had ap- 
proximately the same composition ratios 
between hydrogen and helium for ap- 
proximately 105 years. 
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