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Abstract - Because changes in scliar activity can modify the
fluxes of cosmic-ray particles in the solar system, the nature
of the galactic and solar cosmic rays and their interactions
with matter ara described and used to study the ancient sun
The use of cosmogenic nuclides in meteorites and lunar samples
as detectors of past cosmic-ray variations are discussed.
Meteorite records of the hirtory of the galactic cosmic rays are
reviewed. The fluxes of solar protons over various time periods
as determinecd from lunar rudionuclicde data are presented and
examined. The intensities of solar protons emitted during
1354-1964 (11-year solar cycle number 19) were much larger than
those for 1965-1975 (solar cycle 20). Average solar-proton
fluxes determined for the last one to ten million years from
Tunar 26A1 and %3Mn data show little variation and are similar
to the fluxes for recent solar cycles. Lunar activities of '4C
(anc preliminary results for 81Kr) indicate that the average
fluxes of solar protons over the last 10* (and 10%) years arc
several times larger than those for the last 10% - 107 years;
however, cross-section measurements and other work are needed
Lo confirm these tlux variations.



INTRODUCTION

Many variations in the fluxes of cosmic-ray particles are reiated to
solar-activity changes (see, e.g., Pomerantz and Duggal, 1974). Solar
magnetic fields modulate the intensities of ga'actic-cosmic-ray (GCR) parti-
cles in ithe inner solar system, as the svstematic changes of GCR fluxes over
the 1ll-year solar cycle indicate. Eddy (1976) showed that variations of
GCR-produced 14C in the Earth's atmosphere correlate with sunspot numbers.
However, long-term variations of GCR fluxes also can be caused by changes in
their sources or in their transport to the solar system (Forman and Schaeffer,
1979). The fluxes of the solar-cosmic-ray (SCR) particles emitted from the
sun are good indicators of solar activity. This paper discusses the nature
of these cosmic-ray particles and their interactiony with matter, emphasizing
the production of nuclides by cosmic-ray-induced nuclear reactions

The Aactivities of various cosmogenic radionuclides in meteorites and
Tunar samples are very good records of average cosmic-ray fluxes in the
past. Meteorites and lunar samples are bhetter than the Earth's atmosphere
as targets for cosmic-ray particles because they don't have magnetic fields
which perturb the cosmic-ray fluxes. (Geomagnelic variations significantly

14 Wye in the Larth's

affect the production rates of nuclides such as “'C and
atmosphere.) The activities of these cosmogenic nuclides directly retlect
the fluxes of the cosmic-ray particles which produce them., The holf-Tives

of the radionuclides usually determine the time period ovor which the coumic-
ray fluxes are averaged. A very good method to study the past veriatfons ol
solar activity is the measurement of radionuc!ides produces fn lunar samples

by solar cosmic ray' . The average solar-proton fluxes feduced from such

measurements are discussoed bhelow,



SOLAR COSMIC RAYS AS INDICATORS OF SOLAR ACTIVITY

The interrelations between certain soiar phenomena and cosmic-ray flux
variaticns are discussed in detail by Pomerantz and Duggal (1974). Solar
cosmic rays produce a number of effects observable from the Earth's surface.
The magnitudes of these effects are proportional to the fluxes of SCR particles
which produce them. The SCR particles produce ionization in the 40- to
100-km 1evel of the ionisphere which absorb radiowaves. This phenomenon is
most pronounced over the poles At frequencies of the order o° 30 MHz,
extraterrestrial radio noise is absorbed by this SCR-produced ionization and
is referred vo as polar cap absorption (PCA). Pomerantz and Duggal (.974)
list the 77 PCA events with equivalent 30 MHz absorption of 22.5 dB which
were observed from 1952 to 1973. They found that both the frequency of PCA
events rer year and the sum of peak absorptions for a year correlate well
with annual mean su .pot numbers. Only three of these PCA events occurred
when the Zurich sunspot number (Rz) was less than 50 (but still above about
20); almost all large PCA events happened during periods of considerable
sclar activity.

solar-cosmic-ray particles with energies above about b and 0.Y% GeV can
be detected by ionization chambers wnd neutron monitors, vespectively, on
the Larth' . surface,  Such ground level enhancements (GLE) have heen observed
reqularly by ionization chambers since 1936 and by neutron monitors since
the late 1940'+.  Almost all of the 25 GIE eventys 1osted by Pomerants and
Dugqgal (19/74) occurrved during periads when R’ way above 50; none were observed
when R, was helow 18,

The fluxes of solar-cosmic-ray particles which were inferred by Indivect
measurenents for colar cycle 19 (19%4-1964) and dirvect ly measarved b satellites

for mo. of solar cycle 20 (1965=197%) alvo show Lhe same trends obsverved for



PCA and GLE events - few occurring during periods of low solar activity.
Webber (1966) noted that the number of events per year is, cn average, 0.08
Rz and that I(>10 MeV), the yearly integrated particle flux above 10 MeV in
particles/cm? y, is related to the annual sunspot number by log;, 1(>10 Mev) =
7+ 0.02 Rz.

The event-averayed integral fluxes of solar protons are tabulated by
Reedy (1977) for 32 events during soldar cycle 19 and 33 events during solar
cycle 20. The only event in this tabulation with an omnidirectional integral
flux greater than 107 protons/cm? for energies above 30 MeV and with a
monthly averaged Zurich sunspot number below 50 was for 26 September 1963.
The fluxes reported by Webber (196€) for this event and for the one on
10 September 1961 are down by faclors of about 6 and 4, respectively, relative
to those tabulated in noedy (1977). 1 believe the Webber {1966) fluxes for
these Lwo events are better values than tihose adopted by Reedy (1977), and
thus the integral fluxes above 30 MeV for these events both should be ahout
1 x 107 protons/cm?. Thus, for solar cycles 19 and 20, there probably were
no SCR events with 1(»30 MeV) » 107 protons/cm* and R, < 50. For solar
cycle 20, for which there are more and hotter flux data for small SCR events,
the only events with 1(:30 MeV) » 2 x 10" protons/em? and RI ~ 42 were three
small events which occurred during 1965 and 1966 with monthly Rl‘s betwveen
12 and 18,

While there can be periods of considerable solar activity when there
are no SCR events, observations during the last two solar cyeles show that
only a few, weak SCR events occurred during periods of "lTow-to-medium® solar
activity (10 - Rl - h0) and that no SCR events with 1(:30 MeVY - 2 x 10°
protons/em? happened during periods of "minimum" solar activity (R, - 10).

Almost all the major em wwions of particles from the sun during the last fow



decades occurred when the sun was quite active (Rz > 50). Thus the presence
of significant fluxes of SCR particles in the past would te good evidence of
considerable solar activity over the period for which the SCR fluxes were
determined. (The argument that a fairly high average flux of SCR particles
could be the consequence of a few "superflares" during a period of mainly
low solar activity is very ad hoc, as there is not good evidence for the
presence of superflares in the past; see Lingenfelter and Hudson, these

proceedings. )

COSMIC-RAY INTERACTIONS WITH MATTER IN SPACE

There are two sources of energetic particles which produce nuclear
reactions in most solar-system matter: galactic cosmic rays (GCR) and solar
cosmic rays (SCR). The natures of these two types of cosmic rays and their
interactions with matter are described in detail in several articles (e.g.,
Reedy and Arnold, 1972; Lal, 1972), but are reviewed here briefly. As
mentioned above, the SCR originate at the sun and the GCR come from outside
the solar system. Both types consist mainly of protons and alpha particles
(with a proton/alpha-particle ratio of about 10) with about 1¥ heavier nuclei.

There are only a few GZR particles per cm? per second, but their mean
and median energies are of the order of l()(J eV (1 GeV), lrom several hundred
MeV Lo energies of the order ot thousands of GeV, the spectrum is approximated

by
‘ C -2.h .
di/db - const, (1 4 F]in GeV) : (1)
The fluxes af GCR particles, especially those with energies below about

I Gev, are modulated by solar magnetic fields, the matn temporal variation

being with the Jl-year solar cycle.  The tluxes of GCR particles also vary



in the solar system, increasing both with distance from the sun (a few
percent per AU) and with angle out of the ecliptic (McKibben, 1975).

The sun irregularly, but mainly near periods of solar maximum, emits
energetic particles. Most of the particles in an SCR event at 1 AU come
from a specific solar flare and are accelerated to high energies at the sun.
Howaver, there are rare occasions when the particle acceleration actually
occurs in interplanetary space by two converging shock fronts (Pomerantz and
Duggal, 1974; Lingenfelter and Hudson, these proceedings). The events of
17 July 1959 and 4 Augn'st 1972 involved interplanetary acceleration, but, as
pointed out by Pomerantz and Duggal (1974), they are "ultimately of solar
origin." During an SCR event, the peak flux above 10 MeV can reach levels
of the order of 105 p.rticles/cm? s. The integral fluax for energies ahove
10 MeV averaged over a solar cycle is about 100 particles/cm?2 s. The energy
distribution of the SCR particles varies from flare to flare, but always has
a flux which rapidly decreases in intensity with increasing energy. From
about 10 to 100 MeV, the spectrum is usually described by an exponential

rigidity shape,

dl/dR = const., exp(-R/RO) , (?)

where R is the rigidicy of the particle (defined as the momentum per unit
charge. pc/ze, in unils of megavolts, MV), and R” usually ringes from 30 to
200 MV (Recdy and Arnold, 1972). bBelow aboutl 0 MeV, an energy power-law

distribution,

di/Zdl = ¢ ast, 1Y (13

is ofteiny used, where y typically has values between 1 and 4 (lal, 19/2),



Energetic nuclear particles mainly interact with matter in two ways:
jonization energy losses and nuclear interactions. A1l charged nuclear
particles lose energy cortinuously by ionizing the atoms as they pass through
matter. Low-energy protons are rapidly stopped; in lunar rocks, the range
nf a 50-MeV proton is 3 y,cm? (about 1 cm). High-energy particles lose
energy more slowly and usually undergo nuclear interactions before stopping
(a 1-GeV proton has a range of avout 400 g/cm? but only about 2% of 1-GeV
protons go their entire range without interacting.) Heavy nuclei lose
energy much more rapidly than light nuclei. The radiation damaye produced
during ionization energy losses can accumulate in matter and be detected as
thermoluminescence (TL). The paths traveled by individual nuclei with Z
above about 20 can be etched by certain chemicals and made visible as "tracks"
(Fleischer et al., 1975).

Nuclear interactions invnlve either nuclear reactions or the scattering
of the incident particle from nuclei. Scattering reactions decrease the
energy of the particle and are the only means by which neutronis are slowed.
Most nuclear reactions occur when the incident particle is above a certain
Lhreshold energy and involve the formation of a residual nucleus (stable or
radioactive) and certain secondary particles (such as protons, neutrons,
alpha particles, pions, and gamma rays). In a nuclear reaction, the incident
particle is usually absorbed by the nucleus, althougih high-energy particles
can escape after having excited a nucleus. Nuclear-reactiuvin mean free paths
are of the order of 50 g/cm? (i.e., 1l/e or 37% of the incident particles
have not reacted after having traversed that thickness.) Secondary neutrons
are very important for inducing nuclear reaciions in extraterrestrial matter
because about. 10 neutrons are produced per incident primary GCR particle and
they have long mean free paths waile most other secondary nuclear particles

have shoruv ranges.



The relatively low =nergy solar protons and alpha particles are usually
stopped hv isnization energy losces very near the surface of the material.
Th: SCR particles that do induce nuclear reactions produce few secondary
particles (and the product nucleus is near in mass to that of the target
nucleus.) Monte Carlo calculations by Armstrong and Alsmiller (1971) indicate
that nucl-ar reactions inducea by SCR-produced secondary neutrons are negligible
compared both Lo SCR-primary-induced reactions near ilia surface and to
GCR-secondary-neutron-induced .eactions at any depth. Because SCR secondary
particles produce relatively few reactions, most calculations of production
rates for SCR-induced reactions only consider the primary SCR particle
fluxes and ionization-energy-loss eftects (Reedy and Arnold, 1972). The
interpretations of lunar SCR-produced radionuclides given below usually used
the calculated production rates of Reedy and Arnpold (1972). Caiculations of
solar-proton fluxes anc iwclide production rates in lunar rocks also have
been made by Vokoyama et al. (1972) and Tanaka et al. (1972),; their results

are in very good agreement with those of Reedy and Arnold (1972). Tanaka et
al. (1972, have shown that, for 26Al and 53Mn, solar-alpha-particle-induced
reactions are relatively unimportant.

The GCR particles producing nuclear reactions can be roughly divided
into three components (Reedy and Arnold, 1“/2; Yokoyama el al., 1972): a
high-energy component of energe.ic (above about 1 GeV) primary pavticles
with a characteristic attenuation mean free path, medium-encrgy (between
about 0.1 and 1 GeV) particles produced partially from the first component,
and a low-energy group (below 100 MeV) consisting largely of secondary
neutrons. The fluxes of Lhe high-energy GCR particles vecrease roughly
exponeprt.ially with depth. The [luxes of secondory neutrons increase with

depth near the surface, but then decreane exponentially with depth (Reedy



and Arnold, 1972). The intensity of GCR particle fluxes varies with solar
activity (being highest at periods of solar minimum), but the shapes of GCR
production rates versus depth do not change much over a solar cycle (Armstrong

and Alsmiller, 1971).

NUCLIDES PRODUCED BY COSMIC-RAY PARTICLES
Cosmic-ray particles reacting with matter in space can procuce a wide
variety of product nuclei. The production rate, R(d), of a given product

nuclide at a location d in a piece of extraterrestrial matter ic given by
R(d) = 3 Ny 3 foij(E) ®,(E,d) d, (4)

where i represents all the target elements which can produce the nuclide, Ni
is the target elemental abundance in the sample, j indicates the primary or
secondary particles which can induce reactions, ”ij(E) is the cross section
at energy E for particle j and target i producing the nuclide, and ¢i([.d)
is the flux of particle j with energy £ at locatirn d.

Over 99% of the atoms in metcorites or lTunar samples have atomic number
28 (nickel) or lower, so most of the nuclides made by cosmic rays ("cosmogenic
nuclides") have atomic numbers below about 28, including a'l radionuc!ides
with appreciable specific activities. Some heavier cosmogenic nuclei are
made ir such samples, but, except for isotopes of the noble gases (He, Ne,
Ar, Kr, and Xe), which e readity detectod by direct measurements, relatively
few of such heavier products are ever detected, lable 1 lists the coumogenic
radionuclei most trequently observed in meteorites or lunar samples.  Stable
cosmogenic noble-gas nuclides can be usved to determine a sample's integral
exposure to coumic vays, previded appropriate production rates can be estab-

Pished,  In irvon meteoriles, stable cosmogenic isotopes of certain lighter
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elements (e.g., Cr and K) have been detected. There are only nine cosmogenic

nuclides listed in Table 1 with half-lives long enough (greater than 10 years)

10 14c 26 36 39

to study cosmic-rays fluxes in the past (3H, Cl, ““Ar,

S3Mn, 99Ni, and BlKr). Table 2 lists other long-lived nuclides produced in

Be, Al,
Mp,
extraterrestrial matter; most are rarely nr never seen because of the scarrity
of tirget elements (e.g., for the uranium isotopes) or the difficulties in
detecting the radionuclides (such as 41Ca). Many of t. ese radionuclides are
so little studied that their half-1lives &re poorly known (e.g., 60Fe).
Hopefuily, more of these nuclei listed in Table 2 will be used in future
studies of the fluxes of cosmic-ray particles in the past

Most of the useful radionuclides have been studied by measuring their
characteristic emissions (e.g., alpha and beta particles, y and X rays).
Low-background countars, detecting coincidences between simultaneously
emitted radiations, high-resolution spectrometers, arnd chemical separations
are among ‘he techniques usod to detect the luw levels of radionuclide
activities usually present in extraterrestrial matter. Mass spectrometry
has been used tu detect BlKr and the stable noble gases and in studies of
cosmogenic uranium isotopes. An activation technique using thermal neutrons
has been wall developed for measuring 53Mn by converting it to short-lived
qun (Millard, 1965; Finkel et al., 1971). New techniques are being developed
to detecl trace amounts of radionuc'ides. Particle accelerators (cyclotrons
and Van de Graaffs) have been used to obsorve JOBu. MC, 3(.’CI. and several
other radionuciides in natural samples (Raisbeck and Maller, this conference).
Lasers have the capability of detecting minute amounts of any isolope (uee,
for exampic, Hurst et al., 1977) and could be used Lo measure very siall

radionuclide concentrations,
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The rate of formation of a nuclide (Eqn. 4) depends largely cn the
cross sections for the reactions making that product. 17 a product iz made
only by high-energy particles (e.g., lOBe), then i1 .11 be made in small
amounts by SCR particles. A nuclide made mainly by low-enerqgy protons (such
as 56Co in lunar samples) will be produced almost entirei1y by solar protons
near the surface. Some radionuclides (like 39Ar) rasult mainly from GCR
neutron-induced reactions. However, as noted in Table 1, must radionuclides
are inade in significant amounts by both GCR and SCR particles.

The big difference in the depth-activity profiles for production of
radionuclides by GCR and SCR particles (Reedy and Arnold, 1972) allows these
two components to be resolved from-experimentally determined profiles.

Because the fluxes of SCR particles decrease rapidly with increasing depth,

the activities for SCR-produced nuclides are high at the surface and become
very small at depths of the order of 5 to 10 cm. The depth-activity profiles
for a GCR-produced nuc)ide depend on the cruss sections of the reactions
producing it. A high-energy product like 1OBe ha.. a GLR depth-activity

which is flat from the surface to a depth of about 10 g/cm? ¢~d which decreases
at greater depths, whereas a low-energy neutron-produced nuclide 1ike 3gAr

has « profile in which ite activ ty increases by about a factor of two from

the surface to about b0 g/cm? and then decreases (Reedy and Arnold, 1972).

The fluxes of SCR particles as a function of dep.h can be accuratel
calculated using ionization-energy-loss relations, so depth-aclivily proivilos
of a nuclide can he vell calculated if the cross sections for its formation
are well known. Conversely, formation cross sections can be used Lo determine
the incident flux of SCR particles from a med.ured depth-activity protile
(after correcting for the GCR contreibutions). For the SCR-produced radio-

14, g8l

nuclides discussed below, all but ~°C and “"Kr have well known cross seclions
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for their formation by SCR par‘' :=les. Cross sections for Lhe 160(p,3p)14C
have only been measurcd @t a few energ.es by Tamers and Delibrias (1961),
who quoted uncertainties of $+25%. There have been nc nther independent
measurements of the cross sections foir this reaction with which to check the

accuracy of the reported values. Cross sections for the formation of 81

Kr
have only been measured for proton reactions with yttrium; cross sections
for targets of Rb, Sr, and Zr are estimations only (Regnier et al., 1Y79).
The fluxes of GCR particles as a function of depth in an extraterrestrial
object are not very well known, especiai'y for secondary neulrons. Many
GCR-induced reactions have not had their cross sections measurec. There are
very few measured cross sections for reactions induced by nautrons with
energies above 20 MeV. These uncertainties in GCR fluxes and production
cross sections mean that absolute values of production rates for GCR-induced
reactions are not calculated well. However, production ratey calculated
using the GCR model of Keedy and Arnold (197?) have reprodiced well the
shapes of GCR depth-activily profiles. The procedure usually tsed Lo remove
the GCR component from a measured depth-activity profile it Lo use the
relative protile calculated by Reedy and Arnoid (1972) and to multiply it by
a normalization constant determined from an ectivity measured at a depth
where SCR production is not important. For the radionuclides used helow to
study SCR fluxes, the only one with o pom ly kpown normalization factor tor

8l

GCR production is = “Kr.

COSMOGENIC NUCLIDES AS DETECTORS OF COSMIC-RAY FLUX VARTATIONS
Au discussed below, many investigators have used cosmogonic nuclides in
meteorites and Tunar samples to study the history of cosmic rays.  GCR tlux
variations have been looked for by comparing calculated and meazured activities

of cosmogenic vadionuclides with differenc halt-lTives,  Such compirisons can
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best be made when the meteorite has been exposed tc cosmic rays for a period
much longer rhan the half-lives of the radionuclides. Although, as mentioned
above, GCk production rates are not accurately calculated, a trend in the
ratios of observea-to-calculated ac“iviti:s relative to product half-lives
would be evidence for a systematic variation in the flux of GCR partic’_..
The duration ct a sample's exposure to cosmic rays (referred to as the
sample's "exposure age') can be determined from co.centrations of stable
cosmogenic noble-gas isotopes. The production rates for the noble-yas

21 38

isotopes mcst frequently used to calculate exposure ages (3He, Ne, Ar)

have beeri determined empirically from meteorite radionuclide data. Some

meteor tes have exposure ages short enough tiut the activities of long-lived

26 h3

radionuclides like “°A1 and °

Mn have not built up to equilibrium rates and
the amount the activities are below their equilibrium values can be used to
calculate the exposure age. In meteorites with long exposures, the activity
of a radionuclide and a production-rate ratio tur the radionuclide and a
stable isotope often is used to infer Lhe stable isotope's production rate.

L] . I} . [] » .;* 3
Pairs of radicactive and stable isotopes frequent ' used nclude “H-

220022y, 2671220y, Fbpy 36, 39, 38, 40, 4] 81y .83

He,

Ne, Ne ., Cl-""Ar, ““Ar- K, and "K Kr. Produc-
tion-rate ratios of ten are fairly well known from accelerator bombardments,
especially for jcon meteorites where iron is the main target and only high-
cnorgy GCR particles can produce the isotopes. Variations in GCR particle
fluxes can be obverved by comparing exposure ages determined for one meteorite
using several isotope pairs,  Differences in nxposure age. so determined
would result if the average o luxes of GUR particles varied during the periods
Lhe radioactive isvotopes were produced.

Because SCR particles themselves divectly produce almost all the radio-

nuchides in a sam le, the activities of a rad,. Tide al several depths or
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nf several radinnuclides at one depth can be used with their production

cross sections to determine the flur of incident particles. Fluxes cannot

be determined for the SCR particles with energies below the thresholds tor
the radionuclide-forming reactions. The use of two different radionuclides
is limited to cases where the product half-lives arc similar enough that the
same SCR events produced both nuctides. Also, the cross sections for formi.g
the two or more raidionuclide. Zhould be fairly different. This approach of
usiny activities for several radionuclides was applied by Rancitelli et al
(1971), who used activities of short-lived species formed in Apollo 1/
samples to determine the fluxes of the August 1972 SCR events.

The unfolding of a depth-activity profile for one radionuclide usually
is used and generally is the best way to determine SCR particie fluxes. The
time period is deteymined by the halt-life ot the radionuclide or the exposurs
age of the sample a« calculated Trom GCR-produced isotopes or tracks. [The
usual approach is net to unfold the measured activity data, but to vary
incident fluxes until Lhe calculated and measured activities agree. [f
smoothly varying spe-tra for the incident fluxes are used (usually the
exponential-rigidity or energy-power-law shapes described above, Lgns 2 and
3), then the fluxes which best it the measured depth-activity profiles
generally are independent of the details of the assumed spectral shapes.

There are many sources of uncertaintics in determining cosmic-ray
fluxes or flux variations  When two or more radionuclides are used or
compared, the relative uncertaintics in ¢cross sections or production-rate
ratios must be consideced in comparing tho deduced flux . or variation..
Poorly known cross sections for the production of a given nuclide Timit the
quar Ly of the fluxes obtained from measured activities of Lhat nuclide (as

discussed above, Lthis is a potential problem for solar-proton fluxes deter-
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mined from 14(‘. and 81

Kr activities). Any measurement uncertainties directly
affect deduced flux results. The best SCR fluxes are oLtained from samples
with many activites measured .or di‘ferent radionuclides or depths. When
depth-activity profiles are used, most of the depths should be in the top
centimeter where most of the SCR-induced activities are made, although it is
desirable to have at least one set o, activities measitred at a depth deep
enough to get the GCR-production-rate normalization factor,

The models used to calculate GCR and SCR production rates are more than
auequate to study cosmic-ray fluxes. The details for the complex interactions
of GCR particles are sufficiently covered in the models that the shapes of
the depth-activity profiles are reproduced fairly well and so the major
uncertainty is getting the norma’ sation factus for ¢ given profile. Most
models assume a simple geometry {such as a sphere or plane surface) for the
irradiated sampies, whereas the actual sample can have a very complicated
configuration. However, sampie genmetries usually don't aitect calculated
GCR production rates.  Russ and Emevson (Lhese proceedings) have shown that
considering the detailed geometries of Tunar rock <urfaces did not change
the conclusions concerning solar-proton flaxes,

the study of cesmic-ray fluxes can be complicated by a number of factors
occurring during the ivradiation of a meteorite or lunar sample.  Micrometeoroid
impacts and ion sputtering gradually remove surface material.  Lunar rocke
have erosion rates (about 1 mm per million years) which seviously affect
nrofiles of lTong-Tived SCR-produced radionuclides like i (Wahlen et all,
1972).  More enevgetic impacts can break Tunar rocks or meleoroids into a
number of smailer picces,  Locumentation of where a sample was taken from in
O bigger plece is often poor or non-existent, and there are cases where even

the identity oo the parent object is unknown,
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A serious concern in studies of cosmogenic nuclides in many types of
meteorites or lunar samples is knowledge of ihe chemical abunuances of
important target eiements. It is best if chemical abundances and cosmorgenic
nuclide concentrztions are measured using the same piece or aliquots of one
sample. The use of chemical data from another piece of the same meteorite
or lunar rock can be complicated by heterogeneities in the object. Sizeable
chemical variations have been observed in many classes of meteorites and
types of lunar rocks (e.g., breccias made by impacts fastening together
chips of varyiny compositions). In some cases, a sampie is from a chemically
homggeneous object which is so similar to other members of its class that
any chemicdl data for that class are adequate.

Usually the time when the exposure of an object to cosmic rays was
terminated is well knhown. However, certain meteorites are found on the
ktarth's surface (c.qg., those being discovered in Antarctica) and the time
each one fell must Le inferred trom the decev of short-lived radionuclide:,
The time when an object, was firsl exposed to cosmic ray, usupily is determined
from concentrations of stable cosmogenic isotopes or from non-equilibrium
activities ot long-lived radionuclides. However, such sxposure ages assume
a simple irmadiatron history.  Sample break-up or movement in the lTunar
surface can serioutly affect the accuracies of exposure ages,

the orbit which a meteorite had in space before hitting the tarth
almost always i« nol known, and <ould include most of the solar systom
fnside Jupiter's orbit (as could possible previous orbits).  As mentioned
above, the fluxes of both GCR and SCR particles vary with distance from the
sun and with angle out. of the ecliptic. Cressy and Rancitelli (19/74) measured
unusually high ?OAI activities ia the Malakal chondrite which they felt

could have resulted from a complex history which included a perviod of exposure



to a very high cosmic-ray flux. Usually a large portion of a meteorite is
removed by ablation during passage through the Earth's atmosphere, including
the surfaces with the SCR-produced isotopes. Although ablation and occasion-
ally break-up in the Earth's atmosphere complicate the determinations of the
meteorite's pre-atmospheric size and shape, concentrations of cosmogenic
nuclides and tracks can be used to infer the pre-atmospheri. shielding of
meteorite samples (see, e.q., Bhandari et al. 1978; Fleischer et al., 1967).

Lunar samples are found in or on the loose layer of particle:c and rocks
on the moon's surface called the regolith. A few lunar rocks have had
simple histories of exposure to the cosmic rays by having been brought to
the location and position from which they were recovered directly from a
well-shielded depth. Many lunar rocks have been eapcsed to cosmic rays at
several depths in the regolith or in several different positions on the
moon's suriace. Some lunar breccias are so weakly held Ltogether that their
surface layers easily can be removed by handling (Wahlen et al., 1972).

A rock on the moon's surface can see, at most, only half of space at
dany moment and parts of a lunar rock's surface often have a solid angle of
exposure to space even smaller than 2n teradian:,  However, this limited
solid angle tor receiving cosmic-ray particles iv not a problem because most
cosmic rays are quite isolropic,  Some SCR particles, especially thowe very
var ly in an evenl are anisotropic, but the majority of SCR parlicles are
isotropic at 1 AU (Malitson and Webber, 1963).  Over the long-term, the
mooa' s rotation and variations in the dirvection of anisotropy trom svent to
event. help to remove any et anisotropy effects,  Russ and Emecson (Lhese
procecdings) saw no anivotropy in the average fluxes of solar protons over

Lthe last 2 My,
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Some lunar rocks are believed to have had been covered by a layer of
dust while on the moon's surface (Hartung et al. 1977). While a relatively
thick dust layer can affect the production of microcraters and heavy-nuclei
tracks in a lunar rock (e.g., Zook, this conference), it would not seriously

perturb solar-proton-induced reactiuns.

GALACTIC-COSMIC-RAY FLUX VARIATIONS
Most studies of GCR flux v. -iations have been made using radionuclide
activities in meteorites. Lvans et al. (1979) measured activities of radio-
nuclides in many meteorites which fell during the past decade. The activities

b4 46 2r

of the short-lived radionuclides “"'Mn, " Sc, and

varied by factors of
two or more, and the variations correlated with neutron monitor rates, and,
inversely, with unspot numbers.

Most studies of long-term GCR flux variations have used iron meteorites
or metal phases of meteorites because of their chemical simplicities,  Moat
of the radionuclides produced in iron meteorites bave reaction threshold
energies above several hundred MeV, so secondary particles are relatively
unimportant. and results frem accelerator bombardments can be used quite well
to predict praduction-rate ratios.  forman et al. (19/8) examined Yar and
3gl\l' activitios in metal phases of meteorites ind noticed that RqAr activitien
were s lightly higher than expected from the 37Ar activities,  They saw the
slight excess in JQAP ac’ ivity as evidonce for ong periods of reduced solar
modulation during the lact 500 years (e.qg., the Maunder and Spiiver minima).
Bhandari et al. (1979) measured the Far in wtone meteorites which foll in
1794 and 1795, bul saw no enhanced activity corresponding Lo the Maunder
minimum (although they had fairly large uncertaintios in their measured

activitios).
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Production rates for a var.zty of radionuclides ranging in half-life
from 16 days (48V) to 3.7 x 106 years (53Mn) were calculated for iron meteor-
ites and compared with experimental activities in the Aroos iron meteorite
by Arnold et al. (1961). The ratios of observed to calculated activities
ranged from about 0.5 to 2 (probably due to coth calculational and measurement
uncertainties), but did not show any systematic trend with half-lives,

These and other results for radioact’/ities in meteorites and lunar samples
have shown that the fluxes of energetic (ahove about 500 MeV) GCR particles
have varied less than about 25-50% during the last few million years and are
similar to present fluxes.

Because some of the variations in production rates of cosmogenic nuclides
are due to the size and shape of the meteorite, several authors have recently
developed methods for determining exposure ages which include corrections
for such shielding effects. Cressy and Boyard (1976) and derzog and Creusy

22y, /21

(1977) have used measurad Ne ratios to correct exposure ages for

shielding etfects and have found less scatter in their vesults., Recently

. ! ') ’ L)
Nishiizomi (priv. comm., 1979) has studied ?bAl. b3Mn. ler. and 'ZNE/ZINP

data for a number of stone meteorites and has concluded chat, after making

shielding corrections, the average flux seen by 26Al in meteorites is signi-

53

ficantly greater (- 40%) than that for ““Mn. The reactions producing these

two radionuclides have low Lhreshold enecgios, so this flux ratio involves

lower energy particles than that for reactions in iron. meteorites,

There aluo is evidence of GCR flux variations ir the past from 4"&/41K

ratios in iron meteorites.  Hampel and Schaetter (1979) have determined
?ﬁhI/?le oxposure ages for everal [ron meteorites and found them in aygree-

3()(: |/3h

ment. wilh Ar and 39Ar/3"Ar expostre ages to within about 20%.  However,

exposure ages determined from 4"K;’MK data arve about H0% greater than the
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others. Hampel and Schaeffer (1979) conclude that meteorite orbital changes
~106 to 107 years ago and space erosion cannot explain this difference, and
therefore the flux of the cosmic rays to which iron meteorites were exposed
during the past 106 years is ~50% more intense than that averaged over the
last 109 years.

There are many things besides GCR flux changes which can cause different
cosmogenic-nuclide production rates and apparent exposure ages. For example,
shielding changes due to multiple coilisions and other _auses could alter
production rates, especially in meteorites with very long exposure ages.
These other sources must be considered and eliminated Lefore concluding that
GCR flux variations cause productinon-rate changes in meteorites. As noted
above, a GCR flux change could either be solar or non-solar in origin.
Yanagita and Imamura (1%79) have propcsed that the flux of GCR paiticles
increased ¢ out 5 x 106 years ago due to the movemen*. of the solar system
from a high-density region of the galaxy into a low-density "intersteller

tunnei.”

SOLAR-COSMIC-RAY FLUX VARIATIONS

Lunar rocks are almost fdeal for stuayin) SCR particle fluxes in the
past. Although erosion of the surtaces of rocks (-1 mm/My) affects the
depth-activity profiles of radionuclides with half-lives greater *han about
1 My, the direct exposure of lunar rocks to the solar cosmic rays at a fixed
distance from the sun makes studies of SCR particle fluxes relatively simple,
The Apollo missions breught. back many lunar rocks with simple, known exposures
to cosmic rays and geometries ~uilable for determining SCR particle fluxes,
It a depth-activity profile ol a radionuclide is well measured at several
depthy near the swrtace, 1t there are good cross sections measured for the
relevant reactions, and i1 the GCR production rates near Lhe surface can be

predicted, then good average SCR particle fluxes can be determined.
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Measurements of radionuclide activities in Apollo 11 samples showed
ttat production by relatively low-energy (about 10 to 100 MeV) protons and
Al~ha particles were clearly present (see, e.g., Shedlovsky et al., 1970°
as shown by the profiles of activities with depth and the presence of nuc'ides

56Co by the 56Fe(p,n)

wirich cculd have been made only by such particles (e.g.,
reaction). Later studis (especially those of Finkel et al., 1971, and Kohl
et al., 1978) made detailed measurements of the depth-activity profiles of a
number of radionuclides, showed that the excess activities near the surface
were prodieced by SCR particles, and used long-lived products to siudy average
soler-proton fluxes in the past.

Direct measurements of solar-proton fluxes have been made since the
eariy 196G's, the best fluxes for intense SCR events being measured by the
Solar Proton Monitor txperiment (SPME) of Bostrom et al. (1967-1973). In
lunr samples, radionuclides with half-Tives below ahout one year (e.g.,

56C0, h4 37

M, Ar) were moaue almost entirely during the period when solar-
proton fluxes were measured by the SPME.  The SCR-produced activities of
shovt-Tived radienuctides in samples from various Apollo missicns are in
good agreement. witn those expected from the SPME-measured proton (luxes e
tho colar tlares occurring before each mission (Ready, 1977, Fiveman, this
conference).  This agreement for SCR particle tluxes measured boosatellites
and anferred from lunar-rock radioactivities contirms the validity of using
Tunar samples to study the activity history of the ancient sun,
et o . 22,
The Tow-energy-proton veactions which produce 2.6-y ““Ha and /7.3 x

h 20, . ‘
10 -y Al ia Tunar rocks are very similav.  Because similar depth-activity
profilss were messured for these vadionuc lides in Apotlo 11 and 12 samples,

Finker ot al, (1971) and others concluded that the iptensity and spectral

shape of solay protons averaged over the last million years were similar to
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those observed recently. However, the great similarity of the ““Na and “ Al
SCR-produced activities was largely accidentai. As shown by Reeay (1977),
most of the SCR-produced 22Na activities in Apollo 11, 1" and 14 samples
were made by a numb2r of intense tlares about a decade (tfour half-lives)
before the Apollo missions.

Adopting the SPME- and other satellite-measured solar-protur fluxes for
1965-1972 (solar cycle 20), Reedy (1977) used lunar depth-activity profiles

for 22Na and 2.7~y 55

Fe to determine the fluxes for so'ar protons during
solar cycle 19 (1954-1964). Only about 20% of the solar-proton-induced
activities of these two radionuclides in Apollo 11, 12, and 14 samples were
made during solar zycle 20. The distribution of solar protons a. determined
from PCA and GLE evenls was used and the proton intensities estimated from
these indirect measurements were increased by factors of 2 to 7 to fit the
Z?Nn and bbFn activities (Reedy, 19/77).  The fluxes adopted for sotar cycle
20 and determined tor solar cycle 19 by Reedy (1977) are included in Table 3.

Depth-activity profiles tor 12 3-y 3H weres measured in oseveral lunar
rocks (D'Amico ot al., 16971, Nicderer ot al., 19/5).  Because of the high
solar-proton fluxes during wolar cycle 19, the con.ribution of the protons
emitted from the sun prior to 19% Lo 3H produc’tion in Tunar samples vas
relatively small, and very little can be determined quantitatively from
lunar JH aboul pre=19%4 olar-proton {luxes.  The Tunar WH doeys exc lude the
pousibility that the solar-prolon fluxes ‘or solar cycle 18 were as high as
those for wolar cycle 19, A rough ostimate from Lhe 3” data for the avirage
fluxes of solar protons with enerqgios abeve 10 MeV o emitted prior Lo 145 i
of the order of 10 protons/em? « (Reedy, 1977, Neidever ot ad, o 19/5).

The next longest half-Tite of o vadiovue lide reqularly measured in

Tunae sammles (seoe Table 1) iy 2648 years for ]qAr. (None of the radionud Vides
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listed in Table 2 with half-lives above 10 years but below 269 years are
produced in any significant amount by cosmic-ray particles.) This radio-
nuclide is produced readily by GCR secondary neutrons via 40Ca(n,2p)39Ar and
39K(n,p)agAr‘ reactions, but onl/ in low yields by SCR particle reactions
with titanium, iron, and the minor isotopes of calcium and potassium. The
Bpr depth-activity profiles measured by D'Amico et al. (1971) and Fireman

et al. (1972) show indications of SCR-produced excesses in the top of several
lunar rocks, but these excesses are only about 10% of the total activities

in those layers and are quite uncertain. These surface layers were 5 to

8 mm thick, whereas the majority of SCR-produced 39Ar‘ would be in the top

few millimeters. Good measurements taken cn millimeter-thirk layers from

the surtace of a lunir rock might be able to sufficient'v identify the
SCR-produced excess (estimated as being a few dpm/kg in the top millimeter)
reletive to the GCR-produced activity (about & dpm/kq). Such detailed

studies of 39Ar in the very surfaces of lunar rocks would be interesting
hecause a 1arge traction of the 39Ar was made during the Maunder and Spirer
minima when solar activity was very low and very tew protons probably were
emitted from the sun,

Again there is a large jump to the next longest half-life of a frequently
measured lunar radionue lide, /730~y laC. Thore are no good radivouclides
with which to fiil this halt=lite gap, as the few candidates lTisted in
fable 2 are aoften made in lTow yields by SCR particles relative to their GCR
production (e.q., 1?5i) and all woutd be very difficull to measure in funar
saples,  The activities of ldC were measured for six depths in rock 12007
by Boeckl (19/72) and for three depths in rock 12053 by Begemann et al,

(1972).  The activities measured in Lhe deeper samples by both groups agree

well,  However, Lhe activity measured by Begemann et al. (19/72) in their top
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sample (0-5 mm) is much greater than the equivalent activity for Boeckl

(1972) based on data for his three top samples (0-1, 1-2 and 2-4 mm).

Begemann et al. (1972) ascribed the large activity of 14

14

C in their top layer
to solar-wind-implanted ~ C because the flux of solar protons required to
fit their depth-activity profile was much greater than fluxes deduced from
other radionuclides. Because of the few data points in their profile,

Begemann et al. (1972) could fit their results with several flux shapes and

intensities. Boeckl (1972) fitted his results with a solar-proton spectral
shape of R° = 100 MV and a flux above 10 MeV of 200 protons/cm? s, 0.67 of
the intensi.y for the same Ro as obtained by Begemann e. al. (1972).

To test the hypothesis that there wvas solar-wind 14C implanted in lunar
samples, Fireman and co-workers did some measurements of the 14C releaseu
from lunar soils at different temperatures (Fireman et al., 1976) and from
different size fractions (Fireman, 1978). Fireman's conclusion was that
solar-wind-implanted 146 was present in these soil samples.

The 1“c aciivities measured in these two lunar rocks and the soil
samples can all be explained by assuming (1) that there is solar-wind-implanto«d
14C on lunar samples (aboul 3 x 10-4 atoms/cm? s on 12053 but very little on
17002, probably because the very top which cortained this solar-wind=implanted
MC was lost in handling prior to analysis), and (2) :hat Lhe solar-proton
flux deduced by Boeckl (1972) is correct. The flux of solar protons which

is obtained from Boockl's 14

C data iy essentially the same whether one

includes or excludes the top sample (a good solar-proton flux can be dedvced
from Lhe M(2 acltivities in Lhe layers below 1 mm).  The actlivities ot solar-
proton-produced MC in the deepest samples of 12602 and 12053 are low enough

. . 14, .
Lhat a good normalizalion factor for GCR-produced " 'C can be obtained.  As

discussed above, the major source of uncertainty in these solar-proton
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fluxes is the cross sections for the 160(p,3p)14C reaction. In Table 3, the

solar-proton flux for energies above 10 MeV is more uncertain than the other

fluxes because the threshold energy for 1¢ production is about 25 MeV.
Although there are nc other measurements involving radionuclides with

half-1lives even close to that of 14

C, Hoyt et al. (1973) studied thermolumi-
nescence (TL) in the top few centimeters of lunar rock 14310. They estimated
that the Falf-life of a radiation-damage-produced trappcd elertron (the
source of the cbserved TL) is about 2 x 103 years. The fluxes of solar
protons which Hoyt et al. (1973} ottained from their lunar-rock TL data are
given in Table 3. These fluxes have fairly large uacertainties, but are

14C activities,

considerably lower than the fluxes cdeduced from lunar-rock
Add.tional measurements of TL and a hetter determination of the ha!‘-life of
trapped electrons in lunar rock, might help Lo resolve the discrepancies

14

between the solar-proton fluxes deduced from IL and ~'C data.

Again therye is a quantum jump in the half-lives of radionuclides studied

in lunar samples Lo 8 x 104-y 59

Ni. Because of the relatively low nickel and
. 99,. .
cobalt conctents of Tunar rocks, almost all ol the ““Ni is produced by solar
. , 50, ha,, . . . .
alpha particle. via the ““Fe(o,n) " Ni recaction (Lanzerotti o ai., 19/3),
(
Unfortunately, there have been very fow J9Ni activities measured ‘or lTunar
samples and the uncertainties in these measurement; ave quite Targe.  From
59, :
Lhe few lunar “"Ni measurements that exist and from <atellite mrasurements
of olar alpha particles for 1967-1969, Lanzerotti et ai. (1973, concluded
that long-term and carrent solar-alpha-pavticle {luxes are comparable Lo
1,

within a factor of four. Good medasuwrements of a J)Ni depth-activity protile

"unar rock using improved X-ray counters, accelerator ion counting, or

I
. . . HY,,.
cction of alpha particles produced by thermal-neutron-induced “7“Ni(n,w)

reactions would allow determination of the fluxes of solar alpha particles
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over the last 105 years. The only complication in using 59Ni is that erosion

59

of the rock surface can affect the ““Ni depth-activity profile (Lanzerotti

et al, 1973).

The noble-gas isotope 8]Kr (2.1 x 105 y) is the next longest SCR-produced
radionuclide meacured in lunar samples. Marti and Lugmair (1971) measurad
nobl.-gas isotopic concentrations in samples from several depths of lunar
ruck 12002 and reported that the stable Kr isuvtoupes showed no excesses near
the surface due to SCR oroduction, but that 8]Kr had such an excess, as
might be expected for a rock with a complex eaposure history. Using the Kr

data for 8!

Kr in 12002 (X. Marti, priv. comm., 19/9; Yaniv et al., 1980) and
the Kr-production cross sections of Regnier et al. (1979), the solar-proton
fluxes given in Table 3 were obtained, No ‘luxes are given for energie.
below 60 MeV because the main reactions producing BIKr in Tunar samples have
threshold erergies above 60 Mev,

There are many factors contributing to the uncertainties of the sorar-
preton tluxes determined trom “lKr data.  Chemical abundances of the target
elements (Rb, Sr, V.o and /7r) were not measured in the samples used for Kr
mea-uremeats.  Measurements made vwith other samples of rock 12002 and «<imilar
rocks show that these elements are fairvly homogenecou, and the uncertaint ies
of Lhe oloemental abundances used hore are about 0%, Only a few crow,
sect.iony have been meaaured for “IKP production from these target elements;
most. of the crocvs seclions are estimated on the basia of nuclear systematics
(Regnier et al., 19/9). 11 the "lkr-prnductiun cross sections used by
Hohenberg ot al. (19/8) are used, the solar-proton fluses obtained arve about
0.7% of those given here. Regnier and  o-workers plan to measure additional
Ke-production cross sections from these target elemerts soon.  Another large

sorce of unesrtainty in these solar-proton fluxes is the GER production
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81

normalization factor for “"Kr. The deepest sample in which 81

Kr was measured
in rock 12002 (2-6 cm) appears to have considerable SCR-produced activity of
81Kr. Regnier et al. (1979) compared observed and calculated Kr isotopic
abundances in ten samples (none of which was deeper than 6 cm), and the

8

av.:rage value of observed-to-calculated lKr activities in the deeper samples

wa. 0,97, the value adapted here, but with a 25% standard deviation. The
81Kr activity in the 0-1 mm layer of rock is 1.7 times that in the 2-6 cm
layer, so variations in the GCR normalization factor should not greatly
change the solar-proton fluxes. An uncertainty of #25% 1n ‘Nis normalization
factor affects the volar-proton flux by about +20%. New cross-section data

and additional lunar rock analyses for 81

Kr will help to reduce the uncertainty
(of the order of 1240%) for the solar-proton fluxes given here.

Yaniv and Marti recently measured noble-gas concentrations in samples
of lunar rock 6881%, which was shielded from cosmic rays until only two
million years ago wnen it was placed in the position it was tound by the
Apollo 16 astronauts., Comparisons of 8JKr, made mainly over the last 3 x J()b
years, and clable Kr isolopes, made over the last 2 x 106 years, allow the
ratio of solar=-proton fluxe: over these two time periods to be fairly well
determined sssentially independen.ly of the uncertainty sources listed above
(pecause Lhese nuclideys are made from the same target elements and because
enly relative production ratios need to be known). Preliminary evaluation
of the Ki data for 6881 (Yaniv et al., 1980) is consistent with the solar-
proton fiux variations determined from radionuclide activities in rock 12002
(Table 3).

L
e productios of 3,0 x 107y 16

Cl (the next longest half-lite) iIn
lunar samples iy almost entively by GCR particles (Reedy and Arnold, 1972).

- . . : a. 81
tven the high solar-proton fluxes given in Table 3 for I C and 7 Kr would
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k)
produce only about 10% of the “GCI presenl in the top millimeter of a lunar

rock, a value considerably less than the uncertainties in most luna- 36

Cl
measurements. The other radionuclides in Table 2 with half-lives of the
order of 105 years also are high-energy products and hence have low SCR/GCR
production ratios, and usually are hard to measure in lunar samples.

26Al (7.3 x 105 y) and 53Mn (3.7 x 106 y) are almost

The radionuclide.,
ideal for studying solar-proton fluxes: over halft of their production in
the surfaces ot lunar rocks is by solar protons, they are easy to measure,
good cross sections exist for their production by low-eneryy protons, the
reactions producirg them have threshold eneryies near 10 MeV, and they have
been frequently measured in deep lunar samples so the GCR-production normali-
zation factors are well known. The main complication is the effect of
erosion, especially for 53Mn. Because a given depth-activity profile for

.
H3 . . ,
Mn can be fitted using several sets of erosion rates and solar-proton

fluxes (a low erasion rate requiring fewer protons, cspecially at low energies

) Al

it. is best to determine erosion rates indepondently ol cosmogenic radionuc Iides

(e.q.. using heavy nuclei tracks). Lrosion rates arve considerably lower in
igneous rocks than they are in lunar breccias (e.q., 0.5 mm/My for rock
12002 versus 2 72 mm/My for breccia 14321, Kohl el al., 19/8),

Three groups of investigators have measured ?hAI in lunar samples and
reported solar-proton fluxes.  Lach group used difterent measurement. techni-
quos and there was Titlle agreement. among the three groups on the intensily
or the spectreal shape of solav-proton fluxes over the mean-lite ot ?hl\l.
Rancitelli ot al. (1972) did non=destructive y-y coincidence counting on a
number of Tunar samples and got an integral flux above 10 MeV of 60 protons/
3.1

cm? s ousing an energy power law of the shape | [t is not clear hw or

with what. samples they obtained their results. Bhandari ot al. (19/70)
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non-destructively measured positron emissions from surfaces of rock chips
using fi-y coincidence counting and reported an integral flux above 10 MeV of
140 protons/cm? s with an exponential-rigidity parameter Ro = 150 MV. Kohl

t al. (1978) summarized their 2°

Al measurements and those of Finkel et al.
(1971) and Wahien et al. (1972), all of which involved grinaing many layers
from three rocks, chemiczally separating aluminum, and counting the positrons

26 53Mn activities in

in a B~y coincidence system. They fitted their “"Al and
the three rocks with an integral flux above 10 MeV of 70 protons/cm® s and
with RO = 100 Mv.

These three results differ considerably, especially at high proton
energies. The integral proton fluxes above 60 MeV of Bhandari et al. (1976)
and Rancitelli et al. (1972) were about 4 times and % of, respectively, the
value reported by Kohl et al. (1978). Because Rancitelli et al. (1972)
didn't give the dete used to obtain their proton fluxes, it is impossible to
check their resules.  The SCR-produced ?GAI activities measured by Bhandari
el al. (19/6) in their Apollo 16 rocks were factors of two or more higher
than those of Kol'l et al. (19/8) in 68815, hence their large proton fluxes,
There is a0 obvious explanation for this discrepancy.,  Because the procedures
used by Kohl et al. (19/8) clearly determine Lthe sample depths and chemically
separate ?"AI from other positron emitters and because their fluxes agree
with those based on hnMn activitios over the tast two million years from
rock GBRIY, T prefor their flux resulte and list them in Table 3.

Bhandari et al. (19/0) used the same measurement techniques to stady
?hAl in four rocks with o posure ages ranging from about 0.5 to 4 /7 million
years,  They found that the observed ?hAI activitiosw scattered about the

expected value and showed no Lrend with the samples' exposure ages,  Their

conclusfon was that the average solar-proton fluxes during the past 0.5, 1,
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and 1.5 million years have varied by less than $25%. The “ Al and ““Mn
results reported by Kohl et al. (1978) for 68815 were from three faces which
had different exposure angles to the sun. Russ and Emerson (these proceedings)
have done production-rate calculations which considered the details of the
geometry for each face and they found no indications of f'ux anisotropy.

The solar-proton fluxes based on 53Mn activities which are given in
Table 3 are those of Kohl et al. (1978), whou adopted the fluxes determined

from their 26

Al measurements and varied the crosion rates of their samples
to fit the measured 53Mn activities, As mentioned above, the results for
rock 68815 show that the solar-proton fluxes for the last 2 My and over the
mean-life of 26Al (~1 My) are quite similar. The good fit to the b3Mn
activities of 12002 which had a low erosion rate, indicates that the fluxes
of solar protons over the last five to ten million years were not greatly
different than those over the last two million years,

Several other long-lived radionuclides have been studied in lunar
samples. Fields et al. (1972, 1973) mass-spectrometrically studied isotopoes

of uranium and a few other actinides. They did not sec any 8.3 x ln,-y 204

Pu
or 2.4 x 104-y ?JgPu. They measured 2.3 x lU’-y 236“ in several samples,
Most of the )30U/238U ratios were about b x 10-9, near the levels expecled

. . VRN
from neutron-caplure reactions with 20

?36U/?38

U. However, several samples had

considerably higher U ratios which Fields ot ol (19/2) felt was due

to high solar-proton fluxes over the mean-1life of )jhu. The high 23““

concentrations  re later found to be due Lo contamination by aivbhorne ;3hH
(FHelds ot al., 19/6). Concentrations o! 2.1 x lUﬁ-y ?Jle were measured in
several lunar samples (Fields et al, 19/73).  Most 235?48

Np/ 1 ration were

-
about 4 x 10 J, an order of magnitude hicher than expected from product ion

by GCR and SCR particles (uving solar-prceion fluxes determined trom activil fes
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of ““Mn, which has a half-life similar to that of

237, ,238

Np). Several samples

had much higher Np/“""U ratios, probably due to contamination (Fields et

al., 1976).

Le Roulley et al. (1974) proposed to study 1.0 x 105-y 146

14

Sm by measuring

Bsm (2.50 MeV) and 1.05 x 1011-y **7sp

the alpha particles emitted by
(2.23 MeV). Samarium was chemically separated from lunar fines 10084 and
its alpha activity measured for six months by Le Roulley et al. (1978). The

146,147

upper limit they reported for the Sm/

Sm activity ratio was 30 times
the value expected for production by present-day cosmic-ray fluxes. Direct

measurement o 146

Sm, such as by mass spectrometry, probably will be needed
to detect such a long-lived cosmogenic radionuclide.

The fluxes, of SCR particles more than ]0, years ago have not been
determined, mainly because of ditficulties in detecting activities of very
long- Fived counogenic radionuclides or in distinguishing SCR-produced stable
ivotopes from other sources of the same isotopes.  The stable noble- gas
ivotopes, especially those of neon, krypton and xenon, are well suited tor
studies of cowmic-ray fruxes in the distant past because almost none were
present when a sample tormed and because isotopic ratios can be used to
distinguish among the varvious sources (o.q., GCR, SCR, solar wind, an!
fivnion). Accurately known isotopic ratics for the various sources are
needed to determive the amount present trom each source (see, o.4., Hohenberg
et oal., 19/8). Lanar rocks ave of limited value in studies of very ancient
SCR particle fluxes because ervosion removes the surtaces where such SCR
production occurred,  The Tunar soil »eteins nuctides trom all sources, but
qardening by micrometeoroid impacts moves around the fine material in the
regolith (Langevin and Arnold, 197/7). Work needs to be done on predicting

and expervimentally identitying SCR-produced noble gases in soils before
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analyses of several soil samples (to get a statistical sampling of gardening

effects) can give information on SCR particle fluxes in the distant past.

DISCUSSION

Radionuclide activities measured in meteorites and lunar samples provide
evidence of some variation in the fluxes of the galactic cosmic rays and
solar cosmic rays in the past. However, the variations observed in the
fluxes of both types of cosmic rays uvver the last few decades are larger
than those in the average fluxes in the distant past. In fact, the differences
in the fluxes of solar protons emitted during salar cycles 19 and 20 are so0
great (Table 3) that the average fluxes of solar protons over the last
million years are known better than "present-day" fluxes. The fluxes of
both GCR and SCR particles during recent years are similar to the average
fluxes over the last few million years, indicating that current solar activity
is not atypical of what it has been in the past.

Changes in the average fluxes of GCR particles, especially over the
last few million years, dre very poorly known. Improved measurements of
radionuclides in meteorites (especially ivon meteorites) and calculations of
Ltheir production rates would help to identity or set limity on variations in
the tluxes ot GCR particles. 1t would be interesting to measure 39Ar (and
3?S;i) in the metal phases of meteorites which fell several centoe oy ago and
soe if enhanced activities are present because of increased GCR fluxes
during the Maunder and other poriods of minimum solar activity.

Such studies using meteorites or lunar samples could aid studies of
cosmogenic l“ﬂv and other rad. clides in ice cores or sea sediments by
helping Lo distinguish between cosmic-ray-tlux variations and effecty due to
the tarth's magnetic field. A major difticully in uving yalactic cosmic

rays Lo study the ancient sun is that changes in GCR particle {luxes can
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occur because of non-solar effects. However, most variations due to causes
other than solar activity should happen slowly, and so fairly rapid fluctua-

tions, like those noted for tree-ring 14

C by Eddy (1976), are probably
diagnostic of solar activity in the past.

The fluxes of solar-cosmic-ray particles are very indicative of solar
activity. While tl'2 similarity of solar-proton fluxes averaged over the
last few million years and observed recently is noteworthy, the evidence for

4 and 10° years is intriguing.

cons iderably large. f'uxes over the last 10
While | believe the results given in Table 3 are generally correct, much
work could be done to improve the accuracies of the fluxes given there and
to add results tor additional radionuclides or time periods. The discrepan-
cies among the 26A| results for various groups should be resolved. The
erosion rates of lunar rocks should be aelciwmined independently of measured
53Mn depth-activity protiles. Additional cross sections tor protons producing
certain radionuclides, especially laC ard anr, need to be measured,  Concen-
trations of 81Kr and other nobhle=gas isotopes should be measured in more
Tunar samples ana at depthys where SCR production is neqligible in addition
to the surtace layers where SCR eftects prevail.  Measurements of SCR-
produced nuclides in rocks with knowr exposure ages would provide fluxes tor
time perviods other than mean-lives of radionuclides and help to convert
average integral tluxes into fluxes for "ditterential™ time periods in the
pant,

Mont of the above tasks could be done using existing technology,
However, now methods of detecting cosmogenic nuelides, such as accelerators
and Tavers, would enable additional nuclides, such as those listed in Table 2,

Lo be peasured and w o 'd allow studies of much smaller samples.  Many ol

Lhvwse seldom-studied radionuc Hides have interesting halt=1ives or product ion
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modes (e.g., solar alpha particles) with which to study the history of SCR
particles. Analyses using very small samples not only would make the meas .~e-
mants currently made (e.g., depth-activity profiles in lunar rocks) much
easier, but would allow types of materials not nuow studied to be accessible

to investigatinn. T¢ date, very few studies have been made of activities in
the cosmic dust or micrometeorites present in sca sediments and ice layers.
Such samples can be dated iind would provide nuclides whose exposure to

cosmic rays ended at a known time. At present, only meteorites which fell
many years ago provide samples which have been recently shielded from cosmic
rays. Sea sediments and ice cores also mignt contain cosmogenic radionuclides
both made in cosmic dust or micrometeoroids in space over relatively long
periods and made in the Larth's upner atmosphere prior to fall out (Arnold,
1979).

Cosmoga nic nuclides can be used to study the history of, or processes
occurring in, the samples vn which they are found, in addition to being
diagnostic of cremic-ray temporal variations. Such studies are complementarvy,
as improved understanding of such processes (e.q., lunar-rock erosion rates)
aids studies of cosmic-ray flux variations and visa versa,  Many meteorites
and partys of the Junae regolith or of lTunar breccias have samples which
contain the records of solar activity back as tar as 4 or 4.5 Gy ago, but o
better knowledae (often gained using cosmogenic offects) is peeded of their
formation and evolution betore the records can be deciphered,

Coumogenic nuclide, provide good evidence that the ancient sun was not
perfectly constant, but that it had variations in its activity, Hopetully
the fluctuation. obuserved in cosmic=ray fluxes can be combined with olher
fossil records in the moon, meteorites, and the Farth Lo improve our knowledye

of the ancient wup.
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Tzhle 1. Radionuclides frequently observed in extraterrestrial matter, their
half-1ives, the target elements from which they usually are produrea, and the
types of cosmic-ray particles that can produce significant amounts of them in

lunar samples.

Radionuclide Half-1ife (y) Targets Particles
3y 12.33 0,Mg.Si GCR, SCR
105, 1.6 x 108 0,Mg,Si GCR
14 5730 0,Mg,Si GCR, SCR
22y, 2.60 Mg,A1,5i GCR, SCR
261 7.3 x 10° Al1,Si GCR, SCR
3¢, 3.0 x 10° Ca,Fe GCR
e 0.095 Ca,Fe GCR, SCR
Bar 269 K,Ca,Fe GCR
46 0.23 Ti,te GCR
48y, 0.044 lide GCR, SCR
3 3.7 x 10° e GCR,SCR
i 0. 86 o GCR, 5CR
By 2.1 o GCR, SCR
e 0.21% Fo SR
"IN s x 101 Fo Ni SCR,GCR
00 h. Co Ni GCR

1
Kr 2.1 x 107 WY,/ GCR, SCR



Table 2.

are used to study cosmic-ray fluxes in the past, in order of their half-lives.

Radionuclide

42,
84y,
63ni
32

yp
E

41ca

Half-life (y)

33

Radionuclide

233
60Fe
237
129
236

Np
I
1)

Additional long-1ived radionuclides which can be or occasionally

Half-1ife (y)

1.6 x 10°

~2 x 10°

2.1 x 108
1.6 x 10’

2.3 x 107

3.3 x 107

1.0 x 108

1.28 x 10°



Table 3. Average solar-proton f'uxes over various time pericds as determined

from lunar radioactivity moasuremants.

Fluxes (protons/cm? s)

Period (Data) E>10 MeV E>30 MeV E>60 MeV E-100 MeV
1965-1975 (SPME)? 89 26 8.0 --
1965-7/72° (SPME)® 25 4.2 0.9 --
1954-1964 (22Na,?Fe)? 378 136 59 26
~5 x 103 y (TN© ~60 ~14 ~6 ~3
10' y (c)d ~200 72 26 9
3x 10° y (8kr)® -- - ~18 ~9
10% y (%6a1)f 70 25 9 3
5 x 10% y (*un)f 70 25 9 3

YReedy (1977), SPML is the Solar Proton Monito: Experiment (Bostrom et al.,,
1967-1973).
b

Averaged over 11 year:,
“Hoyt et al. (1973).
YBoeck! (19/7).

C1his work, using Kr data from 1 -nar rock 12002 (X. Marti, priv. comm, , 19/9;
Yaniv el al., 1980).

"Koh1 et 1. (1978).



