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Simulation of Space Experiments for Nuclear Planetology:
Measurement of Relative Intensities of Lines of Gamma Ray Emitted

upon Thermal-Neutron Capture by Nuclei
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Abstract—The results obtained by experimentally studying gamma rays emitted by samples prepared as
analogs of planetary matter and irradiated with thermal neutrons are presented. The intensities of spectral
lines of gamma rays emitted by such samples differing in chemical composition are compared. These results
will be used in processing data on gamma-ray spectra of the Moon and Mercury from measurements
performed onboard spacecrafts with the aim of studying the composition of the surface of these celestial
bodies.
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1. INTRODUCTION

Investigations on board spacecrafts into the com-
position of planet surfaces by means of the remote
spectroscopy of neutron and gamma-ray fluxes have
been performed for more than 50 years (see, for ex-
ample, [1, 2]). This method is based on measuring the
energy spectrum of neutron fluxes over a wide energy
range from thermal energies (below an electronvolt)
to fast-neutron energies of 5 to 10 MeV and the
spectrum of gamma-ray fluxes in the energy range
from 100 keV to 10 MeV. Neutrons and gamma rays
are produced in the celestial-body surface layer about
one to two meters in thickness under the effect of
galactic cosmic rays (GCR) [3]. Product neutrons
undergo moderation because of collisions with mat-
ter nuclei and acquire energies within a wide range
extending from thermal energies to a few tens of MeV
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units. A significant portion of neutrons escape from
the surface and, in the absence of an atmosphere (as
in the case of the Moon and Mercury) or under condi-
tions of a thin atmosphere (as in the case of Mars),
may reach altitudes of spacecraft orbits. Gamma
rays originate from inelastic-scattering reactions or
from neutron capture by nuclei of main rock-forming
elements; also, radioactive potassium, thorium, and
uranium isotopes contribute to gamma-ray emission
from celestial-body matter. The spectral content of
gamma rays emitted from the planet surface is de-
termined primarily by main rock-forming elements of
the surface layer. For example, the presence of iron in
the surface layer leads to the emission of the 5920-,
7631-, and 7645-keV gamma lines of this element.
The presence of hydrogen nuclei in the surface layer
causes an effective thermalization of emitted neutrons
and the emission of 2223-keV photons originating
from neutron capture by hydrogen nuclei [4].

Analyzing data from measurements of neutron and
gamma-ray fluxes from planet surfaces, one can de-
termine the presence of one element or another in the
surface layer on the basis of identified gamma lines
and evaluate the mass fraction of these elements in
soil on the basis of the radiation intensity of these
lines. The detection of gamma lines associated with
radioactive potassium (40К) and products of 232Th
and 238U decay permits estimating their concentra-
tions in the celestial body under study and clarifying
thereby conditions of its origin and evolution [5].
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528 KOZYREV et al.

Thus, the application of the nuclear-planetology
method to studying the elemental composition of
the celestial-body surface requires the detection of
gamma rays with a rather high energy resolution that
enables searches for and an identification of gamma
lines that characterize the elemental composition
of surface-layer matter. By means of this method,
measurements of gamma-ray fluxes on board the
Mars Odyssey, Lunar Prospector, and MESSEN-
GER spacecrafts were performed in orbits of Mars,
the Moon, and Mercury. This made it possible to
identify the main rock-forming elements (such as Si,
Mg, Al, Fe, Ca, Cr, and Ti) of the surfaces of these
celestial bodies [6–8].

From the energy-resolution point of view, a gamma-
ray spectrometer on the basis of a High-Purity
Germanium (HPGe) detector is optimal. Its energy
resolution is about 1.8 keV for the 662-keV line of
137Cs. This energy resolution is 15 to 20 times higher
than that of gamma-ray spectrometers based on
traditional NaI and CsI scintillation crystals. Space-
science experiments within the Mars Odyssey, MES-
SENGER, and Japanese lunar orbiter SELENE
(Kaguya) projects aimed at studying the elemental
composition of the surface layer of Mars, Mercury
and the Moon [3, 9, 10] were based on the use of
HPGe spectrometers. However, HPGe spectrom-
eters have two serious drawbacks that complicate
their application in experiments on board spacecrafts
for nuclear-planetology studies. First, the energy
resolution of germanium crystals becomes lower
under the effect of charged cosmic-ray particles.
Solar proton events exert the strongest influence of
this kind. In order to restore the energy resolution
of HPGe-based detectors, it is necessary to imple-
ment a hazardous annealing procedure that involves
heating the germanium crystal used to temperatures
of about 100◦С. Second, physics measurements with
HPGe-based detectors are performed only at crystal
temperatures below –180◦С. In order to ensure this
thermal regime, it is necessary to have a passive or an
active system of cryogenic cooling, but this requires
additional masses and entails an additional energy
consumption.

In view of the above special features of HPGe-
based detectors, detectors on the basis of scintillation
crystals, such as NaI, CsI, and BGO whose energy
resolution for the 662-keV line of the isotope 137Cs
are, respectively, about 6% to 8%, 7.0% to 8.5%, and
10% to 13% [11], were mostly used in space-science
experiments devoted to gamma-ray spectroscopy. At
the present time, researchers have at their disposal
better detectors on the basis of LaBr3, LaCl3, or
CeBr3 crystals whose energy resolution for the above
line is 3% to 4%. Such gamma-ray spectrometers are

still inferior in energy resolution to HPGe-based de-
tectors, but the former are preferable in space-science
applications, where reliability, mass-minimization,
and energy-consumption requirements come to the
fore. For example, the HPGe-based gamma-ray
spectrometer for the MESSENGER spacecraft had
a weight of about 9.2 kg and consumed about 16.5 W
(about 23.0 W in the annealing regime). A scintilla-
tion gamma-ray spectrometer based on a CeBr3 (or
LaBr3) crystal and characterized by a commensurate
efficiency may have a mass not higher tha 4 kg and
consume not more than 3.5 W. Such an instrument
would permit reducing the expenditure of the onboard
resources by a factor of 2.3 in mass and by a factor
of 6.5 in energy consumption. Frequently, this cir-
cumstance is of importance in designing automated
interplanetary spacecrafts.

In view of the aforementioned circumstances, the
Russian MGNS (Mercury Gamma-ray and Neutron
Spectrometer) instrument based on a CeBr3 inno-
vative crystal [12, 13] was incorporated in the Bepi-
Colombo satellite of the European Space Agency
(ESA) project devoted to studying Mercury. The sci-
entific objectives of this experiment include a global
mapping of the elemental composition of the Mercury
surface layer. In order to fulfil this task, the spectra
of gamma rays emitted from various surface regions
of this celestial body will be measured from an orbit.
The processing of these spectra will be aimed at iden-
tifying spectral lines characteristic of nuclei of main
rock-forming elements and at determining their mass
fraction in celestial-body matter.

A relatively small signal-to-background ratio for
many gamma-ray lines and the superimposition of
the profiles of lines close in energy because of an
insufficiently high energy resolution of the instrument
used are the main problems encountered in process-
ing the measured spectra of gamma rays emitted from
celestial-body surfaces.

The present article reports on a laboratory ex-
periment performed at an Experimental Facility for
Nuclear Planetology (EF-NP-03) and aimed at mea-
suring reference gamma-ray lines arising in nuclear
reactions of thermal-neutron capture in samples pre-
pared as analogs of celestial-body matter. These
measurements were performed by means of a scin-
tillation gamma-ray spectrometer equipped with a
detector on the basis of CeBr3. The experimental
program is restricted to studying lines associated
with neutron-capture reactions since fluxes of ther-
mal neutrons from celestial-body surfaces are mea-
sured quite reliably in space-science experiments de-
voted to the gamma-ray spectroscopy of planets. Via
a comparison of data on the intensities of lines from
specific nuclei with data on thermal-neutron fluxes,
one will be able to estimate the concentration of these
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Fig. 1. EF-NP-03 laboratory setup.
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Fig. 2. Layout of the gamma-ray station as a source of secondary gamma rays.

nuclei in matter. In the future, data obtained in
the EF-NP-03 experiment will make it possible to
identify basic neutron-capture gamma-ray lines from
the Mercury surface that are measured by the MGNS
instrument, to measure their intensities, and to de-
termine the concentration of rock-forming elements
in Mercurian soil that correspond to these lines.

The EF-NP-03 laboratory setup includes gamma-
ray spectrometers on basis of a CeBr3 scintillation
crystal and on the basis of HPGe and a dedicated
gamma-ray station, which, in turn, serves as a
source of epithermal and thermal neutrons whose
spectrum is analogous to the spectrum of secondary
neutrons arising in the upper layer of the surface of
atmosphere-free celestial bodies under the effect of
galactic cosmic rays [14]. Thermal-neutron density
reaches a maximum value in the central region of
the gamma-ray station. Samples of various chemical
composition simulating celestial-body matter were

placed in this region. The inclusion of an HPGe-
based spectrometer in EF-NP-03 makes it possible
to reveal a nearly whole set of spectral gamma-
ray lines for each sample mimicking celestial-body
matter and to perform a comparison with spectral

Table 1. Composition of the Soil 1 (1605 g) and Soil 2
(1585 g) samples

Oxide
Soil 1 Soil 2

mass, % mass, g mass, % mass, g

SiO2 64.4 1033.6 82.9 1314.0

Al2O3 13.0 208.7 10.6 168.0

Na2O, MgO, P2O5,
K2O, TiO2, MnO,
Fe2O3, CaO

22.6 362.7 6.5 103.0

PHYSICS OF ATOMIC NUCLEI Vol. 81 No. 5 2018
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Fig. 3. Spectra of gamma rays from the Soil 1 and Soil 2 samples according to measurements by means of the gamma-ray
spectrometers based on HPGe and on a CeBr3 crystal.

details measured by the detector on the basis of
cerium bromide. Samples that are analogous to
celestial-body matter and which contain oxides of
various rock-forming elements were manufactured
for measurements.

2. DESCRIPTION OF THE LABORATORY
SETUP

The EF-NP-03 laboratory setup was created at
the Laboratory of Neutron Physics at the Joint In-
stitute for Nuclear Research (JINR, Dubna) by a
collaboration including physicists from Space Re-
search Institute (IKI, Moscow, Russian Academy of
Sciences) and Institute for Experimental and Applied
Physics (Czech Technical University, Prague) as part
of a research project supported by Russian Science
Foundation (RSF grant no. 14-22-00249). The EF-
NP-03 setup includes a gamma-ray source based on
a portable gamma-ray station [14], where primary
neutrons from a 252Сf radioactive source undergo
moderation in a water-filled tank to epithermal and
thermal energies. The gamma-ray station generates
its own gamma radiation from a radioactive source
and from neutron-capture reactions occurring in wa-
ter and in structural elements. A holder for samples
playing the role of analogs of celestial-body matter
is positioned in the central region of the gamma-ray
station. The detecting block of the setup comprises
gamma-ray spectrometers based on a CeBr3 scintil-
lation detector and a HPGe semiconductor detector
(Fig. 1).

The gamma-ray station has the form of a paral-
lelepiped whose outer dimensions are 50 × 56 ×
56 cm. It is filled with distilled water 110 l in vol-
ume. The parallelepiped walls were fabricated from
poly(methyl methacrylate) (plexiglass). The holder
containing the sample under study and a 252Cf neu-
tron source is arranged at the geometric center of the
parallelepiped (Fig. 2). The activity of this neutron
source in the course of the measurements was 1.95 ×
106 neutron/s. The spectrum of neutrons emitted in
the spontaneous fission of 252Cf is well described by
a Maxwellian distribution characterized by a mean
energy of 2.13 ± 0.01 MeV [15].

The gamma-ray spectrometers are installed on
mutually orthogonal directions with respect to the
gamma-ray station at identical distances of about 1 m
from its center. This symmetric geometry permits si-
multaneously measuring gamma rays from one sam-
ple with two gamma-ray spectrometers under condi-
tions of identical radiation fluxes incident to detectors
(see Fig. 1).

The scintillation gamma-ray spectrometer for EF-
NP-03 includes a detector ∅3× 3 in size based on
a CeBr3 crystal and specially manufactured for the
experiment in question, as well as an R1307-13 pho-
tomultiplier tube (PMT). The scintillation-crystal di-
mensions, electrical circuits of a high-voltage di-
vider, and the inner structure of the scintillation block
faithfully reproduce the structure of the gamma-ray
detector in the MGNS instrument. The electron-
ics equipment of the gamma-ray spectrometer was
implemented on the basis of prefabricated industrial
units of the ORTEС company. The logical scheme of
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Fig. 5. As in Fig. 4, but for a TiO2 sample.

the gamma-ray spectrometer makes it possible to ac-
cumulate instrumental spectra in 4096 channels. The
energy resolution of the gamma-ray spectrometer is
about 29 keV (4.4%) for the 662-keV line of 137Cs.

In order to measure gamma rays with a high en-
ergy resolution, an industrial gamma-ray spectrom-
eter on the basis of an HPGe crystal ∅66× 89 mm
in size manufactured by the ORTEС company was
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shown in black.

used in the EF-NP-03 setup. The energy resolution

of this spectrometer is 1.8 keV (about 0.27%) for the

662-keV gamma line of 137Cs and 2.2 keV (about

0.17%) for the 1332-keV gamma line of 60Co. The

laboratory gamma-ray spectrometer also includes a
16 384-channel amplitude analyzer.

Fast neutrons from the 252Cf source undergo mul-
tiple elastic scattering off hydrogen nuclei contained
in water molecules. These collisions lead to quite an
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efficient moderation of emitted neutrons and to the
formation of a high density of epithermal and thermal
neutrons at the source center. Thermal neutrons
are readily captured by nuclei of the sample material,
which, in the capture process, emit gamma rays of
fixed energy (gamma-ray lines). After going out of
the gamma-ray station, gamma rays are detected by
the spectrometers. Thus, a set of gamma-ray lines
is associated with each sample simulating celestial-
body matter.

A simultaneous application of scintillation and
semiconductor detectors makes it possible to identify
all distinct features of the spectra measured with
the aid of a scintillator and to obtain a list of basic
detected gamma-ray lines for each sample used as
an analog of celestial-body substances. Moreover, a
comparison of data from measurements with detec-
tors of these two types enables one to confirm that the
scintillation detector based on a CeBr3 crystal has a
sensitivity and a spectral resolution that are sufficient
for studying the composition of celestial bodies.

It is noteworthy that, in addition to gamma-ray
lines characteristic of the sample under study, the
measured spectra contain gamma-ray lines from
neutron-irradiated elements of the gamma-ray sta-
tion itself, the whole experimental setup, and the
hall in which the measurements were performed.
In order to take into account the contribution of
these gamma-ray lines, background measurements
without any sample in the holder of the gamma-
ray station were performed in the course of the
experiment. The 2223-keV line emitted upon neutron
capture by a hydrogen nucleus (proton) transforming
as a result into a deuteron is the brightest background
gamma-ray line (see Fig. 3–8). A high intensity of
this gamma-ray line is due to a large amount of water
surrounding the neutron source.

Purified- and analytical-grade (mass fraction of
the main substance not lower than 96%) oxides of
various chemical elements were used as analogs of
celestial-body matter. Characteristic sample masses
ranged between 850 and 1600 g.

3. IMPLEMENTATION OF MEASUREMENTS
AND ANALYSIS OF RESULTS

At the first stage of the experiment, we per-
formed measurements for two natural-soil samples
(see Fig. 3) of permafrost test sites provided by
the Melnikov Permafrost Institute (MPI, Siberian
Branch, Russian Academy of Sciences) [16]. The
composition of these samples was studied at Institute
of Microelectronics Technology and High-Purity
Materials (Russian Academy of Sciences) by means
of mass spectrometry and by the atomic-emission
method. The composition of these samples is given

in Table 1. For either natural-soil sample under
study, the spectra of gamma rays were measured by
both gamma-ray spectrometers. The results of those
measurements are presented in Table 2.

The main oxide in the samples is SiO2, whose
mass fraction is 64% and 83% for, respectively, the
Soil 1 and Soil 2 samples (see Table 1). The masses
of these samples are 1605 and 1585 g; therefore, the
partial mass fraction of the silicon oxide in the Soil 1
and Soil 2 samples is 1034 and 1314 g, respectively.
Thus, the Soil 2 sample is 1.3 times richer in silicon
oxide than the Soil 1 sample. The most intense
gamma-ray lines of 28Si at the energies of 3540, 4423
(SE), and 4934 keV were detected in both gamma-
ray spectrometers (HPGe and CeBr3). Their intensi-
ties were higher for the Soil 2 sample (see Fig. 3). In
addition to silicon lines, the spectrometers recorded a
gamma line associated with aluminum oxide, which
is the second oxide in mass in soil (see Table 1). Its
partial mass in the samples is 209 and 168 g for Soil 1
and Soil 2, respectively. Because of a small number
of aluminum nuclei in the samples, the 7724-keV
gamma-ray line of 27Al from the radiative-capture
reaction was detected only by the HPGe semicon-
ductor gamma-ray spectrometer. Gamma lines from
the other oxides entering into the composition of the
Soil 1 and Soil 2 samples (see Table 1) were not
detected, since their intensities proved to be overly
low for detection in the setup used because of an
insufficient oxide mass in the samples being studied.
In view of this, subsequent measurements were per-
formed for samples consisting of monoxides.

For the second stage of the experiment, we se-
lected oxides of seven elements entering into the com-
position of Martian [17] and Mercurian [18] regolith:
SiO2, CaO2, Cr2O3, MnO2, TiO2, P2O5, and Al3O3.
In addition to these oxides, chlorine is of particular
interest, since it is known to be contained in Martian
soil [17]. A sample on the basis of sodium chloride
(NaCl) was prepared in order to measure chlorine
gamma-ray lines.

Examples of the gamma-ray spectra measured in
our experiment are given in Figs. 3–8. A list of
gamma-ray lines for each of the gamma-ray spec-
trometers is presented in Table 2. These lines mostly
correspond to reactions induced by radiative neutron
capture, but there are several lines associated with
products of inelastic fast-neutron scattering off 47Ti
(984 keV), Ca (3737 keV), and 28Si (1779 keV)
nuclei. By convention, the whole set of measured
gamma-ray lines from samples prepared as analogs of
celestial-body soil can be partitioned into two groups.
The first group comprises lines that are present in
the spectra of both gamma-ray spectrometers (HPGe
and CeBr3). Lines of the second group were found
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Fig. 8. As in Fig. 7, but for a CaO2 sample.

only in the spectrum measured by the germanium
gamma-ray spectrometer.

A NaCl sample is of particular interest. Chlorine
is known to have a large cross section for thermal-
neutron capture. As a consequence, it exhibits a
set of intense gamma-ray lines associated with ex-
cited neutron-capture products and distributed over a
broad energy range (see Fig. 4). All gamma-ray lines
(with the exception of the line at 1165 keV) of this
isotope were detected by the two gamma-ray spec-
trometers used. The set of gamma-ray lines detected
for the NaCl sample is in perfect agreement with
the gamma-ray lines found during the calibration of
the gamma-ray station at Czech Technical University
(Prague) [14].

A target on the basis of titanium oxide (TiO2)
is also of interest from the point of view of future
space-science studies devoted to the gamma-ray
spectroscopy of celestial bodies, since titanium may
enter into the composition of both planet-surface soil
and spacecraft material. Among nonferrous metals,
titanium nuclei possess one of the largest cross sec-
tions for neutron capture and, as a consequence, emit
intense gamma-ray lines. Obviously, the gamma-
ray lines of titanium nuclei in the spacecraft structure
are identical to gamma-ray lines of this element in
celestial-body matter. This coincidence hinders a
direct determination of the titanium concentration
in the soil of the celestial body under study, since,
for this, one needs the photon flux in the gamma-ray
lines directly from the surface of this body. Therefore,
the so-called background spectrum associated with
intrinsic spacecraft radiation should be subtracted
from the spectrum measured onboard spacecraft. It is

necessary to measure this spectrum for a spacecraft
irradiated with GCR particles when the spacecraft is
far from the celestial body under study and to correct
it thereupon with allowance for the weakening of the
total GCR flux in the immediate vicinity of this body
or directly at its surface. As a result, one would obtain
the gamma-ray spectrum corresponding to radiation
from the celestial-body surface, and the intensity of
the gamma-ray lines from titanium would reflect the
concentration of its nuclei in soil. An example of
the gamma-ray background model developed for the
gamma-ray spectrometer installed onboard the Lunar
Prospector spacecraft is presented in [7].

Figure 5 shows the spectra obtained for our
titanium-oxide sample, which contain basic capture
gamma-ray lines of titanium. Mostly, they were
detected by both gamma-ray spectrometers. The
set of the strongest lines emitted in the reactions
induced by neutron capture by titanium nuclei lies
in the energy range between 5 and 7 MeV.

The silicon isotope 28Si is among the main rock-
forming elements of the surfaces of planets belong-
ing to Earth’s group. Measurements performed
with a silicon-oxide sample prepared as an ana-
log of celestial-body soil showed that three of the
four lines recorded by the HPGe-based gamma-ray
spectrometer were also detected by the gamma-ray
spectrometer on the basis of the CeBr3 crystal. These
are the 3540-, 4423- (SE), and 4934-keV gamma
lines (Fig. 7). The line at the energy of 4934 keV is
the strongest. It can be used as the main reference
gamma-ray line in estimating the amount of silicon
in the substance of celestial-body surfaces.
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Table 2. List of samples and characteristic gamma-ray lines detected by the gamma-ray spectrometer on the basis of
CeBr3 and HPGe

No. Sample Mass, g Basic gamma-ray lines
(isotope, energy, keV) CeBr3 HPGe

1 NaCl 1345 35Cl—1165 – +
35Cl—1955 + +
35Cl—2864 + weak +
35Cl—3062 + weak +
35Cl—5600 SE + +
35Cl—6111 SE 1.000 +
35Cl—6620 + +
35Cl—6903 SE + +
35Cl—7414 + +
35Cl—7790 0.190 +
35Cl—8068 SE + weak +
35Cl—8579 0.088 +

2 Al3O3 1185 27Al − 1779 – + weak
27Al—4133 – + weak
27Al—4734 – + weak
27Al—7213 SE + weak +
27Al—7724 + weak +

3 TiO2 850 47Ti—984 IS + weak +
48Ti—1382 1.000 +
48Ti—1586 – +
48Ti—3027 – +
48Ti—3476 – +
48Ti—3734 – +
48Ti—3923 – +
48Ti—4370 SE – +
48Ti—4881 – +
48Ti—4967 – +
48Ti—5396 DE + сл. +
48Ti—5738 DE – +
48Ti—5907 SE 0.272 +
48Ti—6249 SE 0.240 +
48Ti—6418 0.265 +
48Ti—6556 – +
48Ti—6760 0.572 +

4 MnO2 1100 55Mn—847 + +
55Mn—1810 + weak +
55Mn—21135 – +
55Mn—3409 – +
55Mn—5014 + +
55Mn—5181 + +
55Mn—5527 + +
55Mn—5920 – +
55Mn—6784 – +
55Mn—7058 + +
55Mn—7159 – +
55Mn—7244 + +
55Mn—7270 – +

On the basis of data from the CeBr3-based scintil-
lation gamma-ray spectrometer for five samples from
NaCl, SiO2, CaO2, Cr2O3, and TiO2, we selected

the strongest gamma-ray lines of the respective el-
ements, requiring that the closest lines of other ele-
ments not overlap them (see Table 2). This set can
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Table 2. End

No. Sample Mass, g Basic gamma-ray lines
(isotope, energy, keV) CeBr3 HPGe

5 Cr2O3 1440 50Cr—749 – +
53Cr—835 – +
53Cr—1785 – +
53Cr—2239 – +
53Cr—3720 – +
53Cr—5107 SE – +
53Cr—5618 + +
53Cr—6589 + +
53Cr—6646 + +
53Cr—7100 – +
53Cr—7427 SE + +
53Cr—7938 + +
53Cr—8483 + +
53Cr—8511 + +
53Cr—8884 1.000 +
53Cr—9208 SE 0.317 +
53Cr—9719 0.339 +

6 CaO2 1000 40Ca—1943 – +
40Ca—3610 – +
40Ca—3737 IS – +
40Ca—3908 SE + weak +
40Ca—4419 0.500 +
40Ca—4749 – +
40Ca—5900 0.809 +
40Ca—6420 1.000 +

7 SiO2 1390 28Si—1779 IS – +
28Si—3540 1.000 +
28Si—4423 SE 0.340 +
28Si—4934 0.628 +
28Si—6380 – –
28Si—8467 – –

8 P2O5 940 31P—3523 – + weak
31P—3900 – +
31P—4671 – +
31P—6786 – +

10 Soil 1 1605 28Si—1779 + weak +
28Si—3540 + +
28Si—4423 SE + +
28Si—4934 + +
27Al—7724 – +

11 Soil 2 1585 28Si—1779 + weak +
28Si—3540 + +
28Si—4423 SE – +
28Si—4934 + +
27Al—7724 – +

Weak stands for a weak line.

be called a set of reference gamma-ray lines for deter-
mining the content of respective elements in celestial-
body matter.

For the selected reference gamma-ray lines, their
physical intensities (in photon cm−2 s−1 units) at the
position of the cerium-bromide detector were esti-
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Fig. 9. Intensities of the measured gamma-ray lines versus the intensities of the calculated gamma-ray lines of the scintillation
gamma-ray spectrometer on the basis of CeBr3 that were normalized to the 2223-keV hydrogen gamma line for (a) TiO2, (b)
Cr2O3, and (c) Soil 1 and Soil 2 targets.

mated on the basis of the recorded numbers of counts
with allowance for the absorption of photons in the
materials of the gamma-ray station and their detec-
tion efficiency. For this purpose, we used the en-
ergy dependences calculated by means of the Geant4
code [19] for absorption in water and for the efficiency
of absorption in cerium bromide. The fluxes of refer-
ence gamma-ray lines for the five selected samples at
the gamma-chamber center were normalized to the
intensity of the strongest gamma-ray line for a given
element (see Table 2).

The relative intensities of gamma-ray lines in the
reference set for each element can be used to deter-
mine its content in в celestial-body substances in the
course of space-science experiments (for example,
in an analysis of data from the MGNS and LGNS
experiments, where gamma-ray spectrometers on the

basis of a CeBr3 crystal will be employed to study
the composition of the surfaces of Mercury and the
Moon, respectively). The measured intensities of
reference lines of individual elements will be compared
with respective numerical estimates obtained with
allowance for absorption in celestial-body matter and
upon taking into account the detection efficiency. The
mass fraction of an element should be a free parameter
that is evaluated by requiring agreement between the
measured and calculated intensities.

In order to obtain reliable estimates of the com-
position of celestial-body matter, it is necessary to
test codes for a numerical simulation of the inten-
sities of gamma-ray lines; in particular, one should
verify neutron-capture and photon-scattering cross
sections used as input data in respective calculations.
This verification of code packages should precede the
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implementation of respective space-science experi-
ments. For samples in which tested elements have
known mass fractions, numerical calculations of the
intensities of basic reference gamma-ray lines should
be performed, whereupon the results of these calcula-
tions should be confirmed by physical measurements.

In order to perform a numerical simulation of the
results of measurements at EF-NP-03, we employed
the dedicated ACPS-LI-03 (Analysis of Composi-
tion of Planet Substances—Laboratory Investiga-
tions) code package intended for simulating spec-
tral properties of secondary gamma ray from sam-
ples prepared as analogs of celestial-body matter and
irradiated with steady-state thermal-neutron fluxes.
This package is based on the MCNPX 2.7e code for
performing nuclear-physics calculations with the aid
of the ENDF/B-VII.0 and ENDF/B-VI libraries of,
respectively, neutron-induced and photoatomic pro-
cesses [20, 21]. The numerical model used included
a description of a parallelepiped 50× 56× 56 cm in
size filled with 110 l of H2O; a sample simulating
celestial-body matter; a 252Cf neutron source within
the sample; the concrete walls, floor, and ceiling of
the laboratory hall; and models of the detectors based
on CeBr3 and HPGe crystals. In order to simplify
our description of the geometry of the problem being
considered, auxiliary laboratory equipment present in
the hall was not included in this numerical model. The
gamma-ray lines associated with the decay of natural
radioactive elements were also disregarded since this
was beyond the scope of the simulation. The spectra
of the numbers of counts were simulated numerically
upon taking into account the energy resolution of the
detectors used, which was determined earlier in the
course of dedicated calibration measurements.

Thus, a numerical simulation of gamma-ray fluxes
and spectra of counts recorded by the detectors on
the basis of CeBr3 and HPGe crystals at a distance
of 1 m from the center of the gamma-ray station
was performed for each experimental measurement
of samples at EF-NP-03. Examples of the simu-
lated spectra for the NaCl, TiO2, and Cr2O3 samples
prepared as analogs of celestial-body substances are
given in Figs. 4, 5, and 6, respectively.

In order to compare the results of measurements
and numerical simulations of spectral properties of
secondary gamma rays from the tested samples, we
plotted graphs of the respective intensities of the cal-
culated and measured gamma-ray lines. Examples of
such a comparison for the TiO2 and Cr2O3 samples
are given in Fig. 9. In plotting these dependences, the
intensities of the gamma-ray lines in each spectrum
were normalized to the intensity of the 2223 keV
hydrogen gamma-ray line associated with neutron
absorption in water filling the tank of the gamma-ray
station. Similar graphs intended for a comparison of

the above type were plotted for the Soil 1 and Soil 2
samples (see Fig. 9). These graphs show that there
is nearly perfect agreement (within statistical uncer-
tainties) between the results of our numerical simula-
tion and data from experimental measurements. This
means that the code packages developed for numer-
ically simulating fluxes of neutron-capture gamma
rays from rock-forming elements of celestial-body
matter may be applied to processing and analysis of
data from space-science experiments devoted to the
gamma-ray spectroscopy of planets and small bodies
of the Solar System.

4. CONCLUSIONS
The EF-NP-03 laboratory setup featuring two in-

dependent gamma-ray spectrometers has been cre-
ated in order to perform measurements with samples
prepared as analogs of celestial-body matter. These
samples include chemical elements that are the main
rock-forming elements in the surface layers of the the
Moon and planets of Earth’s group (Mars, Mercury,
and Venus). The results of respective laboratory mea-
surements were used to create a database of reference
gamma-ray lines of basic rock-forming elements that
can be identified by means of a gamma-ray spectrom-
eter on the basis of a CeBr3 scintillation crystal. For
the database of these lines, the interested reader is
referred to the web site https://np.cosmos.ru/rnf/.

In addition, a numerical model of the aforemen-
tioned experimental setup was created on the basis
of the ACPS-Li-03 code package developed for this
purpose. This numerical model permitted calcu-
lating spectral properties of secondary gamma rays
from samples mimicking celestial-body matter. We
have shown that the results of numerical calculations
agree well with experimental data. Dedicated ACPS-
Planet code packages for simulating conditions of
space-science experiments will be developed on the
basis of the ACPS-Li-03 package.

The results of the present study will be used in
the future to analyze and interpret data obtained in
the MGNS space-science experiments aimed at an
orbital survey of the surface of Mercury within the
ESA BepiColombo project [12] and in the LGNS
experiment aimed at an orbital survey of the Moon’s
surface within the Russian Luna-26 project.
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