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Abstract—Results of computations of the energy spectrum of neutrons radiated by the planet Mercury,
generated by the action of cosmic rays, are presented. The dependence of the neutron radiation on both
the temperature and composition of the subsurface layers of the planetary regolith are investigated. The
fluxes of γ-rays in lines of aluminum (27Al, 7.7240 MeV), silicon (28Si, 3.5390 MeV), calcium (40Ca,
1.9427 MeV), and iron (56Fe, 7.6312 and 7.6456 MeV) generated during neutron capture by these nuclei
are also calculated. The intensity of the radiation in these lines depends on both the composition and
temperature of the surface. This must be taken into account when interpreting measurements of γ-ray
radiation from nuclear lines produced in neutron capture reactions on the substance of Mercury.
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1. INTRODUCTION

Experiments on the spectra of neutrons and γ-
rays emitted from the surfaces of planets and other
celestial bodies without dense atmospheres carried
out on spacecraft [1] have led to the need to predict
the properties of this radiation as functions of the
surface composition and temperature. Nuclear radia-
tion from the surfaces of celestial bodies arises when
the nuclei of elements comprising the subsurface are
bombarded by cosmic rays (protons and α particles).
The nuclei emit evaporative and cascade neutrons
(and protons), which are absorbed and scattered in
the matter of the planetary surface. Some of these
particles escape from the planet, flying into circum-
planetary space. Interactions of neutrons with nuclei
can lead to inelastic scattering and neutron-capture
reactions in which nuclear γ-rays are emitted, with
each nucleus having its particular set of γ-ray lines. It
is these neutrons and γ-rays that comprise the fluxes
of nuclear radiation emerging from the surfaces of ce-
lestial bodies that are detected by neutron and γ-ray
spectrometers on board spacecraft at distances from
these bodies not exceeding several hundred kilome-
ters. Analyses of such measurements can be used to
determine the composition of the main rock-forming
elements and hydrogen in the upper layer of the sur-
face with a thickness of about one meter.

*E-mail: kozyrev@iki.rssi.ru

The Mercury Gamma-ray and Neutron Spec-
trometer (MGNS) is currently being developed at the
Space Research Institute of the Russian Academy of
Sciences, on contract to the Federal Space Agency.
This instrument is intended for measurements of
secondary nuclear γ-ray emission and neutrons from
the surface of Mercury onboard the “BepiColombo”
interplanetary spacecraft of the European Space
Agency [1]. Mercury does not have an atmosphere
or strong magnetic field, so that energetic charged
cosmic-ray particles can freely penetrate into the
upper layer of its surface, where they can generate
secondary nuclear emission in the form of neutrons
and γ-rays. Mercury is the closest planet to the Sun.
In daytime, its surface is heated by the flux of solar
radiation, with the maximum temperatures reaching
725 K. The nightime surface faces open space, and
has a temperature of 90 K. This substantial difference
between the daytime and nightime temperatures of
about 600 K could affect the flux of super-thermal
and thermal neutrons and the intensity of γ-rays in
lines arising due to the capture of secondary neutrons
by nuclei in the surface.

Nine scenarios for the formation of Mercury are
currently known, which predict four main models for
the composition of its surface material [1–5]: the
Chondrite Model (ChM, Model 1), the Equilibrium
Condensation Model (ECM, Model 2), the Refractory
Rich Model (RRM, Model 3), and the Volatile Rich
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Table 1. Abundances of main rock-forming elements in
the surface material of Mercury according to the four main
models for its composition (in percent by mass)

Elements
Model 1 Model 2 Model 3 Model 4

ChM ECM RRM VRM

Mg 20.30 24.20 20.90 19.50

Al 3.40 5.10 8.80 1.70

Si 22.10 19.10 15.20 21.40

O 45.10 45.00 43.80 43.60

Ca 3.70 6.20 10.90 2.20

Ti 0.20 0.29 0.40 –

Cr 2.30 0.07 – –

Fe 2.90 0.04 – 11.60

Model (VRM, Model 4). The abundances of the main
rock-forming elements for these models are given in
Table 1. The task of space-based γ-ray spectroscopy
of Mercury is estimation of the abundances of the
main elements in its surface material, and using this
information to select the most probable model for
the formation of this planet [1]. This selection will
be based on the relative intensities of several main
γ-ray lines, for which the models for the formation of
Mercury predict different values (Table 1).

As an example, let us consider the 7.72 MeV
27Al and 3.54 MeV 28Si lines, which are generated
in neutron capture reactions. The intensity of the
7.72 MeV Al line can vary by a factor of five for the
various models for the formation of Mercury (Table 1).
The intensity of the 3.54 MeV Si line should also vary
between models, but much less, within 30% (Table 1).
Below, we use the flux in the Si line for model ChM
(Model 1), which has the maximum Si abundance,
as a reference for our investigation of the effect of the
composition and temperature of the surface material.

It is obvious that trustworthy estimates of the
composition of the Mercurian surface material will re-
quire a reliable translation from measurements of the
γ-ray line intensities formed in neutron capture re-
actions to abundance estimates for the corresponding
elements. This translation must take into account the
temperature dependence of the mean reaction cross
section. The aim of our current study is to investigate
the influence of the composition and temperature on
the formation and transport of neutrons and γ-rays in
the indicated lines. We used the four main compo-
sition models to calculate the expected neutron and
γ-ray fluxes (Table 1). We investigated the tempera-
ture dependence for subsurface temperatures from 90

to 925 K, corresponding to the conditions for night
and day on the surface of Mercury.

2. MODELING OF THE NEUTRON SPECTRA

We calculated the flux of neutrons using Monte-
Carlo simulations. The computational process was
based on simulations of random quantities—the pa-
rameters of the processes leading to the creation and
propagation of neutrons in a given medium, taking
into account the formation and propagation of γ-rays.
The set of parameters included the initial charac-
teristics of the neutron emitted, the mean free path,
the scattering angle, parameters characterizing the
interaction of the neutron with nuclei (and the set
of nuclei with which these interactions occur), and
the energy and spatial coordinates of the scattered
neutron. These computations yielded estimates of the
neutron fluxes from the surface of Mercury for various
energy ranges.

The direct simulations of the source of the neu-
trons in the depth of the subsurface layer required
substantial amounts of computer time. Therefore,
we applied a stacking approach, taking into account
weighting coefficients. The medium was divided into
thin layers with different depths, in which the initial
neutrons were emitted with random initial parameters
(energy, depth, and direction of flight), according to
the adopted distribution functions for these parame-
ters (see Appendix A). The deepest layer in a given
computation was determined from the condition that
the number of neutrons emerging from the surface be
less than 0.1% of the total number of neutrons emit-
ted. In this way, we cut out inefficient versions of the
computations, corresponding to neutrons randomly
wandering in deep layers. When computing the neu-
tron spectra, the energy interval was divided into sec-
tions that were equal on a logarithmic scale, whose
number depended on the temperature, and reached of
the order of 200. The accuracy of the derived charac-
teristics (neutron and γ-ray fluxes) were estimated in
the computations; the estimated uncertainties did not
exceed 0.3%. For neutron energies close to kT/10,
the uncertainties in the computed neutron energy
spectra reached several percent. The total number of
neutrons participating in the simulations varied from
five to eight million. The computations were carried
out for four subsurface temperatures: 90, 300, 500,
and 725 K (see Appendix A).

Note that all the neutron fluxes were calculated
per primary neutron formed in the subsurface mate-
rial. This approach enables us to analyze variations
in the spectral energy distribution for the emerging
neutrons as a function of the composition and tem-
perature of the surface material, but not to estimate
variations in the absolute flux of emerging neutrons as
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Fig. 1. Spectral flux density of neutrons (with energies
less than 10 eV) for various surface temperatures of Mer-
cury and regolith model ChM as a function of neutron
energy. The neutron fluxes have been normalized to
represent the fluxes per neutron formed in the subsurface.

a function of the surface composition. It is known that
the number of primary neutrons created per energetic
charged cosmic-ray particle varies with the mean
nuclear charge 〈Z〉. However, this effect does not
depend on the temperature of the material, and so is
not considered here. On the other hand, the temper-
ature influences the deceleration and thermalization
of the primary neutrons, so that the flux of emerging
neutrons with various energies can be considered per
primary neutron. Figures 1–4 present the calculated
neutron energy spectra for energies <10 eV sepa-
rately for each model.

The computations show that our estimates of the
number of neutrons emerging from the surface of
Mercury as a fraction of the number of primary neu-
trons depends weakly on the surface composition and
temperature. Table 2 presents the total fluxes of
neutrons emerging from the surface (in cm−2 s−1) at
energies of kT /10–107 eV per neutron emitted from
1 cm2 of the surface per 1 s (also in cm−2 s−1). The
characteristic total emergent flux is 0.28–0.29 per
emitted neutron, with the variations for the different
composition models being 2–3% and the variations
for different temperatures being 1–2%.
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Fig. 2. Same as Fig. 1 for regolith model ECM.
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Fig. 3. Same as Fig. 1 for regolith model RRM.
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Table 2. Estimates of the total flux of secondary neutrons from the surface (in cm−2 s−1) as a function of the surface
composition and mean temperature (per neutron emitted)

Model
Surface temperature, K

90 300 500 725

1 (ChM) 0.281 0.284 0.285 0.286

2 (ECM) 0.282 0.285 0.286 0.288

3 (RRM) 0.276 0.278 0.279 0.281

4 (VRM) 0.275 0.276 0.277 0.278

Table 3. Estimates of the flux of secondary neutrons with various energies (in cm−2 s−1) as a function of the surface
composition and mean temperature (per neutron emitted). (Quantities in parantheses show the fractions of the total flux
comprised by the fluxes of thermal, epithermal, and fast neutrons in percent)

Surface temperature 90 K Surface temperature 725 K

Model Neutron energy, eV

<0.5 0.5–100 >100 <0.5 0.5–100 >100

1 (ChM) 2.14 × 10−2 3.73 × 10−2 2.23 × 10−1 2.48 × 10−2 3.85 × 10−2 2.23 × 10−1

(7.6) (13.2) (79.2) (8.7) (13.4) (77.9)

2 (ECM) 2.59 × 10−2 3.81 × 10−2 2.18 × 10−1 3.00 × 10−2 3.93 × 10−2 2.18 × 10−1

(9.2) (13.5) (77.3) (10.4) (13.7) (75.9)

3 (RRM) 2.26 × 10−2 3.74 × 10−2 2.16 × 10−1 2.63 × 10−2 3.86 × 10−2 2.16 × 10−1

(8.2) (13.5) (78.3) (9.4) (13.7) (76.9)

4 (VRM) 1.46 × 10−2 3.43 × 10−2 2.26 × 10−1 1.66 × 10−2 3.53 × 10−2 2.26 × 10−1

(5.3) (12.5) (82.2) (6.0) (12.7) (81.3)

Table 3 presents the neutron fluxes (in cm−2 s−1,
per neutron emitted) for energies kT /10–0.5 eV, 0.5–
100 eV, and >100 eV. These fluxes correspond to
thermal, epithermal, and fast neutrons. The fluxes
of fast neutrons do not depend on temperature: their
energy is high compared to the thermal energy of
the nuclei with which they interact. The fluxes of
thermal neutrons grow appreciably with increasing
temperature. This is due to the fact that the mean

Table 4. Ratio of fluxes of thermal and fast neutrons (ξ) for
extreme values of the surface temperature

Model

Surface temperature
minimum

(90 K)
maximum

(725 K)

1 (ChM) 0.096 0.112

2 (ECM) 0.119 0.137

3 (RRM) 0.105 0.122

4 (VRM) 0.064 0.074

relative velocity of the nuclei and neutrons increases
as the temperature increases, which reduces the cross
section for neutron capture by the nuclei. The mod-
est increase of the flux of epithermal neutrons with
increasing temperature is likewise due to variations
in the flux of thermal particles—the computed distri-
butions of the flux of emerging neutrons (Figs. 1–4)
clearly show that, as the temperature grows, some of
the thermalized particles acquire energies higher than
0.5 eV and “penetrate” into the epithermal range,
0.5–100 eV.

Table 3 also gives ratios of the fluxes of ther-
mal, epithermal, and fast neutrons to the total flux
(quantities in parantheses). These ratios characterize
the energy spectrum of the generated neutrons or,
alternatively, the efficiency of the deceleration of the
neutrons in the subsurface. Therefore, they reflect
the dependence of the spectrum of emerging neutrons
on the temperature of the surface material. Note
that these flux ratios in various spectral intervals do
not depend on whether the computations of the flux
of emerging neutrons are renormalized per primary
neutron or per energetic charged cosmic-ray particle.
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Table 5. Estimated radiation fluxes in the Si 3.54 MeV line (in cm−2 s−1) as a function of the surface composition and
temperature (per neutron emitted). (Quantities in square brackets in the last column show ratios of the fluxes for extreme
values of the surface temperature)

Model
Si

abundance,
%

Temperature, K

90 300 500 725

1 (ChM) 22.1 4.46 × 10−3 4.23 × 10−3 4.09 × 10−3 3.99 × 10−3 [0.89]
(1.0) (1.0) (1.0) (1.0) (1.0)

2 (ECM) 19.1 4.36 × 10−3 4.03 × 10−3 3.83 × 10−3 3.67 × 10−3 [0.84]
(0.86) (0.98) (0.95) (0.94) (0.92)

3 (RRM) 15.2 3.03 × 10−3 2.95 × 10−3 2.85 × 10−3 2.75 × 10−3 [0.91]
(0.69) (0.68) (0.70) (0.70) (0.69)

4 (VRM) 21.4 3.76 × 10−3 3.69 × 10−3 3.62 × 10−3 3.59 × 10−3 [0.95]
(0.97) (0.84) (0.87) (0.89) (0.90)

The relative quantities in parantheses correspond to the fraction of the values for Model ChM.

This means that the flux ratios presented in Table 3
can be directly compared with observations.

It follows from the computations (Table 3) that the
relative flux of epithermal neutrons as a fraction of
the total flux is essentially independent of both the
composition and the temperature of the surface ma-
terial: for all four models, this fraction is 12.5–13.5%
for a surface temperature of 90 K and 12.7–13.7% for
725 K. On the other hand, the ratio ξ of the fluxes of
thermal and fast neutrons is a useful physical quantity
that displays a fairly strong dependence on both the
composition and temperature (Table 4).

The computed values of ξ vary by nearly a factor
of two between the maximum values obtained, for
the ECM (Model 2; 12–14%), and the minimum
values, for the VRM (Model 4; 6–7%) (Table 4). The
decrease in the flux of thermal neutrons for the VRM
(Model 4) is due to the high mass fraction of iron
(Table 1), and the fact that iron nuclei are efficient ab-
sorbers of thermal neutrons. For all four models, the
fraction of thermal neutrons grows with temperature,
and the parameter ξ increases by roughly a factor of
1.15–1.17 (i.e., by 15–17%).

Thus, based on numerical simulations of the neu-
tron energy spectra, we can conclude that the daily
variations of the thermal flux relative to the fast-
neutron flux comprise 15–17%, essentially indepen-
dent of the composition, with the relative flux of ther-
mal neutrons as a fraction of the total flux varying
by nearly a factor of two. Therefore, when study-
ing the composition of the surface material based
on measurements of variations in the flux of thermal
neutrons, it is necessary to correct the observational
data for the temperature variations of the thermal
neutrons. Moreover, temperature effects must be
taken into account when interpreting measurements

of γ-ray lines emitted during neutron-capture reac-
tions, which depend on both the number of incident
thermal neutrons and the relative velocity of their
collisions with the capturing nuclei. The following
section of this paper is dedicated to this question.

3. MODELING OF THE FLUXES
IN γ-RAY LINES EMITTED

DURING NEUTRON CAPTURE REACTIONS

We used our computations of the flux of neutrons
from the surface of Mercury to investigate the in-
fluence of the temperature of the subsurface on the
intensity of nuclear γ-ray line emission generated in
neutron-capture reactions. It is obvious that emis-
sion in γ-ray lines generated in inelastic-scattering
reactions should not be subject to temperature effects,
since such interactions take place in collisions with
fast neutrons. When computing the γ-ray flux from
the surface, we considered separately neutron capture
by nuclei of 40Сa, 28Si, 27Al, and 56Fe, which gener-
ate lines at 1.94, 3.54, 7.72, and (7.63 + 7.65) MeV,
respectively. The partial probability for the emission of
these lines during neutron capture by these nuclei is
presented in Appendix B, together with the elemental
composition. During the propagation of γ-rays in
nuclear lines in matter, the main process attenuating
the line intensity is Compton scattering. In addi-
tion, γ-rays will be absorbed during the creation of
electron–positron pairs. Both these processes were
taken into account when computing the fluxes in
these lines.

Table 5 and Fig. 5 present the γ-ray flux (in units
of cm−2 s−1) in the 3.54 MeV nuclear line of Si cal-
culated per neutron emitted per cm2 of the surface per
second. The Si abundance varies only insignificantly
between the various models for the surface material

ASTRONOMY REPORTS Vol. 56 No. 4 2012
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Fig. 4. Same as Fig. 1 for regolith model VRM.

(Table 1), and the variation in the intensity of this
line between the various models is likewise modest,
within 30%. This line can thus be used as a reference
feature for studies of the influence of the composition
and temperature of the surface material on the flux of
thermal neutrons. Table 8 (column 2) presents the
absolute and relative abundances of Si [the latter as a
fraction of the value 22.1% for the ChM (Model 1)].

A comparison of the ratio of the fluxes in the
3.54 MeV line and the relative abundance of Si in-
dicates that the relative fluxes for a temperature of
90 K for the ECM (Model 2) and the VRM (Model 4),
which have Si abundances of 0.86 and 0.97 of the
maximum value for Model 1, respectively, display the
opposite relation, i.e., the fluxes comprise 0.98 and
0.84 of the maximum value for Model 1, respectively.
This “inversion” of the relations for the abundance
and line fluxes for Models 2 and 4 is due to the fact
that the thermal-neutron fluxes for these two models
differ appreciably. The parameter ξ is equal to its
maximum, 0.119, and minimum, 0.064, values for
Models 2 and 4, respectively. The relatively high flux
of thermal neutrons for Model 2 leads to an enhance-
ment in the flux in this nuclear line compared to its
flux for Model 1, while the low flux of thermal neutrons
for Model 4 leads to appreciable attenuation of the line
flux.

The thermal-neutron flux for Model 3 essentially
coincides with the flux for Model 1 (ξ = 0.1), so that
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Model 1 (ChM) 

Model 2 (ECM) 

Model 3 (RRM) 

Fig. 5. Results of modeling of the intensity of the Si 3.54-
MeV γ-ray line as a function of the surface temperature
of Mercury, for the various models of the regolith compo-
sition (the fluxes are given per neutron emitted per cm2 of
the surface per second).

the relative fluxes in the 3.54 MeV line for these two
models agree well with their relative Si abundances.

The intensity of the 3.54 MeV line is reduced
when the surface temperature is raised from 90 to
725 K (Table 5, Fig. 5). This attenuation of the line
flux with increasing temperature from 90 to 725 K
is presented in square brackets in the last column of
Table 8, as the ratio of the fluxes for the highest and
lowest temperatures. This effect is maximum (16%)
for the composition in the ECM (Model 2), since the
fraction of thermal neutrons in the total neutron flux
is maximum for this model, and precisely reactions
with thermal neutrons give rise to the temperature-
related reduction of the γ-rays created by neutron-
capture reactions. With increasing temperature, the
weakening of the flux due to the reduction in the
reaction cross section dominates over the increase
in the number of interactions due to the growth in
the fraction of thermal neutrons in the incident flux
(from 9.2 to 10.4%; Table 3). It is interesting that this
temperature effect overall reduces the discrepancy
between the relative abundances of Si and the relative
3.54 MeV line fluxes for the various models at high
temperatures (see the values in parantheses in the last
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Table 6. Estimate of the flux in the Ca 1.94 MeV line (in cm−2 s−1, per emitted neutron) as a function of the surface
composition and temperature. (The flux ratio for the maximum and minimum temperatures are presented in square
brackets in the last column)

Model
Ca

abundance,
%

Temperature, K

90 300 500 725

1 (ChM) 3.7 1.64 × 10−3 1.58 × 10−3 1.54 × 10−3 1.52 × 10−3 [0.93]
(0.34) (0.35) (0.34) (0.35) (0.35)

2 (ECM) 6.2 3.06 × 10−3 2.75 × 10−3 2.65 × 10−3 2.60 × 10−3 [0.85]
(0.57) (0.65) (0.60) (0.59) (0.59)

3 (RRM) 10.9 4.73 × 10−3 4.58 × 10−3 4.46 × 10−3 4.39 × 10−3 [0.93]
(1.0) (1.0) (1.0) (1.0) (1.0)

4 (VRM) 2.2 9.25 × 10−4 9.12 × 10−4 8.94 × 10−4 8.98 × 10−4 [0.97]
(0.20) (0.20) (0.20) (0.20) (0.20)

The relative quantities in parantheses correspond to the fraction of the value for the RRM.

Table 7. Estimate of the flux in the Al 7.72 MeV line (in cm−2 s−1, per emitted neutron) as a function of the surface
composition and temperature. (The flux ratio for the maximum and minimum temperatures are presented in square
brackets in the last column)

Model
Al

abundance,
%

Temperature, K

90 300 500 725

1 (ChM) 3.4 4.28 × 10−4 3.92 × 10−4 3.75 × 10−4 3.55 × 10−4 [0.83]
(0.39) (0.37) (0.38) (0.38) (0.38)

2 (ECM) 5.1 7.73 × 10−4 6.81 × 10−4 6.29 × 10−4 5.94 × 10−4 [0.77]
(0.58) (0.67) (0.65) (0.65) (0.64)

3 (RRM) 8.8 1.15 × 10−3 1.04 × 10−3 9.75 × 10−4 9.29 × 10−4 [0.81]
(1.0) (1.0) (1.0) (1.0) (1.0)

4 (VRM) 1.7 1.65 × 10−4 1.58 × 10−4 1.52 × 10−4 1.47 × 10−4 [0.89]
(0.19) (0.14) (0.15) (0.16) (0.16)

The relative quantities in parantheses correspond to the fraction of the value for the RRM.

Table 8. Estimate of the flux in the Fe 7.63 MeV + 7.65 MeV doublet (in cm−2 s−1, per emitted neutron) as a function
of the surface composition and temperature. (The flux ratio for the maximum and minimum temperatures are presented
in square brackets in the last column)

Model
Fe

abundance,
%

Temperature, K

90 300 500 725

1 (ChM) 2.9 2.48 × 10−3 2.21 × 10−3 2.06 × 10−3 1.94 × 10−3 [0.78]
(0.25) (0.38) (0.35) (0.34) (0.34)

2 (ECM) 0.04 4.30 × 10−5 3.46 × 10−5 3.30 × 10−5 3.06 × 10−5 [0.72]
(0.003) (0.007) (0.006) (0.006) (0.005)

4 (VRM) 11.6 6.58 × 10−3 6.23 × 10−3 5.98 × 10−3 5.72 × 10−3 [0.87]
(1.0) (1.0) (1.0) (1.0) (1.0)

The relative quantities in parantheses correspond to the fraction of the value for the VRM.
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Table 9. Dependence of the temperature coefficient K on the relative fraction of thermal neutrons ξ and the γ-ray energy

Model ξ, %
Energy of the γ-ray line, MeV

1.94 (Ca) 3.54 (Si) 7.64 (Fe) 7.72 (Al)

1 (ChM) 9.6 0.93 0.89 0.78 0.83

2 (ECM) 11.9 0.85 0.84 0.72 0.77

3 (RRM) 10.5 0.93 0.91 – 0.81

4 (VRM) 6.4 0.97 0.95 0.87 0.89

column of Table 3 for 725 K), compared to the lowest
temperature of 90 K.

Tables 6–8 and Figs. 6–8 present the calculated
γ-ray fluxes (in cm−2 s−1) in the 1.94 MeV Ca,
7.72 MeV Al, and 7.63 + 7.65 MeV nuclear lines
(per neutron emitted per cm2 per second). The ap-
preciable differences in the intensities of these lines for
the various models reflects the large difference in the
abundances of these nuclei in the models (Table 1).

The reduction in the line flux with growth in tem-
perature is a somewhat unusual property of nuclear
lines. The magnitude of this effect can be quanti-
tatively characterized by the temperature coefficient
K, equal to the ratio of the γ-ray line fluxes at high
(725 K) and low (90 K) temperatures. The values of K

Model 3 (RRM)
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Model 4 (VRM)
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Fig. 6. Same as Fig. 5 for the Ca 1.94 MeV γ-ray line.

for the γ-ray lines of Si, Ca, Al, and Fe are presented
in square brackets in the last column of Tables 6–8.
Table 9 collects the K values ordered as functions of
both the relative flux of thermal neutrons ξ (different
rows) and the energy of the nuclear lines E (different
columns). This table shows that K is lowest (K =
0.7–0.85) for high thermal-neutron fluxes, and its
value approaches unity (no reduction in the line flux)
as the fractional thermal-neutron flux is decreased.
This can be understood if the capture of thermal neu-
tron depends appreciably on the temperature. An-
other property of the temperature coefficient K is that,
for a fixed thermal-neutron flux, K increases with the
γ-ray energy: comparison of K for the Ca 1.94 MeV
line and the Fe and Al lines indicates appreciable
weakening of the latter lines (Table 9).

4. DISCUSSION

The results of our numerical simulations show
that the fluxes in nuclear γ-ray lines generated by
neutron-capture reactions decreases with increasing
subsurface temperature. This is due to the fact that
the capture cross section depends on the relative ve-
locity of the neutron and nucleus, and increasing the
temperature appreciably reduces this cross section for
thermal neutrons. We expect that the reduction in the
capture cross section with increasing temperature is
partially canceled out by the accompanying growth in
the flux of thermal and epithermal neutrons. There-
fore, the weakening in the intensity of lines emitted
from a heated subsurface is smaller than is implied
purely by the reduction in the relative velocity of the
interacting particles.

The temperature effect is about 10–30% for the
7.72-MeV line of Al and the 7.63 + 7.65 MeV doublet
of Fe. It is obvious that neglecting this effect could
lead to substantial errors in estimates of the abun-
dances of these elements in the regolith substance
derived using data from nuclear–physical measure-
ments. The analogous temperature effects for the
3.54 Mev line of Si and the 1.94 MeV line of Ca
are only 3–16%. In some cases, the magnitude of
the temperature effect is comparable to differences in
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Fig. 7. Same as Fig. 5 for the Al 7.72-MeV γ-ray line.

the abundance estimates corresponding to the differ-
ent models for the surface composition of Mercury
(Table 1). Therefore, the temperature effect must
be taken into account if we wish to reliably select a
preferred model for the composition of the planetary
surface based on measurements of nuclear lines gen-
erated by neutron-capture reactions.

The maximum temperature difference on the sur-
face of the Moon is about 300 K, roughly half that
observed on Mercury. Accordingly, temperature vari-
ations in nuclear lines emitted by the Moon should
also be about a factor of two weaker, so that the
temperature effect must be taken into account for the
Moon only when surface composition estimates with
high accuracies of several percent are required.

Note that nuclear lines that arise during inelastic
scattering of fast neutrons by nuclear are not subject
to the temperature effect. The presence for a particu-
lar nucleus of lines generated via inelastic scattering
and neutron capture would make it possible to use
the temperature effect for the neutron capture lines
to estimate the mean temperature of the subsurface
layers of the planet with a thickness of several tens
of centimeters. The inelastic scattering lines can be
used as constant reference sources whose intensity
depends only on the abundance of the relevant nu-
cleus, and daily variations in the nuclear lines from

Model 1 (ChM)

Model 4 (VRM)

8

1

Sγ, 10−1 cm−2 s−1

8007006005004003002001000
T, K

Fe

7

6

5

4

3

2

Fig. 8. Same as Fig. 5 for the Fe 7.63 + 7.65-MeV γ-ray
doublet.

capture reactions can be used to estimate the tem-
perature of the subsurface material.
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Appendix A

MODEL FOR THE CALCULATION
OF THE NEUTRON FLUXES

FROM PLANETARY SURFACES
WITH DIFFERENT TEMPERATURES

The source of primary neutrons at energies of 105

to 107 eV is assumed to be isotropic. It is assumed
that the source of neutrons with energy E in a layer
of surface material at depth z can be described by
the product of two independent distribution functions,
f(E)F (z). The first factor f(E) describes the energy
spectrum of the neutrons:

f(E) =
αE

E2
0 + E2

. (A.1)

ASTRONOMY REPORTS Vol. 56 No. 4 2012



324 GUN’KO et al.

20

15

10

5

0 45040035030025010050 200150
z, cm

F(z), 10−3 cm−2

F1(z)

F2(z)

F3(z)

F(z)

Fig. 9. Dependences of the functions F1(z), F2(z),
F3(z), and F (z) on depth z for l = 92.7 cm.

Here, α is a normalization factor, equal to 1/ ln 10 for
E0 = 106 eV. The interval of f(E) for energies from
105 to 107 eV is equal to unity. This choice of f(E)
agrees with experimental data [8, Figs. 275 and 346].
A function of this form phenomenologically describes
evaporative and cascade neutrons. Neutrons with
energies exceeding 107 eV were not included. The
second factor above describes the dependence on the
depth, F (z). This function is also normalized to unity
and can be represented as a sum of three functions:

F (z) = 0.1014 F1(z) (A.2)

+ 0.2553 F2(z) + 0.6433 F3(z),

F1(z) = 2
z

l2
Г(−1,

z

l
),

F2(z) =
z

l2
Г(0,

z

l
),

F3(z) =
z

l2
exp

(
−z

l

)
,

where Г(α, x) ≡
∫ ∞
x e−ttα−1dt is an incomplete Г-

function and l is the mean-free path of a primary
proton and high-energy cascade nucleons.

The function F1(z) describes the generation of
neutrons by cosmic rays (protons with energies of
several GeV) during single interactions with nuclei of
the planetary surface layer. Evaporative and cascade
neutrons and first-generation protons arise in this
case. The function F2(z) describes the generation

of second-generation neutrons during subsequent in-
teractions of the neutrons and first-generation pro-
tons with nuclei. The function F3(z) describes the
generation of third-generation neutrons. According
to our estimates, 16 neutrons are generated by a
single primary proton. The numerical coefficients in
formula (A.2) correspond to the fact that the neu-
tron multiplication factor for each interaction with
a nucleus is 2.52 (for three successive interactions,
2.523 = 16 neutrons are generated).

The number density of element i is determined as

ni =
ραi

1.66 × 10−24Ai
, (A.3)

where αi is the weighted fraction (
∑

i αi = 1) and Ai

is the mass of element i in atomic mass units.
The density of the regolith was taken to be ρ =

1 g/cm3 (the fluxes of neutrons and γ-rays do not
depend on this quantity). The chemical bonds of the
atoms in the regolith were not taken into account.
The cross sections for elastic scattering and absorp-
tion of neutrons and the angular dependence of the
differential elastic cross section were taken from [6].

The cross section for the interaction of a neu-
tron with a nucleus depends on their relative velocity,
|Vi − Vn|. In all energy intervals, the velocity of the
neutron, Vn, was much higher than the velocity of
the nucleus i with which it interacts, Vi, i.e., |Vi −
Vn| ≈ Vn. To take into account the dependence of the
elastic-scattering cross section on energy and angle,
we applied an expansion of the differential elastic-
scattering cross section in Legendre polynomials:

dσ

dΩ
=

σ

2π

∑ 2l + 1
2

αlPl(cos ϑ), (A.4)

where σ is the total elastic-scattering cross section.
The expansion coefficients αl depend on the energy
(their number was up to 9), and their values were
taken from [6].

The cross section for the interaction of a proton
with a nucleus with mass Ai with the generation of

neutrons is σi = 0.05A2/3
i barn, and depends only

weakly on the energy in the range 0.2–8 GeV [8,
Figs. 239, 240]. We used this same cross section
for the generation of second- and third-generation
neutrons. The mean free path is

l =
1∑

i niσi
, (A.5)

where

ni = 0.6022 × 1024 ραi

Ai
,

l =
33.21

∑
i ραiA

−1/3
i

.
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For the regolith compositions considered (Table 1)
and with ρ = 1 g/cm3, we obtain the following esti-
mates for the mean free path

l = 92.7 cm for Model 1,

l = 92.0 cm for Model 2,

l = 92.7 cm for Model 3,

l = 94.0 cm for Model 4.

Figure 9 presents the functions F1(z), F2(z), F3(z),
and F (z) for l = 92.7 cm. The dependence of the
source of neutrons on the depth, F (z), agrees with the
results of [10]. In the thermal and epithermal energy
ranges, kT/10 < E < 10 eV, the neutron spectrum
formed as a result of collisions with nuclei in the
regolith having a Maxwellian energy distribution. It
was assumed that a neutron with mass m1, veloc-
ity v1, and energy E1 = m1v

2
1/2 was scattered on

a nucleus with mass m2 and velocity v2, with this
velocity being random and described by a Maxwellian
distribution:

dω

dv2
= 4π

( m2

2πkT

) 3
2
υ2

2 exp
(
−m2v

2
2

2kT

)
, (A.6)

with the velocity v2 normalized to unity. The velocity
vector was isotropically oriented.

The neutron’s velocity after the scattering, v′1,
was [9]

υ′
1 =

m2

m1 + m2
vn0 +

m1v1 + m2v2

m1 + m2
, (A.7)

where

v = v1 − v2,

v =
√

v2
1 + v2

2 − 2v1v2n1n2,

and the unit vector n0 defines the direction of the
neutron velocity in the center of mass system. It
was assumed that this unit vector was isotropically
distributed.

The center of mass velocity for the two particles vc

appears in the second term in (A.7):

m1v1n1 + m2v2n2

m1 + m2
= vсnс, (A.8)

vс =
1

1 + Ai

√
v2
1 + A2

i v
2
2 + 2Aiv1v2n1n2,

nс =
v1n1 + Aiv2n2√

v2
1 + A2

i v
2
2 + 2Aiv1v2n1n2

,

Ai =
m2

m1
.

The subscript i corresponds to an element making
up the composition of the regolith. It follows from

(A.7) and (A.8) that

v′1 =
1

1 + Ai
(A.9)

×
√

A2
i v

2 + (1 + Ai)2v2
c + 2Ai(1 + Ai)vvcn0nc,

n′
1 =

Aivn0 + (1 + Ai)vcnc√
A2

i v
2 + (1 + Ai)2v2

c + 2Ai(1 + Ai)vvcn0nc

.

The directions of the neutron velocities before
scattering n1 and after scattering n′

1, and also the
vectors n0, nc, and n2, are determined by the sines
and cosines of the corresponding angles ϑ and ϕ in
a spherical coordinate system with its z axis directed
normal to the surface. A derivation of the formulas for
the sines and cosines of these angles is not presented
here for simplicity.

Appendix B

MODEL FOR CALCULATING THE γ-RAY
FLUXES IN NEUTRON CAPTURE LINES

OF Al, Si, Ca, AND Fe GENERATED
AT THE SURFACE OF MERCURY

We present here calculated fluxes in the neutron-
capture γ-ray lines of 27Al at 7.72 MeV, 28Si at
3.54 MeV, 40Ca at 1.94 MeV, and 56Fe at (7.63 +
7.65) MeV. The 7.72 MeV γ-ray line has a production
efficiency of 0.30; in other words, for each neutron
captured by a 27Al nucleus, on average, 0.30 γ-rays
in this line are generated [6]. The 3.54-MeV line
of Si has a production efficiency of 0.70. We as-
sumed a normal isotopic composition for the crust,
with 92.23% of the Si being 28Si, so that the overall
production efficiency for γ-rays in this line was 0.667.
The production efficiency of the 40Ca 1.94 MeV γ-ray
line was 0.83; for a normal isotopic regolith compo-
sition with 96.9% of Ca being 40Ca, this production
efficiency becomes 0.80. The production efficiencies
for the 56Fe 7.63 MeV and 7.65 MeV γ-ray lines
are 0.29 and 0.25, respectively; for a normal isotopic
composition with 91.72% of Fe being 56Fe, these
production efficiencies become 0.27 and 0.23, respec-
tively.

We used the neutron spectrum over the entire
range of energies from 10 MeV to kT/10 when com-
puting the γ-ray line fluxes. The main contribution is
made by neutrons with low energies, since the neu-
tron capture cross section is proportional to 1/|Δv|,
where Δv is the relative velocity between the neutron
and capturing nucleus.
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Table 10. Cross section for the creation of electron–positron pairs σ(Z, Eγ) in barn for the 27Al (7.7240 MeV), 28Si
(3.5390 MeV), 40Ca (1.9427 MeV), and 56Fe (7.6312 + 7.6456 MeV) γ-ray lines

Element
γ-ray line energy MeV

1.94 3.54 7.63 7.65 7.72

Fe 0.1142 0.4704 1.1602 0.1621 1.1724

Cr 0.0958 0.3999 0.9924 0.9941 1.0092

Ti 0.0792 0.3357 0.8375 0.8389 0.8463

Ca 0.0645 0.2771 0.6457 0.6966 0.7028

Si 0.0302 0.1259 0.3474 0.348 0.3511

Al 0.0259 0.1173 0.3008 0.3013 0.3041

Mg 0.0219 0.1000 0.2576 0.2581 0.2604

O 0.0095 0.0451 0.1179 0.1181 0.1192

Table 11. Attenuation coefficients kc, kp, and kt for the 27Al (7.7240 MeV), 28Si (3.5390 MeV), 40Ca (1.9427 MeV),
and 56Fe (7.6312 + 7.6456 MeV) γ-ray lines for regolith models ChM, ECM, RRM, and VRM

γ-ray line,
MeV

Attenuation
coefficient

Model 1
(ChM)

Model 2
(ECM)

Model 3
(RRM)

Model 4
(VRM)

1.94 kc 4.43 × 10−2 4.43 × 10−2 4.43 × 10−2 4.42 × 10−2

kp 5.34 × 10−4 5.34 × 10−4 5.29 × 10−4 5.75 × 10−4

kt 4.48 × 10−2 4.48 × 10−2 4.48 × 10−2 4.48 × 10−2

3.54 kc 3.10 × 10−2 3.11 × 10−2 3.11 × 10−2 3.09 × 10−2

kp 2.42 × 10−3 2.33 × 10−3 2.40 × 10−3 2.57 × 10−3

kt 3.34 × 10−2 3.34 × 10−2 3.35 × 10−2 3.35 × 10−2

7.63 kc 1.85 × 10−2 1.85 × 10−2 1.85 × 10−2 1.84 × 10−2

kp 6.20 × 10−3 5.99 × 10−3 6.18 × 10−3 6.57 × 10−3

kt 2.47 × 10−2 2.45 × 10−2 2.47 × 10−2 2.50 × 10−2

7.64 kc 1.84 × 10−2 1.85 × 10−2 1.85 × 10−2 1.84 × 10−2

kp 6.21 × 10−3 6.00 × 10−3 6.19 × 10−3 6.58 × 10−3

kt 2.46 × 10−2 2.45 × 10−2 2.47 × 10−2 2.50 × 10−2

7.72 kc 1.83 × 10−2 1.84 × 10−2 1.84 × 10−2 1.82 × 10−2

kp 6.27 × 10−3 6.06 × 10−3 6.24 × 10−3 6.64 × 10−3

kt 2.46 × 10−2 2.45 × 10−2 2.46 × 10−2 2.48 × 10−2

When γ-rays propagate in a medium, the main
process changing their energies is Compton scat-
tering. Another important process is the absorp-
tion of the γ-rays during the creation of electron–
positron pairs. The Compton scattering cross section
σc is 1.488 × 10−25, 1.04 × 10−25, 0.6193 × 10−25,
0.6184 × 10−25, and 0.614 × 10−25 cm2 for 1.94,
3.54, 7.63, 7.65, and 7.72 MeV γ-rays, respectively.
Estimates of the minimum electron number density
that makes it necessary to take Compton scattering
into account differ for the various models (Table 1):

n1e = 2.98 × 1023 cm−3 for Model 1,

n2e = 2.99 × 1023 cm−3 for Model 2,

n3e = 2.99 × 1023 cm−3 for Model 3,

n4e = 2.97 × 1023 cm−3 for Model 4.

The attenuation coefficient associated with Comp-
ton scattering is kc = neσc. The attenuation co-
efficient associated with the creation of electron–
positron pairs on atoms must be added to this; this
coefficient per atom is given by [7]

σ(Z, Eγ) = Z(Z + 1)

×
(

Φ1(x) + Φ2(x)Z +
Φ3(x)

Z

)
,
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Fig. 10. Dependence of the cross section (per atom)
for the creation of electron–positron pairs σ(Z, Eγ) for
various elements on the γ-ray energy Eγ .

x = ln
(

Eγ

mec2

)
,

where Z is the charge of the nucleus. The functions
Φ1(x), Φ2(x), and Φ3(x) are specified as polynomials:

Φ1(x) =
5∑

n=0

anxn,

Φ2(x) =
5∑

n=0

bnxn,

Φ3(x) =
5∑

n=0

cnxn.

This expression for σ(Z,Eγ) is applicable in the
ranges 1 ≤ Z ≤ 100, Eγ = 1.5 MeV–100 GeV. The
dependences of the cross section σ(Z,Eγ) on the
energy Eγ for the elements considered are shown in
Fig. 10.

The corresponding γ-ray attenuation coefficient
kp was calculated using the formula

kp =
∑

i

niσ(Zi, Eγ),

where Zi is the number of electrons in an atom of
element i and ni is the number density of element i.
Table 10 presents the cross sections for the creation
of electron–positron pairs per atom σ(Z, Eγ) in barn
for the γ-ray lines considered.

Table 11 presents the attenuation coefficients kc

and kp, together with the total attenuation coefficient
kt [cm−1] for ρ = 1 g/cm3 for the 1.94, 3.54, 7.63,
7.65, and 7.24 MeV γ-ray lines. During their prop-
agation from the place they are created in the regolith
to their escape at the surface, the γ-rays are attenu-
ated according to the exponential law exp(−ktz/μ),
where z > 0 is the depth at which the γ-rays are
generated, μ = cos ϑ, and ϑ is the angle between the
direction of propagation of the γ-rays and the outward
normal to the planetary surface.
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