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PRODUCTS FROM COSMIC-RAY INTERACTIONS
IN EXTRATERRESTRIAL MATTER: WHAT THEY TELL US
ABOUT RADIATION BACKGROUNDS IN SPACE®

Robert C. Reedy
[.os Alamos National L.aboratory, los Alamos. NM 87545

ABSTRACT

The nuclides and the heavy-nuclei “tracks” made by the interactions of
solar and galactic cosmic-ray particles with meteorites, lunar samples, and the
Earth have been extensively studied, simulated, and modelled. Most research
involves the use of these cosmogenic products to study the history of the “tar-
gets” or of the cosmic rays. However, much work has also been done in un-
derstanding these interactions and in predicting their rates as a fuuction of the
target’s size and shape and of the location inside the target. These studies ap-
ply to any object exposed to cosmic rays. The fluxes as a function of depth for
cosmic-ray primary and secondary particles vary greatly with particle energy
and type. The variations of the fluxes of these cosmic rays in the past have
been studied. Energetic solar particles are unpredictable and are the greatest
potential radiation hazard in space.

INTRODUCTION

A wide varicty of “cosmogenic” products frora cosmic-ray interactions
have been measured in lunar samples and meteorites. These products include
radiation damage tracks (produced in certain minerals by nuclei with Z > 20)
and rare nuclides that are made by spallation or neutron-capture reactions.!?
They are usually us:¢ to study the history of the “target” (such as the time
period that it was exposed tr cosmic-ray particles), but they often have been
used to determine the fluxes and composition of cosmic-ray particles in the
past.!'? These products can also be used to investigate the nature of cosmic-
ray interactions with matter in space, complementing studies of the interactions
of high-energy particles with matter done at accelerators® or with theoretical
models.*~* Products made by both the high-energy (~GeV) galactic cosmic
rays and the energetirz (~ 1 100 MeV) particles emitted from the Sun have been
extensively studied in meteorites ana lunar samples.!'? Studies of cosmogenic
products in natural extraterresirial matter can usually be directly applied to
spacecraft and other artificial materials in space, especially far {rom the Farth.

COSMIC-RAY PARTICLLS AND THEIR INTERACTION PRODUCTS

The majos particles in space that have been studied in extraterrestrial
matte: are the gaictic cosmic rays (GCR), energetic (~1 to 100 MeV) parti-
cles from tae Sun (hereafter called solar cosmic rays, SCI), and the solar wind.
The low-energy ions in the solar wind have been observed implanted in the outer
~50 nm of lurar samples. As the solar wind contributes very little to radiation

* This work was supported by NASA and done under the avspices of the
1.5, Department of Fnergy.



backgrounds in space, it won't be discussed any further here. The nature of
the galactic and solar cosmic rays and their interactions will be discussed in
detail. The galactic cosmic rays have fairly low fluxes 3 cm "¢ s~! and high
energies (~ Ge\') whereas the particles emitted by solar flares have high fluxes
(up to ~ 10% cm "2 s~! at the peak of an event and a long-term average flux
of ~100 cm~2 s 1) with fairly low energies (mostly ~1-100 MeV).!:2:4.5.9.10 A
summary of the energics, mean fluxes, and interaction depths in solid (density
~3 g cm %) matter of the GCR and SCR particles is given in Table I.

GCR fluxes are fairly constant, with solar activity being the dominant
source of variation. The lowest and highest GCR fluxes are during periods of the
11-year solar cycle with the maximum and minimum solar activity, respectively.4
Higher fluxes of GCR (by factors of a few times) are present in the local interstel-
lar space beyond the heliosphere and could be present in the inner solar system
during prolor.ged periods of unusually low solar activity, such as occurred dur-
ing 1645-1715 (the Maunder minimum).!'* While heavy nuclei in the GCR are
mainly stop by ionization energy losses in the outer few centimeters before they
can react, most GCR protons and a particles react and produce a cascade of
secondary particles, including many pions and neutrons. These secondary par-
ticles, especially the penetratmg neutrons, induced all types of nuclear reactions
down to depths of meters in large objects exposed to GCR particles.?

SCR fluxes vary from essentially nothing for most of the time to ~ 108
cm "% s ! at the peak of the 4 August 1972 flare. Observations ol eveat-
integrated solar particle fluxes over the last three solar cycles (1954-i986)
have been summarized.”''° From 1956 to 1986, there have been =116 events
with total event-averaged omnidirectional fluences above 10 MeV of > 107 pro-
tons cm % s 110 Average fluxes of solar protons over periods of ~ 10* to 5
x 108 years have been determined from measuremcnts of radionuclides in lunar
samples' and are -~100 protons cm "2 s 7', Almo.t all SCR nuclei heavier than
protons and most solar protons are str)g)pcd by ionization energy losses in the
outer ~0.1 1 ¢m of matter in space. The few reactions induced by SCR
particles are low -energy ones that emitted few secondaries and produce residual
nuclei close in mass to that of the target nucleus.

Table I. Fnergies, mean fluxes, and interartio.. depths
of gnlactlc and solar cmrmc ray pa.rnclcs

Energy* Mean flux I lf( Clive
Radiation (MeV nucleon ') (em s ') depth® fem)
Galactic cosmic rays
Protons & «a particles ~100 3000 =3 =0 100
VH, VVH nuclei (7 -20)  ~100 3000 ~=(.03 =z() 10
Solar cosmic rays
Protons & o particles ~5-100 ~ 100 =) 2
VH, VVH nuclei (4:20)  ~1 50 ~0.03¢ 20 0.1

“ lypu al tnorgms actual vnvrmm mngo to lower and much l.lgnvr values.

b Assuming typical lunar rock or meteorite densitien (-3 g em #),
" Long-term averages, actual fluxes vary from zero to much high vaines,



PRODUCTS FROM COSMIC-RAY INTERACTIONS

There are two major types of cosmic-ray nroducts that can be detected
in extraterrestrial matter as having resulted from cosmic-ray interactions: rare
nuclei and “tracks.” The cosmogenic nuclei that can readily be identified as
having been produced by cosmic-ray-induced reactions are radionuclides (like
'°Be) and the minor isotopes of the neble gas (like “! Ne) that are normally not
present in matter.!'? GCR particles can produce almost any nucleus lighter in
mass than the target,® and ihe types of reactions vary from high-energy spal-
lation reactions, such as 3¢Fe(p,X)'°Be (where X can be any of a greai variety
of nucleon and particle combinations) to low-energy reactions induced by low-
energy secondary neutrons, such as ?*Mg(n,a)?!'Ne. The low-energy protons
and a particles in the SCR mainly induce reactions that produce residual nuclei
close in mass to the target,5® such as 28Si(p,n2p)?®Al and 5¢Fe(a.u)%°Ni.

The paths traveled in certain crystalline dielectric phases (e.g., certain
minerals like olivine and pyroxene) by individual cosmic-ray riuclei with Z >
20 near the end of their ranges contain enough radiation damage that they can
be etched by chemicals and made visible as tracks.!'?'!! The heavy cosmic-ray
nuclei that produce tracks are usually classified as the VH (very heavy) group
(20 < Z < 28, although mainly iron nuclei) and the VVH group (Z > 30), with
the ratio of VH to VVH nuclei being x=500-700.

The products from the interactions of cosmic-ray particles and their sec-
ondary particle have been measured in extraterrestrial matter with a wide dis-
tribution of sizes, ranging from small pieces of cosmic dust to meteorites (which
typically have preatmospheric radii of ~5-50 cm) to lunar samples. Secondary
particles made by the interaction of the primary GCR particles are usually
important in producing cosmogenic nuclides: in the Moon there are about 7
neutrons produced per primary GCR particle.® In the Moon and most mete-
orites, nuclear reactions induced by secondary particles are more probable than
those from the primary GCR particles.

FLUX VERSUS DEPTH PROFILES

The distributions of cosmogenic products in meteorites and lunar samp!es
often have been studied. These measurements imply a build up of the fluxes
of secondary particles frotn GCR interactions for some distance inside these
objects, the amount of bLuild up being dependent on the energies necessary to
induce nuclear reactions.>® Only for high-energy (E x: 1 GeV) particies or for
iarge (radii rreater than ~300 g cm 2) bodies are there decreases in flux near
the center of a meteorite.” The largest increases in the fluxes of cosmic-ray par-
ticles are f~r neutrons, with the amount of the increase tending to be inversely
proportional to the neutron's energy. High-energy (Iin 2 100 MeV) neutrons
have very little increase with depth near the surface of an extraterrestrial ob-
ject while thermal (E, - 1 eV) neutrons tend to increase by large factors away
from the surfaces of large (radii < 100 g cm #) objects.”®  Most cosmogenic
ncutrons are made with energies of ~MeV, and it is diflicult to slow them to
thermal energies by scattering unless the object is big (radii greater than ~75
g cm *) and/or the hydrogen content of the object is high.”® In such objects
the flux of low-energy neutrons is very low near the surface because of neutron



leakage into space.”® Similar distributions of thermal neutrons will occur in
large spacecraft, especially those with much hydrogen-containing material.

While the energetic GCR primary protons and a particles and their sec-
ondary particles are very penetrating in matter and have fluxes that vary slowly
with the object’s size or a sample’s location, heavy nuclei (Z > 20) and solar
energetic particles have flux-versus-depth profiles that vary considerably with
depth. The heavy nuclei are rapidly stopped by ionization energy losses within
~ 10 cm for GCR energies and ~ 1 mm for the heavy nuclei from the Sun.!'!!
The relatively low-energy protons from solar-flare events also are also rapidly
stopped in extraterrestrial matter, usually within less than 1 ¢m.>"°

The production rates of tracks and of several radionuclides made by a
variety of nuclear reactions are shown as a function of depth in the Moon in Fig.
1. This figure illustrates the great spread in production profiles that exists for
various cosmogenic products in matter exposed to cosmic-ray particles in space.
VH nuclei in the cosmic rays only peretrate millimeters (for SCR) to centimeters
(for GCR) in solid matter exposed in space before they are stopped. Similarly,
protons and «a particles emitted by solar flares are mainly stopped within a
centimeter or so, although the fluxes of SCR particles vary considerably with
time. The profile for *°Co and for the top ~1 cm of 26Al in Fig. 1 resuit from
solar-proton reactions in the Moon. High-energy primary and secondary GCR
particles, such as those that make '°Be, show mainly a decrease with depth. The
secondary particles, especially neutrons, made by the cascade induced in matter
by the high-energy protons and « particies in the GCR can be important meters
deep ir solid bodies in space. Medium-energy (E, ~ 10-50 MeV) neutrons
contribute significantly to the production of 3° Ar and 28 Al, and their production
profiles show increases to depths of ~5-50 ¢m in the Moon. Neutron-capture-
produced ®°Co has the greatest increase in a large object and has the deepest
peak rate,”'t usually at depths of ~50-100 cm.

TEMPORAL VARIATIONE IN COSMIC RAY FLUXE.

Cosmogenic products have allowed us to determine the nature ot the cos-
mic rays in the past. Several radionuclides with half-lives of the order of a
million years have shown that the average fluxes of cosmic rays over the last
10° years are not very different than the contemporary fluxes. The main vari-
ations seen for GCR-produccd nuclides, production rate changes of a factor of
=2, have been due tc the modulation of GCR particles by solar activity, mainly
the 11-year solar cycle.! During the Maunder minimum, GCR production rates
increased relative to those during a typical solar minimum.

Much larger fluctuations have been seen in the fluxes of energetic protons
from the Sun over time periods up to a few million years.! The intensities of
solar particles in individual solar flare events has only been studied for =30
years.” 1Y The similarity of long-term-averaged solar-proton fluxes with those
observed now implies that huge solai -¢nergetic-particle events, larger than those
of 23 February 1956 and 4 August 1972, are rare.!'® These and several other
large solar-particle events since 1956 had, for energies above 10 MeV, omnidirec-
tional fluxes at their peaks of ~ 10° protons em 2 3 ! and fluences integrated
over the few days of the event of «~ 10! protons cm 2219 The probabilities
of events with integrated fluences much above ~ 10" protons em 2 can not
be predicted but appear to be fairly low.!'"  As even events with peak fluxes



of ~ 10% protons cm™2 s~ ! (which usually occur a few times per 11-year solar
cycle) can cause significant radiation damage, spacecraft that will be in space
away from the shelter of the Earth’s magnetic %elds for long periods of time will
probably have a good chance of encountering such high particle fluxes.

SUMMARY

The concentration-versus-depth profiles of cosmogenic products measured
in lunar samples and meteorites can be used to help to estimate the fluxes
of heavy cosmic-ray nuclei, rnergetic primary and secondary GCR particles,
thermal neutrons, and solar energetic particles in any matter in space as a
function of location and the object’s size. These measured concentrations of
cosmogenic products and their distributions also can be used to test computer
codes that model the interactions of cosmic-ray particles with spacecraft and
instruments in space. The Sun controls the variations in the intensities of GCR
particles, with the major fluctuation (by a factor of ~2) being over the 11-year
solar cycle. Energetic solar particles are very episodic, although they seldom
orcur during the few years around solar minimum. The probabilities for the
occurrence of very large fluxes of solar particles (peak fluxes above 10 MeV of
>10% protons cm~? s~! or eveni-integrated fluences >10!9 protons cm~?) can
not be well predicted, although the long-termn record in lunar samples suggests
that such huge flare-particle events are very rare.
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Fig. 1. Production rates for heavy (VH) nuclei tracks and various radionuclides
as a function of depth in the Moon (density = 3.4 g cm™3). The shaded region
for tracks of VH nuclei reflects the uncertainties in the average fluxes of the
low-energy VH nuclei in the SCR.! Deeper than ~0.1 cm, VH nuclei in the
GCR dominate. The units for the production of 8°Co are atoms per minute per
gram of cobalt;”*® the other radioactivities are in units of atoms per minute per
kilogram of sample.® (The decay rates assume that the radionuclide’s activity is
in equilibrium with its production rate.) At depths of <1 ¢m, SCR production
of nuclides usually dominates and appears as a steeply dropping curve (*¢Co
and 2®Al). Production of '°Be mainly by high-energy GCR particles results in

a profile with very little increase with depth, whereas production by low-energy
secondary GCR neutrons results in big increases (3°Ar and %°Co).

.

2

DECAYS/(min kg) OR NO. OF TRACKS/(cm -yr)

103 1072 10" io° 0’ 02
DEPTH (cm)



