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LE COSMOS EN ACCELERE -
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ABSTRACT Accelerator experiments provide the basis for the development of physical models describing the
production of cosmogenic nuclides by cosmic ray particles. Here, experiments are presented by which the irradiati-
on of stony and iron meteoroids in space by galactic cosmic ray protons was successfully simulated. Two thick
spherical targets made of gabbro and of steel with radii of 25 and 10 cm, respectively, were isotropically irradiated
with 1.6 GeV protons at LNS. The artificial meteoroids contained large numbers of individual small targets of up to
27 elements in which the depth-dependent production of radioactive and stable nuclides was measured by y-
spectrometry and accelerator and conventional mass spectrometry. The experimental data were analyzed by model
calculations based on depth-dependent spectra of primary and secondary particles calculated by the HERMES code
system and on experimental and theoretical thin-target cross sections. Due to the results of the two simulation exper-
iments at LNS a consistent modelling of cosmogenic nuclide production rates in stony and iron meteorites was
achieved for the first time which allows to interprete the observed abundances of cosmogenic nuclides in stony and
iron meteorites with repect to their exposure histories and to describe the history of the cosmic radiation itself.

INTRODUCTION
One of the most interesting applications of

medium-energy nuclear reactions is the interaction of
solar and galactic cosmic ray particles with matter.
These interactions and the cosmogenic nuclides produ-
ced by them have found wide spread applications in
various fields of science. Cosmogenic nuclides serve as
natural tracers in terrestrial matter. In extraterrestrial
materials such as lunar samples, meteorites, cosmic
dust and in the heavy component of the galactic cosmic
radiation itself, cosmogenic nuclides preserve a record
of cosmic ray exposure which can be interpreted with
respect to the collision and exposure history of the
irradiated objects. Moreover, these nuclides reveal
information about intensities and spectral distribution
of cosmic ray particles in the past which cannot be
obtained by any other means.

Accelerator experiments play an essential role
for the understanding of cosmic ray interactions with
matter. They provide the nuclear reaction data on which
all physical models of these interactions are based.
They allow to simulate cosmic ray interactions in the
laboratory under completely controlled conditions and
to validate model calculations. Saturne is of outstanding
importance for such investigations. Its various particle
beams, the ranges of energies and intensities make it an
excellent tool for experiments related to the interactions
of galactic cosmic ray (GCR) particles with matter.
There is no other accelerator world-wide similarly well
suited for such studies. Consequently, quite a number
of experiments at LNS are covering different aspects of
cosmic ray interactions such as the isotopic compositi-
on of the heavy component of the galactic radiation,
radiation damage of electronic components for satellites
and space crafts, planetary y-ray spectrometry and the

production of cosmogenic nuclides in terrestrial and
extraterrestrial matter.

This work deals with one of them, namely the
production of cosmogenic nuclides in meteoroids by
GCR protons. There are two reasons for this presentati-
on. Firstly, cosmogenic nuclides in meteorites represent
a record of the collisional and exposure history of small
objects in the solar system in which information about
the ancient solar and galactic cosmic radiation is en-
crypted. A complete understanding of cosmogenic
nuclides in meteorites is only possible after a quantita-
tive modelling of their GCR production. Several sur-
veys on this field of science have been given by the
author [1-3] and by others [4-6]. Secondly, investiga-
tion and modelling of cosmogenic nuclide production
by galactic particles can serve as an excellent and
presently most advanced example how to handle in
general the problem of residual nuclide production at
medium energies. Therefore, the topic of this work goes
beyond the cosmochemical application and likewise
aims on related problems in technological applications
such as accelerator based nuclear waste transmutation
and energy amplification.

Since the onset of scientific investigations of
cosmogenic nuclides in meteorites, thirty-five years
ago, laboratory experiments at medium-energy accele-
rators were essentials in attempts to develop models of
the production of cosmogenic nuclides. But only recen-
tly, our experiments at LNS laid the basis for physical
models of cosmogenic nuclide production rates which
describe all aspects of cosmic ray interactions with
meteorites.

THICK-TARGET EXPERIMENTS
There are two different approaches to derive
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Table 1: Simulation experiments with artificial meteoroids irradiated isotropically with medium energy protons at
the CERN SC and at Saturne. Both, diorite and gabbro had densities of 3.0 g cm"3 and water contents less than
0.01%. The apparent exposure ages, T , are based on an adopted intergral flux density of primary GCR particles
J (E > 10 MeV) = 5.2 cm'2 1 e"Pp

'2 s"1

material radius <A>

[cm]

Ep

[MeV]
<current> T.

irr

[h]

p-dose

[cm"2]
T experiment

exp *
[Ma]

diorite
gabbro
gabbro
gabbro
iron

5
15
25
25
10

20.9
22.2
22.2
22.2
56.1

10.3
11.0
11.0
11.0
26.2

600
600
600
1600
1600

155.*10
155.*10!

155.*10!

5.5*10n

5.1*10n

n 12
12
12
257
126

48.2*
5.94*
2.17*
1.32*
2.54*

1014

1014

1014

1014

1014

49.3
6.1
2.2
1.4
2.7

SC96
SC96
SC96
LNS 172
LNS 172

cosmogenic nuclide production rates. One is to simulate
GCR exposure in terrestrial simulation experiments in
which thick targets are irradiated by medium-energy
protons or oc-particles. Production rates are then directly
derived from the measured production of residual
nuclides in the thick targets. The other approach is to
derive production rates from model calculations which
combine calculated spectra of primary and secondary
particles with thin-target cross sections of the under-
lying nuclear reactions. In the past, both approaches for
meteorites gave widely conflicting results; see [7] for a
historical review of "classic" thick-target experiments.

The disagreement between the two approaches
resulted from a decisive disadvantage of "classic" thick-
target experiments. They all used an irradiation geome-
try in which a well focussed beam is directed onto the
surface of a stationary thick target, while the GCR
irradiation in space is isotropic. As a consequence the
results from the terrestrial simulations had to be trans-
ferred to the cosmic situation by calculation. Fig. 1
explains the important differences.

In the "classic" thick-target experiments the
production rates due to primary particles at a particular
depth, d., show essentially Gaussian shaped distributi-
ons centered around the beam axis. They are superim-
posed on a flat background of secondary interactions
with only little structure. In real meteoroids, the produc-
tion rate depth profiles increase from surface to center
due to the built-up and action of secondary particles.
Production rates have their maximum in the center for
small meteoroids. If meteoroids are large enough that
the attenuation of primary particles becomes important,
the depth profiles are double-humped with a minimum
in the center. Thus, the structures in real meteoroids are
mainly determined by production and transport of
secondary particles, the action of which in "classic"
thick-target experiments is hidden below the over-
whelming contribution of primaries. The secondary
production has to be estimated from positions far off

the beam with consequently large uncertainties. These
differences are the main reasons that early "classic"
experiments were not successful to provide a basis for
model describing the production of cosmogenic nucli-
des by GCR particles in meteoroids.
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Figure 1: Spatial distribution of spallation products in a
stationary thick target and in stony meteoroids.

These problems were only overcome by a new
type of simulation experiments in which an isotropic
irradiation was achieved by complex movements of
thick stony targets during exposure. Three such exper-
iments (table 1) were performed by our collaboration
with 600 MeV protons at the CERN SC [7, 8]. These
experiments demonstrated that even in small meteoro-
ids most of the cosmogenic nuclide production is due to
secondary particles, in particular neutrons. It was
shown that both, thick-target and thin-target approach,
can be unified by modelling the production rates obser-
ved in the artificial meteoroids using thin-target model
calculations [8].

However, the production rates observed in the
simulation experiments at CERN underestimated those
in real meteoroids by factors between 2 and 10. These
discrepancies were attributed to the proton energy of
600 MeV being too low to simulate typical GCR spec-
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tra. Therefore, experiments were performed with 1600
MeV protons at Laboratoire National Saturne in order
to simulate more realistically the interaction of galactic
protons with stony and iron meteoroids.

EXPERIMENTAL
In the experiment LNS 172, two artificial meteoro-

ids made of gabbro and of steel with radii of 25 cm and
10 cm, respectively, were isotropically irradiated with
1.6 GeV protons at LNS. A radius of 25 cm is a
common one for stony meteoroids. The radius of the
iron sphere was chosen to be equal to that of the stony
sphere in units of g/cm2. The energy of 1.6 GeV is
equal to the mean GCR proton energy during times of a
quiet sun such as the Maunder Minimum and thus
provides a better simulation than the 600 MeV irradia-
tions. Gabbro (p = 3.0 g cm"3, H2O < 10"3 g/g) is parti-
cularly well suited to simulate stony meteoroids becau-
se of its chemical composition (O 0.422, Na 0.0177,
Mg 0.046, Al 0.094, Si 0.250, Ca 0.072, Fe 0.096 g/g).
It's mean atomic and mass numbers of 11.0 and 22.2,
respectively, are right in between those of differentiated
stony meteorites (e.g. eucrites, <A> = 22.7, <Z> =
10.1) and undifferentiated ones (e.g. L-chondrites, <A>
= 23.1, <Z> = 11.3). The artificial meteoroids contai-
ned within perpendicular cores up to 1400 small indivi-
dual targets, which were either pure elements, chemical
compounds or natural and technical glasses covering up
to 27 target elements. Targets of each element were
located at different positions inside the artificial mete-
oroids, allowing the measurement of detailed producti-
on rate depth profiles.

During 257.4 and 125.7 hours irradiations at
maximum beam intensity of Saturne the artificial stony
and iron meteoroids received p-doses of primary 1.6
GeV protons of 1.32 * 10!4 cm"2 and 2.57 * 1014 cm"2,
respectively. With two translational movements per-
pendicular to the beam (left/right and up/down) and two
rotational movements around perpendicular axes iso-
tropic exposures were achieved during irradiation (Fig.
2). Radioactive and stable nuclides produced in the
individual targets were measured by y-spectrometry and
by accelerator and conventional mass spectrometry.
Table 1 gives a survey on all our simulation exper-
iments.

EXPERIMENTAL RESULTS
For all cosmogenic nuclides of interest, the

simulation experiments allow to measure realistic depth
profiles of elemental production rates from all relevant
target elements in extraterrestrial matter under comple-
tely controlled conditions. This is even true for long-
lived and stable nuclides. The doses of primary protons
received by the artificial meteoroids are equivalent to
1.4 and 2.7 Ma GCR exposures of real meteoroids in

Figure 2: Sketch of the artificial stony meteoroid in the
machine which performed simultanously two transla-
tiona! (1,2) and two rotational movements (3,4) of the
thick target during irradiation and thereby achieved an
isotropic irradiation.

space (table 1). A million years exposure history was
compressed in a fortnight of beam time at Saturne.

More than 500 depth profiles for the producti-
on of residual nuclides from 27 target elements
(6 < Z < 79) were measured in targets from the gabbro
sphere which was irradiated end of March 1990. [3, 9]
In case of the iron sphere, irradiated Dec. 1992, more
than 300 depth profiles were obtained up to now by y-
spectrometry and conventional rare gas mass spectro-
metry. The measurements of long-lived and stable
nuclides are still going on.

Exemplarily, in Fig. 3 some experimental
depth profiles are shown for both artificial meteoroids.
The production rates of 22Na from Mg, Si and Fe
exemplify the shapes of depth profiles of low-, medi-
um- and high-energy products and the ranges of ele-
mental production rates in meteoroids. The profiles for
the production in gabbro and iron of S8Co from nickel
which is mainly due to the reaction 58Ni(n,p)58Co clear-
ly demonstrate the so-called matrix effect which was
discovered by Begemann and Schultz in meteorites
[10]. It reveals the influence of the bulk chemical
composition on production and transport of secondary
protons and neutrons [11, 12].

The experimental results obtained for the gabbro
sphere do not show the underestimate of meteoritic
production rates seen earlier in the 600 MeV exper-
iments. For the first time, the production rates in space
were simulated within less than 10 % over the entire



435

range of nuclear reactions relevant in stony meteorites.
The same is true for the artificial iron meteoroid. The
theoretical analysis, however, demonstrated that small
deviations between simulation and reality are systema-
tic and are due to the differences between a monoener-
getic irradiation on Earth and the exposure to a conti-
nuous GCR spectrum in space. Therefore, a direct
comparison does not give the desired quality of the
interpretation of the observed concentrations of cosmo-
genic nuclides in extraterrestrial matter. But, it allows
to validate and to improve thin-target model calculati-
ons, which in detail describe the physical production
processes and which then can be used to translate the
knowledge obtained from the simulation to the more
complex irradiation conditions in space.

MODEL CALCULATIONS
In order to analyze the thick-target production

rates thin-target model calculations were performed by
folding calculated spectra of primary and secondary
particles with thin-target cross sections of the under-
lying nuclear reactions. The depth-dependent spectra of
primary protons and of secondary protons and neutrons
were calculated by Monte Carlo techniques using the
HET [13] code within the HERMES [14] code system.
The spectra of total (primary and secondary) protons
and of secondary neutrons in the center of the gabbro
sphere as well as the dependence of the integral fluxes
of primary and secondary protons and of secondary
neutrons in both artificial meteoroids are shown in Fig.
4. The data clearly demonstrate the prevalence of
neutron-induced reactions in the production of cosmo-
genic nuclides in meteoroids as well as the influence of
bulk composition on the production of secondary partic-
les.

For each cosmogenic nuclide detailed excitati-
on functions of proton- and neutron-induced reactions
are needed for the model calculations from thresholds
up to about 10 GeV which is the maximum energy up
to which GCR particles have to be considered in real
meteoroids. C, N, O, Na, Mg, Al, Si, S, Cl, Ar, K, Ca,
Ti, Mn, Fe, Ni, Br, Rb, Sr, Y, Zr, Te, Ba, and rare earth
elements have to be taken into account as target ele-
ments in terrestrial and extraterrestrial matter.

For p-induced reactions the situation was
unsatisfactory for many years. The existing data base
was incomplete concerning target elements as well as
product nuclides and often suffered from severe lack of
quality. During recent years, however, systematic
measurements of the required production cross sections
were performed by the author and various collaborators
[15 - 17, and references therein] for all relevant target
elements. Also other groups did cross section measu-
rements related to cosmogenic nuclides for selected
target/product combinations [18, 19 and references
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Figure 3: Elementary production rates [dpm/kg =
desintegrations per min and kg] of 22Na from Mg, Si
and Fe and of 58Co from Ni in in the artificial stony and
iron meteoroids irradiated with 1.6 GeV protons at
Saturne.

therein]. Our still ongoing investigations up to now
cover p-induced reactions for energies up to 2600 MeV
for the target elements C, N, O, Mg, Al, Si, Ca, Ti, Mn,
Fe, Ni, Rb, Sr, Y, Zr, and Ba using various accelerators.
At Saturne energies above 200 MeV were investigated
in the experiments LNS 169, LNS 232 and LNS 275
and in the simulation experiments themselves.

These measurements yielded complete excita-
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fluxes in the gabbro and iron spheres. The data are
normalized to an integral flux of primary protons of
1 cm'2 s"1.

tion functions of y-emitting nuclides with half-lives
above 10 h [15 - 17, and references therein]. Using
accelerator mass spectrometry, cross sections for the
long-lived radionuclides 10Be, 26A1 and 36C1 were
determined. Measurements of further long-lived nucli-
des such as 14C, 41Ca, 53Mn, 59Ni and 129I in already
irradiated targets are in preparation. Also stable rare gas
isotopes were measured by mass spectrometry. There
now exist data from our work for the production of He,
Ne, Ar, Kr and Xe isotopes from all target elements
relevant in stony and iron meteorites for p-energies
between 600 and 2600 MeV [16, 20, 21 and references
therein]. Further measurements of existing targets irra-
diated at lower energies are not yet finished.

Missing cross sections can, in principle, be
calculated by nuclear reaction theories. In order to test

the predictive power of such theories, we performed
systematic comparisons [15 -17, 20] of experimental
and theoretical excitation functions. The theoretical
cross sections were derived by a priori calculations by
the hybrid model of preequilibrium reactions using
recent versions of the ALICE code [22] and by an
intranuclear cascade evaporation model in form of the
HET code [13, 14]. Further comparisons are presently
underway, since the modelling of residual nuclide
production at medium energies has become a generally
interesting topic [23]. Up to now, however, there is no
model or code available which predicts cross sections
for the production of residual nuclides with the accura-
cy needed for the cosmophysical application.

In an a priori approach production rates were
calculated by folding the depth dependent particle
spectra with thin-target cross sections using for p-
induced reactions the consistent set of experimental
cross sections, which was measured by our collaborati-
on during the last years. For n-induced reactions theore-
tical cross sections were calculated by various reaction
models [13, 14, 22 - 25]. The results of these a priori
calculations are moderatly good. There are many
products for which experiments and a priori calculati-
ons agree within the limits of experimental errors.
Mostly, an agreement within 30 % is obtained if the
excitation functions for the proton-induced production
are well known. In some cases, however, the exper-
imental data are underestimated by about a factor of
two, a failure which we attribute mainly to a lack of
quality in the theoretical neutron cross sections.

In spite of the fact that secondary neutrons are
dominating the production of cosmogenic nuclides,
there is an extreme lack of experimental cross sections.
Most available data are for energies equal to or below
14.7 MeV, just a minority of investigations went up to
30 MeV. There are two reports on measurements of
cross sections of n-induced reactions relevant for the
production of cosmogenic nuclides below 30 MeV [26,
27]. Above 30 MeV, there is nearly a complete lack of
production cross sections. Just some measurements of
production cross sections for cosmogenic nuclides exist
[28], Therefore, the only first hand sources of informa-
tion on neutron cross sections at medium energies are
by nuclear reaction models. This causes the uncertain-
ties of the a priori GCR model calculations and calls
for validations of the calculational methods and/or for
other means to obtain information about the required
neutron cross sections.

A solution of this problem can, however, be
derived from the simulation experiments themselves.
This solution is a general one, applicable also to other
fields of science where residual nuclide production in
mixed nucleon fields has to be calculated at intermedia-
te energies. For all cosmogenic nuclides and all relevant
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Figure 5: Experimental and theoretical depth profiles for the production of 54Mn from iron in the artificial stony and
iron meteoroids irradiated with 1.6 GeV protons at Saturne and in two artificial stony meteoroids with radii of 15
cm and 25 cm irradiated with 600 MeV protons at CERN. Calculated production rates are based on the adjusted
neutron cross sections. Besides the total theoretical production rates (solid lines) the production rates by primary
protons (dotted lines), secondary protons (dashed lines) and secondary neutrons (dashed-dotted lines) are given.

target elements, the production rates were or can be
measured in the simulation experiments at different
energies of primary protons in artificial meteoroids of
differing radii and materials under completely control-
led conditions. These production rates contain informa-
tion on the neutron-induced production which can be
extracted if the proton-induced production can be relia-
bly calculated and subtracted from the measured pro-
duction rates. On the basis of the now available thin-
target cross sections for p-induced reactions this is
possible and the excitation functions of the n-induced
reactions can be derived by least square methods star-
ting with guess functions which combine the available
experimental data with theoretical ones.

This was done recently [29] by an energy-
dependent least square adjustment procedure which
takes into account all information available from our
five simulation experiments (table 1). As guess functi-
ons theoretical neutron excitation functions were calcu-

lated up to neutron energies of 900 MeV by the code
AREL [25] which is an improved relativistic version of
the ALICE 900 code [24]. These excitation functions
combined with all available experimental thin-target
cross sections were adjusted by a least squares fit using
the code STAYS'L [30] modified by Matzke [31] to fit
simultaneously all available data from the 5 simulation
experiments. Since spectra of the secondary neutrons in
the artificial meteoroids depend on the the primary
proton energies, on the materials from which the mete-
orite mock-ups were made and on depth in and size of
the artificial meteoroids, the procedure allows for an
energy-dependent fit. By this method, a complete set of
adjusted neutron excitation functions was established.

Model calculations with these neutron cross
sections reproduce the production rates of all simulation
experiments within 10 % on the average, in favorable
cases within 5 %. Production rate ratios can be repro-
duced mostly within 3 %. Fig. 5 shows exemplarily the
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Figure 6: Experimental and theoretical depth profiles
for the production of 26A1 from silicon in an artificial
stony meteoroid with a radius of 25 cm irradiated with
1.6 GeV protons at Saturne. The calculated production
rates are based on the adjusted neutron cross sections.
See Fig. 5 for line codes.

results of such analyses for the production of 54Mn from
iron. Though partially incomplete, analogous analyses
are available for the long-lived nuclides 10Be, 26A1,36C1
as well as for stable He, Ne, Ar, Kr and Xe isotopes. An
example for the production of 26A1 from its main target
element silicon is given in Fig. 6. Since in the thick-
target simulation experiments the production rate depth
profiles are measurable for all cosmogenic nuclides
from all relevant target elements, this procedure is
generally applicable provided that reliable proton exci-
tation function are available.

COSMOGENIC NUCLIDES IN METEORITES
Using the experimental proton cross sections

and the adjusted neutron cross sections we performed
model calculations of cosmogenic nuclide production
rates by GCR particles for stony and iron meteoroids
and for lunar surface materials [1,3, 29, 32 - 34]. Given
the reliable modelling of GCR production rates also the
contributions of solar cosmic ray (SCR) particles to the
production of comogenic nuclides can be reliably calcu-
lated.

Our physical model describes all aspects of
cosmogenic nuclides in extraterrestrial matter. Depth-
and size-dependent production rates have been success-
fully calculated for all classes of stony and iron meteo-
roids and for lunar surface materials in case of the
cosmogenic radionuclides as 10Be, 26A1, 53Mn and of
stable helium and neon isotopes. Calculations for fur-
ther nuclides, such as 14C, 36C1, 41Ca and stable argon,
krypton and xenon isotopes are still going on. It is to
point out that this is the first consistent physical model
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of cosmogenic nuclide production in stony and iron
meteoroids. Cosmic ray exposure ages of meteorites
can be determined by fitting theoretical production
depth profiles of stable rare gas isotopes as e.g. 21Ne to
measured concentrations in meteorites [3, 32, 34].
Moreover, the theoretical analysis allows to investigate
which radionuclide/stable isotope pairs show similar
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26

depth and size dependences and thereby are suited to
calculate exposure ages from the measurement of these
nuclides in a single meteorite sample [35].

Here, we present exemplarily some results for
'Al in the stony meteorites Knyahinya and Salem and

in the iron meteorite Grant (Fig. 7). While the producti-
on rates for Knyahinya and Grant can be completely
explained by GCR interactions, the L-chondrite Salem
shows a depth profile of 26A1 which is dominated by
SCR interactions [36, 37]. Salem had a preatmospheric
radius of only 8 g/cm2 [36]. As shown in Fig. 7, our
combined GCR and SCR model calculation can explain
this 26A1 depth profile adequately. As was discussed
elsewhere in detail [29], this analysis allows the inve-
stigation of the constancy of solar and galactic cosmic
ray intensities and to determine the long-term spectral
parameters of the solar and the galactic radiation.

The extension of our work to iron meteorites is
particularly important since the analysis of stony
meteorites shows a drawback with respect to the time
scales that can be investigated. Stony meteorites mostly
have exposure ages which are short compared to the
age of the solar system. In general, exposure ages of
stony meteorites do not exceed 60 Ma, while those of
iron meteorites exceed even 1 Ga. The consistent
modelling of cosmogenic nuclide production rates in
stony and iron meteorites which became possible due to
our experiments at Saturne now enables us to investiga-
te the cosmic ray history of the solar system on a much
larger time scale than before.
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