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Abstract

‘The production rates of cosmogenic nuclides in the solar system and in interstellar
space were calculated for the primary protons in the galactic and solar cosmic rays. At
1 AU, the long-term average fluxes of solar protons usually produce many r.src atoms of
a cosmogenic nuclide than the primary protons in the galactic cosmic rays (GCR), the
exceptions being nuclides made only by high-energy reactions (like !"Be). Because the
particle fluxes inside meteorites and other large objects in space include many secondary
neutrons, the production rates are much higher and ratios inside large objects are often very
different from those by just the primary GCR protons in small objects. The production
rates of cosinogenic nuclides are calenlated to vary by about factors of 2.5 during a tvpical
L-yearsolar eyele, in agreement with measurements of short-lived radionuclides in recently
fallen meteorites. The production of cosmogenic nuclides by the GCR particles outside
the heliosphere is higher than that by the modulated GCR primaries normally in the solar
svstem, However, there is considerable uncertainty in the fluxes of interstellar protons and,
therefore. in the production rates of cosmogenic nuclides in interstellar space, Production
rates and ratios for cosmogenic nuclides would he able toidentify particles that were small

in space or that were exposed to an unmodulated spectrum of GCR partieles,

Introduction

The energetic particles in the cosmie rays are about 90 protons and induce a wide
variety of nuclear reactions in extraterrestreial matter Reedy ot all 19837, Relatively low
cnergy (--10- 10 100 NMeV) particles are emitted occasionally from the sun the so-called
solar cosmic rays (SCR), The SCR particles are rapidly stopped inmatter (within a fow
centimeters) and pro duce a high density of product nuelei very near the surface "Reedy and
Arnold, 19727, The high-energy (= 1-GeV) galactic cosmic-ray (GCR) particles produce a
large cascade of secondary particles, especially neutrons, that penetrate meters into solid

matter Reedy ard Armold, 19727, The flux of GCR particles in the solar system varies
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with solar activity and is lowest at periods of maximum solar activity. The highest fluxes
of GCR particles observed recently in the solar system, during solar minimum, is less than
those of the unmodulated GCR particles in interstellar space. Even higher fluxes of GCR
particles, especially at lower encrgies, probably exist ot the sources of the GCR particles.
These different spectra and Auxes of cosmic-ray particles will result in a wide range of
production rates ol nuclides.

Most studies of cosmogenic nuclides have been for large objects (the Earth, moon. and
meteorites). for long periods of time (averaged over many solar cycles), and for exposure
to the cosmic rays a' abou* 1 AU from the sun. Recently, there has been more interest in
cosmogeric nuclide production under different circumstances. There have been a nuinber of
measurements of cosmogenic nuclides in very small objects, the cosnmice spherules reco.ered
from d.ep sea sediments Raisbeck et al., TOR3, 1985 Evans et al. 1982 and Heusser
et al. (1978 have reported large variations in the activities of short-lived cosmogenic
radionuclides (such as 312-day *'Mn) measured in [resh meteorite falls that indicates
that the cosmogenic-nuclide production-rate variations over a solar eyvele is ~2-3. Several
papers have addressed the possibility of the production of cosmogenic nuclides outside
the solar system, with the cosmogenic nuclides being retained even in very small grains
Rav and Volk, 1983 or made in bigger particlis now found as cosmic spherules in deep
sea sedimonts, Raisbheck et ol 1985 measured a very high content of *'Be (about 50
dpm kg ') in a cosmic spherule and suggest that the irradiation occurred outside the
solar system. During periods of unusually low sela: activity, sueh as during the Maunder
Minimum Fddy, 1976, high fluxer of GCR particles could be present in the inner solar
svstem and produce enhanced amounts of cosmogenic nuelides Castagnoli and Lal, 1980,
The production rates for seven common cosmmogenic radionuctides or noble-gas isotapes
are caleulated here for a varicty of primary proton spectra. Some of these results were
reported earlier Reedy  T983. 1986 this work changes a few of these ecarlier spectra and

inchides a number of new estiinates fer the primary GCR protons i interstellar space,



Primary Cosmic-Ray Proton Spectra

The spectrum of solar protons is well approximated by an exponential function in
rigidity /Reedy and Arnold, 1972!; it has a spectral shape averaged over the last ten
million ,years [Reedy et al., 1983] of R., = 100 MV. The intensity adopted for this solar
proton spectrum is an integral Aux above 10 MeV of 70 protons cm s ~!, which is the
average over the last few millior years as determined from lunar-rock measurements by
Kohl et al. 11978i. Production rates for other solar-proton spectral shapes can be found
from calculations in other papers for example. Reedy and Arnold, 1972; Michel et al..
1982!, by using surface production rates for lunar samples or meteorites multipled by a
factor of two to get rates for the omnidirect onal irradiation of very small objects in space.

For the GCR protons in interplanetary space and n interstellar space. a variety of
spectral shapes and intens'ties are possible. In the inner solar system, the acuivity of the
sun modifies the spectra of GOR particles as these particles enter the solar system  Reedy
et al., 1983', The activity of the sun usually varies with an 11-year cycle, with the strongest
activity period (solar maximum) resulting in the lowest fluxes of GCR particles in the inner
solar system. The time of lowest <olar activity during a typical 11-vear solar eycle (solar
minimum) still results ina spectrum of GCR particles that is decreased, espocially at lower
energios, relative to that in the local interstellar space.

Castagnoli and Lal 19%0 give an equation for the flux (in protons em s ') of the

GCR protons as a Tunetion of a solar modulation parameter, M,
J(EM) L20xT0VE(E CIRTO)(E N x) T (B M) aRTe L AD (1

where Fois the proten’s Kinetie energy and x TRO exp( 2.5x10 1 E). (Note taat this
equation has been corrected from the one in Castagnoli and Lal 19801 .1, Lal and G,
Castignoli, personal communication, 1983.), For the GUR protons, spectra like those for
the last two solar minima (M 375 MeV) and maxima (M 950 NMeV) Reedy et al, 1983;

Castagnoli and Lal, 19800 were used, as well as one that is similar to the average over a



solar cycle (M = 550 MeV). The solar-cycle-averaged omnidirectional integral lux of GCR
protons above 1 GeV used here is 1.8 protons cm~2 s~ !. which is slightly higher than the
value used by Reedy and Arnold [1972], 1.7 protons cm~% s~!. The GCR integral fluxes
and spectral shapes used for solar maximum, solar minimum, and the average over an 11-
year solar cycle are similar to those of Michel and Stiick [1984], Bliandari et al. |1979|, and
Bhandari [1981], including the slightly higher value for t.he.solar-cycle average. The solar-
proton spectrum, the GCR-proten spectra for solar maximum, the solar-cycle average, and
solar minimum discussed above, and an IS protnn spectrum based on cquation (1) with M
= 0 are shown in Figure 1.

The spectra of GCR particles in interstellar (IS) space hasn't been measured directly
and is hard to model or estimate. The protons with energies below ~100 MeV in IS space
never enter the inner solar system. hence it is hard to ext.apolate back ™om measured
spectra to IS space. Indirect evidence, such as GCR electrons, interstellar gamma-ray
fluxes, and the epergy content of the IS mediam, are used in estimating the spectrum of IS
GCR particles, especially at lower energies M. Garcia-Munoz, pers mal communication,
1985, One spectrum for 1S space is the expression of Castagnoli and Lal "1980! with their
modulation parameter, M. equal 0. The shape for their expression with M 0 is very
similar to (E 1+ 1050) *%7_ with E in MeV. Castagnoli and Lal [1980] also 1ote that a
vialue of M 100 MeV would give a GCR-proton spectrum that is similar to estimates for
that in the local IS space. Other determinations of the GOR spectra in IS space used here
are those of Webber and Yushak 1983, and Ip and Axford 1985, Webber and Yushak

1983 give an equation for their interstellar spectrum,
JECT) L2x10°E™ Y E ) M (2)

where B is Kinetic cnergy, and include an uncertainty for their [N-spectral shape parameter,
which they determined to be 1., 3001 100 MeV nucleon ' These IS spectra are shown

in Figure 2. Note the large spread in the fluxes, especially at lower energies, for these
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IS spectra. All of these estimates of the IS GCR-particle spectrum are fairly flat at
lower energies and all approach a spectra shape of about E~2:% at high energies. Such
unmodulated IS spectra could be approached in the solar system during the long periods
of essentially no solar activity that occur about every few hundred years [Eddy, 1976], such
as the Maunder Minimum [Reedy et al., 1983; Castagnoli and Lal. 1980!.

One estimate of the proton spectrum at the source of GCR particles is a power law
in rigidity [H. Volk. personal communication, 1983]. At high encrgies, this rigidity power
law was assumed to have the same intensity and shape as that observed in the solar
sy ‘temn (sce Figure 2). (Note that the intensity used here was based on the values of the
interstellar spectra discussed above and is lower than that used in Reedy -1986!.) The
intense, low-energy part of this spectrum is similar to that required for the nucleosynthesis
of moest. the the isotopes of lithium, beryllium, and boron by spallation reactions with
heavier elements {Audouze, 1980.. As any source GCR-particle spectrum is modified by
passage through ~3 g em 2 of interstellar matter, this pure rigidity porver-law spectium
overestimates the proton fluxes at lower energies in the local interstellar space Reedy
and Arnold, 1972, especially below ~100 MeV. Prodnction rates for seven cosimogenic
nuclides were calculated with these proton spectra, a C2-chondritic composition Mason,
1979 . and with cross sections for proton-induced reactions (mainly experimental values,
o, see Tuniz et al. 1984 Tor the cross seetions used for "'3e) and are given in Table 1
for in the solar system and in Table 2 for outside the sclar system. Typical production
rates of these nuclides observed in stony meteorites (usaaily with radii of 10 to 30 ¢m) are

also given in Table 1.

Cosmogenic-Nuclide Produetion Rates
Production by solar protons usually dominates that by primary GCR protons, Only
nuclide s made mainly by high-energy protons, such as '"'Be and *CL, have very low pro-

duction rates by the low-energy solar protons. These high rates by solar protons only occur



very near the surface of an irradiated object, and solar-proton produciion retcs becorie
relatively unimportant below depths of a few centimeters [Reedy et al., 1983; Reedy and
Arnold, 1972]. Only the GCR source spectrum exceeds the solar-proton production rates,
because of its high fluxes at lower energies. In most metcorites, production by solar protons
is usually not observable because the surface layers are removed by ablation during the
meteorite’s passage through the Earth's atmosphcere. The ratio of the amount of a nuclide

readily made by solar protons (for example, *“

Al) to that of a high-energy product (such
as '"Be) is a good indicator of the object’s size when it was irradiated in space. Activities
of 2°Al and '"Be were measured in several groups of small (0.3- to 0.5-mm) spherules col-
lected from sediments on the ocean floor |Raisbeck et al., 1983]. The 2°Al/!"Be ratio and
the %Al activity were quite high in several of them, which indicate that those spherules
probakly came from parent bodies less than a few centimeters in diameter. Studies of such
small objects would be interesting because they may be different rom the {orms of solar
systemn matter found in most metceorites.

Druring periods of normal solar variations when the sun is having an 11-year cycle of
solar activity. such as sunspot numbers, the extremes in the activity of the sun and its
subsequent modulation of the GCR particles are represented by the solar iminimum and
maximum used in Table 1. Most cosmogenic nuclides in extraterrestrial matter are made
by secondary cosmogenic neutrons. The cross sections as a function of energy for making
neutrons are similar in shape to those for making *te, so the relative rates for making *le
given in Tables 1 and 2 can be used to estimate the relative rates for producing cosmogenic
nuclides in large objects in space. The ratio of 2.4 for the *He production rates between
the extremes for an Il-year solar cycle is about the variation that would be expected
for the production of s« condary neutrons and cozmogenic nuclides. When Evans et al.
(1982] measured the activities of short-lived radionuclides in a number of mmeteorites that
fed from 1967 Lo 1978, the activities varied in phase with the solar activity and implied

a production-ra‘c variation over a solar cycle of a factor of 2.5-3. Heusser et al. [1978!



reported similar but slightly smaller production-rate changes over a solar cycle. Some of
the measured varijations in activities of cosmogenic radionuclides could have been caused
by differences in the meteorites’ sizes or shapes or in the sample location. However, the
calculations repcrted here show that most of these radioactivity variations are caused by
the solar modulation of the GCR-particle flux. Larger variations in nuclide production
rates would be expected if the solar activity exceeded the average extremes used here,
such as during the Maunder Minimum or the Grand Maximum 'Eddy, 1976..

In Table 1, the ratio of the GCR production rates typically observed in meteorites to
the solar-cycle-averaged rates for primary GCR protons ranged from 2.3 (for 3°Cl) 1o 8.0
(for 2%Al). Because the lux of primary protons inside a meteorite is attenuated by nuclear
interactions, the ratios of observed ~ctivities to those i.:ade only by the primary GCR
protons shnuld be even larger. These relatively low contributions by the primary particles
illustrate the importance of secondary particles in nuclide production in large objects like
meteorites. Similar results for the production of cosmogenic nuclides by primary GCR
particles were reported by Michel and Stiick '1984°. This big difference between nuclide
production by primaries only and by the fully developed secondary cascade present in
most meteorites, which are relatively large (10 to 30 cin in radius). irdicates that small
meteorites without a fully developed cascade could have some unusual production rates or
ratios. Studies of cosmogenic nuclides in such small meicorites or in isotropic irradiations
of small spheres at acceelerators !Michel et al., 1986} also would help us understand the
production and transport of secondary particles in meteorites and other matter in space.

The production rates of nuclides by GCR protons in interstellar space are high, roughly
similar to the rates produced by both primary and secondary GCR partizles in meteorites.
The relatively low-energy jprotons normally removed by solar modulation in the inner
solar systemn have produced about the same number of nuclides as are made by secondary
neutrons in meteorites. These high production rates, plus the relatively low loss of product

nuclides by recoil in simall grains  Ray and Volk, 1983]. mean uat one should be able to



identify grains that were irradiated in interstellar space. Such grains may have been
incorporated in meteorites or could enter the Earth’s atmosphere as cosmic dust. Some
grains may have been exposed to unmcdulated GCR particles in an asteroidal regolith and
then incorporated in gas-rich meteorites |Caffee et al., 1986). The 3He production rate ir.
interstellar space is about 4 times that for the average over a solar cycle, and the flux
of protons above 1 GeV in interstellar space is 2-3 times that for the solar-cycle average.
Thus, the production rates of cosmogenic nuclides by GCR particles that have not been
modulated are higher (by factors up to 2 to 4) than those observed near the Earth during
long periods of typical solar activity.

Such high production rates in the interstellar medium could account for the high '“Be
seen in a cosmic spherule [Raisbeck et al., 1985, although the mcasured !"Be activity of
50 dpm kg ! is higher than the IS rates and the GCR source rate. llowcver, the 6 Al
activity in the same spherule is not unusually high (about 71 dpm kg '), which it would
be if made with a GCR spectrum that can make 50 dpm kg ! of !“Be. Production of ''Be
from carbon was not included in these calculations but should not be a significant source

of '"Be unless very large amounts of carbon were originally present in the spherule.
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Conclusions

The results of the calculations given in Tables 1 and 2 show that the production of
cosmogenic nuclides by primary cosmic-ray protons can vary considerably with both the
size of the extraterrestrial object and the amount of the solar modulation of the primary
GCR particles. Verv small objects have high production rates by solar protons. Typical
meteorites are large enough that the cascade of secondary particles dominates nuclide
production. Intermediate-size objects could have some unusual production rates and ratios.
Temporal . d spatial variations in nuclide production can also result from differing GCR-
particle modulation. Variations by factors of 2 to 3 can occur during a normal solar
cycle, in agreerment with measurements of short-lived cosmogenic radionuclides in recent
metcorite falls :Evans et al., 1982; Heusser et al., 1978i, and even larger deviations can
occur when solar modulation is much stronger or weaker than usual. 1ligh production rates
of cosmogenic nuclides are expected to occur in interstellar space and near the sources of
GCR particles. [owever. there are considerabie uncertainties in the spectral shapes and
intensitites of interstellar protons. so the production rates of cosmogenic nuclides in I8
space have uncertainties of the order of a factor of 2. From their cosmogenic nuclides
Raisheck et al., 1983, some cosmic « herules appear to have been small objects in space,
although the evidence for a cosmic spherule irradiated out of the solar system Raisherk
et al.. 19851 is not strong.
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Figure Captions:

Fig. 1. The omnidirectional fluxes as a function of kinetic energy of solar protons (x. for
R., 100 MV) and of galactic-cosmic-ray protons in the solar system (nusing equation (1)),
for no modulation (M 0) and for three levels of modulation: solar maximum (M 950

MeV), the T-year average (M 550 MeV), and solar minimum (M 350 MeV').

Fig, 2. The omnidirectional fluxes as a function of kinetic energy of galactic-cosmic-ray
protons in interstellar space and a possible spectrum at the souree of the GCR. (Note thal

the range of fluxes is slightly lower than that in Fig. 1.



Table 1. Nuclide Production Rates by Primary Cosmic-Ray Protons in the Solar System,

Assuming C2-Chondritic Chemistry.

106 years Solar Solar Solar Typical
Av. SCR Max. GCR Av. GCR Min. GCR Meteorite

Parameter R., =100 M-950 M =550 M=:375

Integral

Flux® 70 1.21 1.80 2.39

Nuclide (atoms minute ™! kg ')
*He 566. 189. 317. 458. 900.
1"Be 1.1 1.9 R.1 11.5 22,
“INe 395, 11.6 20.8 32. 150.
Y 344, 1.3 R.1 12.7 60.
S & 0.9 1.8 3.1 1.5 7.
AT 72, 3.3 5.5 8.0 20.
I n 590 7.6 13.6 21. 105.

n protons cin = s 'y osolar protons for 19 - 10 MeV, GCR for . - 1 GeV.



Table 2. Nuclide Production Rates by Primary Galactic-Cosmic-Ray Protons in Interstel-

lar Space, Assuming C2-Chondritic Chermistry.

Castagnoli Ip and Webber and GCR Source
and Lal Axford Yushak R-%65
Parameter M=100 M=0 - T. =300 =100 -
Integral ~0.51
Flux® 363 4.33 2.23 3.40 2.72
-0.42
Nuclide (atoms minute ! kg ')
. x1.61
Ne 855. 1257 755. 1867. 2568,
142
x1.50
1"Be 21. 29, 16. 38. IR,
1.36
. x1.01
“"Ne¢ Tl 117. 81, 2034, 1007.
1.66
. x2.10
Al 31, H8. A4, 136. R45.
1.71
") x 43
e 8. 1. 6. 1. 13.
‘ 1.43
. x1.91
Y 16, 24, 16. 43. 163.
156
.. N2.14
NI 19, Ol0). 60, 210, 1367,
T2

‘i protonsem s Plor -1 Gev,
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