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A B S T R A C T

Measurements of gamma-ray emissions from the decay of cosmogenic radionuclides provide an opportunity to
characterize the elemental composition of a terrestrial planet or asteroid surface. We report on the development
of a Geant4 application which models cosmogenic radionuclide production on metal-rich surfaces. The model
was benchmarked using measurements of radionuclides produced during 1 GeV proton irradiation of a target
made from the Campo del Cielo iron meteorite. The gamma-ray emitting radionuclides 58Co, 57Co, 56Co, 54Mn,
52Mn, 51Cr, 48V, 46Sc and 22Na were observed following the irradiation. Our model reproduced the measured
radionuclide production rates to within a factor of 2.5 or better. All but two of the elements (54Mn, 46Sc) have a
perfect model-to-data match within their measurement uncertainties. The benchmarked model was used to
predict cosmogenic radionuclide production on a large (∼100-km radius) metal-rich asteroid. The results are
relevant for planned gamma-ray measurements of the metallic asteroid (16) Psyche, which will be visited by the
Psyche spacecraft in 2026. We found that galactic-proton-induced radionuclide decay is unlikely to be observed
by the Psyche Gamma-Ray Spectrometer (GRS), however an intense solar proton event (> 2×106 protons
cm−2 over< 5 days) will produce measurable quantities of radioisotopes. Measurements of these radioisotopes
could provide an independent method of determining the Ni-to-Fe ratio of materials at Psyche’s surface. Such an
analysis will require the use of radionuclide production cross sections to convert GRS-measured cosmogenic
radionuclide decay rates to elemental composition information with the ∼10% precision required for planetary
geochemical studies.

1. Introduction

The surfaces of airless planetary objects (planets, moons, and as-
teroids) are subjected to constant bombardment by solar- and galactic-
originating cosmic particles. Much of this cosmic radiation has suffi-
cient kinetic energy to catastrophically disrupt incident atomic nuclei,
dissociating the nuclei in a process called nuclear spallation. The
number and type of residual (cosmogenic) nuclei produced via spalla-
tion depends on both the cosmic radiation environment and the ele-
mental composition of the surface (e.g. [1,2]). With knowledge of the
cosmic-ray environment and the relevant spallation cross sections,
surface composition information can, in principle, be determined via
measurements of cosmogenic radionuclide decay.

Spallation reactions produce residual nuclides in quantities that are
inversely proportional to the difference between the mass of the initial
(target) nuclide and the product (residual) nuclide (e.g., [3,4]). Spal-
lation of the elements Fe and Ni typically results in production of the
slightly-lower-mass elements Co, Mn, Cr, and V, which have a variety of
radioactive isotopes. In contrast, the number of lower-mass radio-
nuclides available from spallation of silicates (e.g. O, Mg, Si, Al) is
limited. Thus, the number and concentration of cosmogenic radio-
nuclides produced within iron meteorites is higher than in silicate-rich
meteorites [5].

Measurements of cosmogenic nuclide concentrations have become a
common tool for characterizing meteoritic materials. For example, the
duration of exposure to cosmic radiation, as well as elapsed time since
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the end of exposure, is frequently characterized for meteorites via la-
boratory measurements of cosmogenic radionuclide abundances. There
is extensive literature devoted to both modeling [1,2,6,7] and mea-
suring (e.g., [8–10]) cosmogenic radionuclide concentrations in me-
teorites and lunar samples.

In-situ measurements of cosmogenic nuclide concentrations on
planetary surfaces are more challenging than laboratory-based studies
of meteorites. Orbital gamma-ray measurements may be sensitive to the
presence of cosmogenic radionuclides, if the decay process includes
gamma-ray emission. A metal-rich object like the asteroid (16) Psyche –
hereafter referred to as Psyche – provides a unique opportunity to ob-
serve in situ cosmogenic radionuclide production and decay for a
variety of isotopes that are less likely to be produced on rock- and ice-
dominated worlds.

Asteroid Psyche will be surveyed from orbit by the Psyche space-
craft in 2026–2027 [11]. The Psyche spacecraft carries a Gamma-Ray
and Neutron Spectrometer (GRNS; [12]) to characterize elemental
composition from orbit. GRNS will use measurements of prompt
gamma-ray emissions, resulting from neutron inelastic scattering and
neutron radiative capture, to determine Psyche’s near-surface elemental
composition. Gamma-ray emissions from radionuclide decay, including
cosmogenic radionuclides, will also be present. To date, the magnitude
of gamma-ray emissions from the decay of cosmogenic radionuclides on
Psyche has not been estimated, and therefore the likelihood of their
detection by the Psyche GRNS investigation is unknown.

Radionuclide production in the cosmic-ray environment is a com-
plex, multi-step process that involves a variety of nuclear processes that
occur over many decades in energy (∼10 MeV to>100 GeV). A
common approach to producing quantitative estimates of radionuclide
production in this environment is to use radiation transport models. We
adopted the Geant4 simulation toolkit for this task. Given the com-
plexity of the simulations, an appropriate benchmark of the simulation
outputs was deemed necessary to build confidence in our models. Our
benchmark was a proton irradiation experiment of analog materials (an
iron meteorite and a typical silicate rock; Section 3) at relevant proton
energies (1 GeV; Section 2). The cosmogenic radionuclide concentra-
tions produced during this experiment, determined via gamma-ray
spectroscopy of the activated samples following irradiation (Section 4),
provided the benchmark from which the Geant4 simulations were
evaluated prior to carrying out full simulations for Psyche (Section 5).
Model-based estimates of cosmogenic radionuclide production and
decay in the galactic and solar proton environments were evaluated in
the context of the Psyche GRNS measurement capabilities (Section 6).
An example chemical result that could be obtained from Psyche GRNS
measurements of cosmogenic radionuclides is presented.

2. Cosmogenic radionuclide production

2.1. Galactic cosmic-ray protons

The surfaces of airless solar system bodies are subjected to constant
bombardment by galactic- and solar-originating cosmic particles.
Galactic cosmic rays consist of protons (∼90–95% by number), alpha
particles (∼5–10%), heavy (Z > 2) ions (< 1%), and electrons
(< 1%), having energies up to > 100 GeV per nucleon (Fig. 1A; e.g.,
[13]). This study focuses exclusively on protons, although we note that
alpha particles contribute to cosmogenic radionuclide production. A
common method to account for alpha-particle-induced radionuclide
production is multiplying proton-induced production rates by a scale
factor (e.g., 1.55; [2]) and weighting by alpha particle fraction.

Many cosmic rays have energies far exceeding the binding energy of
protons and neutrons in the nucleus (∼1 to 10 MeV/nucleon), thus
even a peripheral impact between a cosmic particle and a nucleus can
impart sufficient energy to the nucleus to liberate nucleons and leave
the target nucleon in a lower-mass (residual) state. As the probability
for nucleon emission is a function of cosmic-ray energy, the type and

number of residual nuclides produced during nuclear spallation de-
pends on the spectral shape and flux of the cosmic rays.

The galactic cosmic-ray (GCR) proton energy spectrum can be cal-
culated using the GCR force-field approximation introduced by
Castagnoli and Lal [14], who derived an analytic formula for calcu-
lating the 4π differential GCR proton spectrum Gp as a function of solar
modulation parameter ϕ and particle kinetic energy T. This formalism
was generalized by Lal [15] for use for any GCR particle (G(ϕ,T)) as:
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where T is the kinetic energy of the GCR particle (in MeV), E0 is the rest
mass of the particle (in MeV; 938.3 MeV for protons and 3737.4 MeV
for α), m is parameterized as ae−bT, Z and A are the proton and nucleon
numbers of the GCR particle. A, a, b, and γ values for protons and alpha
particles were provided by Lal, [15] and were reproduced in Table 2 of
McKinney et al. [16]. G(ϕ,T) has units of particles cm−2 s−1 MeV−1.
All GCR species (e.g. alpha particles) have similar spectral shapes when
plotted in units of MeV/A.

Fig. 1A plots Gp(ϕ,T) for solar modulation values of 300, 550, and
1500 MV. These values represent typical minimum, average, and
maximum solar modulation values occurring during the 11-year-long
solar cycle (e.g. [17]). Thus, the GCR proton flux shown in Fig. 1A is
expected to bound that at Psyche during the orbital mission. In contrast
to the solar proton events, the GCR flux generally varies slowly and
continuously as a function of time, with fluxes typically changing at
the< 10% level on a day-to-day basis.

2.2. Solar cosmic-ray protons

Fig. 1A also details a differential energy spectrum for solar-origi-
nating cosmic-ray protons. The spectrum is the predicted cumulative
fluence during Psyche’s orbital mission phase (2026–2027), divided by

Fig. 1. (A) Solar- and galactic-cosmic-ray proton environment for Psyche. The
solar component was derived from the formalism of Feynman et al. [18], and
represents the likely proton environment during Psyche orbital operations at
asteroid (16) Psyche. This spectrum is a cumulation of individual solar proton
events (SPEs), divided by orbital mission duration, to produce a time-averaged
spectrum. The galactic cosmic-ray (GCR) proton environment was calculated
using Eq. (1) for three solar modulation parameters that bracket the likely
values during the Psyche mission. (B) 54Mn production, per incident proton, in
a model Psyche (Table A1) as a function of proton energy. (C) The product of
the data shown in Panels (A) and (B), highlighting the relevant energy ranges
for radionuclide production by SPE (dashed line), GCR (grey line), and the total
proton (black line) environments.
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the duration of that mission phase. It was calculated following the
methodology of Feynman et al. [18] and references therein. The spec-
trum is based on a statistical model and represents the most likely en-
vironment at Psyche during 2026–2027 as inferred from historical data.
The figure depicts these solar protons as a time-averaged, steady-state
fluence. In reality, these protons arrive at Psyche during distinct, ran-
domly timed events of varying intensity, typically lasting hours to days.
Thus, the actual solar proton environment at Psyche during GRNS
measurements may differ from that shown in the plot, and the en-
vironment at any given moment does not correspond to that shown in
Fig. 1A.

2.3. Cosmogenic radionuclide production

Cosmogenic nuclide production rates increase with increasing
cosmic-ray energy, as higher-energy particles are more likely to induce
spallation during the intranuclear cascade initiated by an impact be-
tween a cosmic-ray particle and a nucleus. In thick targets like plane-
tary surfaces, the secondary particles liberated during the initial in-
tranuclear cascade can be energetic enough to initiate further spallation
reactions on other nuclei, known as internuclear cascades. In this thick-
target regime, cosmogenic radionuclide production initially increases
with depth, peaking at a depth of tens of cm beneath the surface [2,19].

The average number of secondary particles liberated via spallation
increases with the energy of the primary particle, and so does the
number of intranuclear cascades. Fig. 1B reports predictions from a
radiation transport model (Section 5) that was used to estimate the rate
of 54Mn production (per GCR proton) as a function of incident proton
energy in a large object like Psyche. 54Mn is a common cosmogenic
radionuclide produced primarily from spallation of 56Fe via the reaction
56Fe(p,2pn)54Mn. Mn-54 has a half-life of 312 days, and its decay is
usually (99.98%) accompanied by the emission of a characteristic
gamma ray at 834 keV. It is this gamma ray that can be detected from
orbit to yield information about the 54Mn content of Psyche’s surface.

The product of the proton flux (Fig. 1A) and radionuclide produc-
tion probability (Fig. 1B) reveals the energy range over which the ma-
jority of cosmogenic radionuclide production occurs. For the full (ga-
lactic+ solar) environment, the energy window of interest peaks at 1.5
GeV (Fig. 1c) The galactic-component-only environment peaks at
slightly higher energy (∼1.6 GeV), whereas the solar component
contributes over a broad energy range extending from about 40 MeV to
1 GeV. Our sample irradiation benchmarking experiment (Section 4)
was conducted at single proton energy of 1 GeV, close to the peak in
the production times proton spectrum (1.5 GeV; Fig. 1C).

3. Samples

Our primary irradiation target was a 10× 10 cm2 area, 1.5-cm-
thick, 1265-g slab of the iron meteorite Campo del Cielo (Fig. A1). Iron
meteorites are thought to be fragments of disrupted planetary cores,
with their in-space counterparts being the M-class asteroids, a tax-
onomy group that includes Psyche. Thus, Campo del Cielo is a candi-
date analog material for Psyche, and its elemental composition may be
relevant to Psyche GRNS measurements. The elemental composition of
the slab of Camp del Cielo used in this study (Table A1) was derived
from measurements of other pieces of the Campo del Cielo meteorite
[20,21].

Our irradiation experiment also included a second target, a small
(256 g, 52.8 ± 3.4 cm2) slab of bronzitite pyroxenite (BP). BP is
composed of pyroxenes, a common silicate mineral on rocky solar
system objects and the same mineral thought to be present on Psyche’s
surface at< 10% concentrations (6 ± 1%; [22]). The thickness of the
BP slab was 1.5 cm, identical to the iron meteorite target, however its
area was ∼53% that of the iron meteorite slab (Fig. A1). The un-
certainty in the area is a result of non-uniformity in the BP target

thickness near the edges. Table A2 lists the elemental composition of
the BP sample, as derived from a PIXE-induced x-ray fluorescence in-
vestigation of multiple spots on a portion of the BP sample that was
removed prior to creating the BP irradiation target.

Prior to irradiation, measurements of gamma-ray emissions from
both samples revealed no intrinsic radioactivity above background le-
vels. Any residual cosmogenic radionuclides in the Campo del Cielo
sample resulting from its exposure to the space radiation environment
were below levels detectable via our laboratory gamma-ray measure-
ments. All gamma-ray emissions observed following the irradiation
experiment (Section 4) were therefore attributed to activation of the
samples during the proton irradiation.

4. Experiment

4.1. Meteorite irradiation

Our samples were irradiated at the NASA Space Radiation
Laboratory (NSRL; [23]), located at the Brookhaven National Labora-
tory (BNL). The proton beam was provided by two 15 MV Tandem Van
de Graaff accelerators, and further accelerated to our desired energy of
1 GeV in the BNL Alternating Gradient Synchrotron booster. Beam
bunches, which had a width of 300–400 ms, were pulled from the
booster every 3.5 s and directed toward the NSRL beamline, where a
series of quadrupole magnets shaped the beam to a 15 cm × 15 cm
square which uniformly irradiated the samples [24]. The shaped beam
bunches entered the open-air NSRL target room, where they traveled
∼6 m to the target table. The samples were positioned on the target
table, one at a time, on low-density polyethene foam blocks that were
sized to keep the samples, but not the target table, in the path of the
proton beam. This ensured that only primary, full-energy protons ir-
radiated the samples. The samples were also encased in the polyethene
foam to keep them in a fixed, upright position in the beamline. The
foam was chosen as the target holder due to its low density and low
nuclear charge (Z), which ensured minimal attenuation and down-
scattering of the protons.

A proton fluence of 8×109 cm−2 was incident on each sample.
Upstream ion chambers (ICs) counted proton events throughout each
irradiation run. Once the target fluence was reached, the irradiation run
was automatically terminated. Prior to irradiation, the IC was cali-
brated against a NIST-traceable thimble ion chamber, and a detailed
analysis has shown that the overall dose uncertainty of the NSRL system
is 3.6% [25].

The downstream digital beam imager (DBI) used a CCD camera to
capture images of proton-induced fluorescence from a ZnS foil located
in the beamline, downstream from the target. Fig. A1 shows example
images of both targets acquired by the DBI. Horizontal and vertical
profiles of the beam were derived from the CCD images acquired ap-
proximately once per minute. The images were used to confirm, and as
necessary adjust, the beam profile in real time. This technique routinely
achieves uniform irradiation, with<3% variance across the sample,
for all particle species and energies [25].

4.2. Activity measurements

4.2.1. On-site measurements
Following irradiation, the samples were transferred to an on-site

target counting room at NSRL, where a high-purity germanium (HPGe)
detector was used to measure gamma-ray emissions from the sample.
For the Fe meteorite, we made the following on-site measurements:

1. 5 min live time, sample-to-detector distance of 53 cm, started ∼16
min after irradiation;

2. 5 min live time, sample-to-detector distance of 53 cm, started ∼20
min after irradiation;
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3. 103 min live time, sample-to-detector distance of 25 cm, started
∼68 min after irradiation;

4. ∼15 h live time, sample-to-detector distance of 25 cm, started
∼305 min after irradiation.

The meteorite-to-detector distance was varied by necessity, as im-
mediately following irradiation the activity of the meteorite was such
that placing it too close to the detector resulted in unacceptably high
dead time. For the silicate rock, we made the following measurements:

1. 5 min live time run, sample-to-detector distance of 56 cm,
2. 5 min live time run, sample-to-detector distance of 56 cm,
3. 5 min live time run, sample-to-detector distance of 56 cm, and
4. 10 min live time run, sample-to-detector distance of 15.3 cm.

Again, the distance was varied as needed to limit the detector dead time
during each measurement.

The initial measurements were short (5 min) in order to facilitate
identification of short-lived (e.g., half life t1/2≤ 1 min) radionuclides.
The longer measurements, taken hours after irradiation, were made
with the goal of identifying longer-lived (∼hr half-life) radionuclides in
the samples. Tentative radionuclide assignments, made primarily on the
basis of gamma-ray energy, are detailed in Tables 1 and 2. The majority
of these assignments correspond to radioisotopes whose production was
predicted by Geant4 radiation transport modeling of the irradiation
experiment (Section 5.1). Quantitative radionuclide production

measurements were not made using NSRL data, due to the varying
target distances and resulting complications to deriving an instrument
response model.

4.2.2. Long-term measurements
Following the target irradiation and NSRL on-site activity mea-

surements, the samples were returned to the Planetary Nuclear
Spectroscopy Laboratory at the Johns Hopkins Applied Physics
Laboratory (APL) for long-term monitoring of radionuclide decay rates.
The silicate rock was returned within a few days. The Fe meteorite
required a decay period of approximately three weeks prior to being
returned to APL. Upon arrival, gamma-ray emissions from the samples
were repeatedly characterized with a 7.4-cm-diameter by 6.8-cm-long
(73.5% relative efficiency) HPGe detector. The energy-dependent in-
trinsic gamma-ray photopeak detection efficiency (ε) and measurement
solid angle (Ω) for this measurement geometry, and their systematic
uncertainties, were derived from Geant4 modeling of the gamma-ray
counting station (Appendix A).

The measurement plan included the following routine:

1. Energy calibration (137Cs, 60Co, 228Th, and 55Mn sources),
2. Fe meteorite measurement,
3. Room background measurement,
4. Silicate sample measurement,

Measurements 2–4 were typically each ∼24 h long. The measurement

Table 1
Radionuclides tentatively identified, but not quantified, during on-site gamma-decay measurements of the iron meteorite (composition listed in Table A1), as
measured within 24 hrs of the proton irradiation. Nucleus identification is based on gamma-ray energy measurements only.

Nucleus Decay Half-life Energy (keV) Predicted by Geant4 Model?

67Ge ε 18.9 m 167.0, 511.0 No*
57Ni β+ 35.60 h 127.2, 511.0, 1377.6, 1757.6, 1919.5 Yes
61Co β− 1.649 h 67.4 Yes
58Co ε 70.86 d 511.0, 810.8 Yes
56Co ε 77.236 d 511.0, 846.8, 1037.8, 1238.3 Yes
55Co ε 17.53 h 477.2, 511.0, 931.1, 1316.6, 1370.0, 1408.5 Yes
53Fe ε 8.51 m 377.9, 511.0 Yes
56Mn β− 2.58 h 846.8, 1810.7, 2113.1, 2523.1, 2657.6, 2959.9, 3369.8 Yes
54Mn ε 312.20 d 834.8 Yes
52Mn IT 21.1 m 377.7 Yes
52Mn ε 5.591 d 511.0, 744.2, 848.2, 935.5, 1246.3, 1333.6, 1434.1 Yes
51Cr ε 27.7 d 320.1 Yes
49Cr β+ 42.3 m 62.3, 90.6, 152.9, 511.0 Yes
48Cr ε 21.56 h 112.3, 308.2, 511.0 Yes
48V ε 15.97 d 511.0, 944.1, 983.5, 1312.1, 2240.4 Yes
44Ti ε 59.1 y 67.9, 78.3 Yes
48Sc β− 43.67 h 983.5, 1037.5, 1312.1 Yes
47Sc β− 3.3492 d 154.4, 158.8, 159.3 Yes
46Sc β− 83.79 d 889.3, 1120.5 Yes
44Sc IT 58.61 h 271.2 Yes
44Sc ε 3.97 h 511.0, 1157.0, 1499.5, 2656.5 Yes
43Sc ε 3.891 h 372.9, 511.0 Yes
44K β− 22.13 m 1157.0, 1499.5, 2150.8, 2519.0 Yes
43K β− 22.3 h 372.8, 396.9, 593.4, 617.5 Yes
42K β− 12.355 h 1524.6 Yes
38K ε 7.636 m 511.0, 2167.5 Yes
41Ar β− 109.6 m 1293.6 Yes
39Cl β− 55.6 m 250.3, 985.9, 1091.1, 1267.2, 1517.5 Yes
38Cl β− 37.23 m 1642.4, 2167.5 Yes
34Cl[146.4] IT 31.99 m 146.4 No
34Cl[146.4] ε 31.99 m 511.0, 1176.6, 2127.5, 3304.0 No
38S β− 170.3 m 1941.9 Yes
37S β− 5.05 m 3103.4 Yes
29Al β− 6.56 m 1152.6, 1273.4, 2028.1, 2425.7 Yes
28Al* β− 2.245 m 1779.0 Yes
28Mg* β− 20.915 h 400.6, 941.7, 1342.2 Yes
27Mg β− 9.458 m 843.7, 1014.5 Yes
24Na β− 14.997 h 1368.6, 2754.0 Yes
7Be ε 53.22 d 477.6 Yes

* Geant4 model with “Shielding” physics list (see Appendix B). “Yes” indicates that the model predicted production of least 1000 nuclei during irradiation.
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routine was repeated periodically over the course of 8 months in order
to fully characterize the decay curves of the radionuclides produced
during irradiation.

4.3. Spectral analysis

The alternating room background and sample measurements were
paired for the analysis of the measurements made at APL (Fig. 2, top
panel). A background-subtracted spectrum (BGS) was created for each
pair of measurements by subtracting the room background spectrum
from the sample measurement (Fig. 2, bottom panel). The background

spectrum was normalized in time to that of the sample measurement
prior to subtraction. Per-channel statistical uncertainties for the BGS
were derived from the original Poisson statistics of the two measure-
ments. All gamma-ray features in the BGS were attributed to gamma-
ray emissions from the sample. Known room background lines, for in-
stance the 1460.8- and 2614.6-keV gamma-ray emissions from radio-
active decay of 40K and 232Th decay daughters, respectively, were ab-
sent from the BGS.

A survey of the BGS spectra led to the identification of gamma-ray
peaks of interest (POIs; Tables 3 and 4). Three characteristics were used
for identification of their parent radioisotopes: the gamma-ray peak
energies, the fact that the half-life must be of order days or longer to
persist in the target weeks after irradiation, and the fact that any
radioisotopes produced during irradiation must have Z < 28, as nickel
is the highest-Z major component of the samples. This information was
sufficient to identify the source isotope for each POI and determine its
half life from existing nuclear data libraries.

For each POI, the number of events in the peak, in each measure-
ment, was derived via regional peak summing of the respective BGS.
Spectral fitting was not required, as none of our POIs overlapped with
other spectral features. Three spectral windows were summed: one
centered on the POI and sufficiently wide in energy to encompass the
entire peak, and two centered on peak-free regions of the gamma-ray
continuum at higher and lower energies than the POI. The two peak-
free windows were half the width of the POI window. The number of
events in the peak was derived as the sum of all events in the POI
window, minus the sum of all events within the continuum windows.
The peak count rate (Cγ) was derived by dividing this sum by the de-
tector livetime during the sample run.

The measured gamma-ray peak count rate Cγ was derived for each
POI (with energy Eγ) as a function of time. The individual Cγ values for
each gamma-ray peak are compiled to produce a time series of mea-
surements for each peak, denoted Cγ(Eγ,t). Cγ(Eγ,t) is used to derive the
rate of decays in the sample, called the activity Aγ(t), as

=A t
C E t

F E E
( )

( , )
( ) ( ) (2)

where Fγ is the fraction of decays that result in the emission of a
gamma-ray with energy Eγ (Tables 3 and 4) and t is the time since ir-
radiation. εΩ(Eγ) and its systematic uncertainty (25%) were calculated

Table 2
Radionuclides tentatively identified, but not quantified, during on-site gamma-decay measurements of the silicate target (composition listed in Table A2), as
measured within several hours of the proton irradiation. Nucleus identification is based on gamma-ray energy measurements only.

Nucleus Decay Half-life Energy (keV) Predicted by Geant4 Model?*

53Fe ε 8.51 m 377.9, 511.0 Yes
56Mn β− 2.58 h 846.8, 1810.7, 2113.1 Yes
52Mn[377.7] IT 21.1 m 377.7 Yes
52Mn[377.7] ε 21.1 m 511.0, 1434.1 Yes
49Cr β+ 42.3 m 90.6, 152.9, 511.0 Yes
48V ε 15.97 d 511.0, 983.5, 1312.1 Yes
44Ti ε 59.1 y 67.9, 78.3 Yes
44Sc ε 3.97 h 511.0, 1157.0 Yes
43Sc ε 3.891 h 372.9, 511.0 Yes
42K β− 12.355 h 1524.6 Yes
38K ε 7.636 m 511.0, 2167.5 Yes
41Ar β− 109.6 m 1293.6 Yes
39Cl β− 55.6 m 1267.2, 1517.5 Yes
38Cl β− 37.23 m 1642.4, 2167.5 No
34Cl[146.4] IT 31.99 m 146.4 No
34Cl[146.4] ε 31.99 m 511.0, 1176.6, 2127.5, 3304.0 No
29Al β− 6.56 m 1273.4, 2028.1, 2425.7 Yes
28Al β− 2.245 m 1779.0 Yes
27Mg β− 9.458 m 843.7, 1014.5 Yes
24Na β− 14.997 h 1368.6, 2754.0 Yes

* Geant4 model with “Shielding” physics list (see Appendix B). “Yes” indicates that the model predicted production of least 1000 nuclei during irradiation.

Fig. 2. Sample gamma-ray spectra from the iron meteorite target, acquired
three weeks following the proton irradiation experiment. The top panel shows
the measurements with (red) and without (black) the sample in place. The
bottom panel shows the difference, which highlights gamma-ray peaks origi-
nating from the meteorite. Positive peaks, relative to the continuum, are signals
above background and represent radioactive decay within the sample (Tables
1–4). Negative peaks, relative to the continuum, are room background artifacts
of the spectral subtraction (difference) method. Peaks at 1494 and 1822 keV
are pileup of 48V decay lines (983 and 1311 keV) with the high-rate 511 keV
annihilation line. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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from the Geant4 radiation transport model of our gamma-ray counting
station (Appendix A). Fig. 3 shows an example of the output of appli-
cation of Eq. (2) to our measured count rates, specifically the time series
of the activity values for the 1771-keV gamma ray resulting from the
decay of 56Co.

We fit the measured activity rates with the standard radioactive
decay formula as:

=A t A e( ) t
0 (3)

where λ is ln(2)/t1/2, and t1/2 is the decay half life of the respective
isotope. A0 is the (unmeasured) activity of the sample immediately
following the proton irradiation of the samples (at time t=0).

Two fits were performed on the A(t) data for each peak, using Eq.
(3) and the IDL least-squares fitting routine MPFIT. In one fit, only A0
was left as a free parameter, and t1/2 was set to the known half life for
the parent radionuclide of interest (Tables 3 and 4). The resulting A0
value is denoted A0(1). A second fit to the same data was also per-
formed, with both A0 and t1/2 left as free parameters. The results of that
fit are denoted A0(2) and t1/2(2). In most cases, t1/2(2) is consistent
(within errors) of the expected half life, and A0(1) and A0(2) are

likewise consistent within their uncertainties. In that scenario, A0(1)
and its error are recorded as the activity in Tables 3 and 4. But for some
elements (see Tables 3 and 4), t1/2(2) is not consistent with the expected
half life and A0(1) and A0(2) are likewise not consistent within their
uncertainties. In that scenario, A0(1) is adopted as A0 in Tables 3 and 4,
but its uncertainties are inflated to encompass A0(2). We viewed
adopting A0(1), but inflating its errors, as the most conservative ap-
proach to deriving accurate A0 values. Examples of both fits are shown
in Fig. 3 for the 1771.4-keV decay of 56Co.

The agreement between the known and fitted half lives are gen-
erally good (Tables 3 and 4), however we note that the accuracy of our
half-life measurements decreases as function the half life of the parent
isotope increases. The three longest half-life isotopes studied here
(57Co, 271 days; 54Mn, 312 days; 22Na, 950 days) are the only isotopes
for which the fitted and reference half lives differed by more than 3σ.
While we found no conclusive explanation for this effect, we note that
the longer the half life, the smaller the change in decay rate between
any given measurement. Thus, longer half life measurements are more
sensitive to systematic uncertainties in our experiment. Specifically,
small changes in the sample-to-detector difference (e.g. Appendix A)

Table 3
Gamma-ray features and identification derived from long-term monitoring of gamma-ray emissions from the Fe meteorite target following proton irradiation.

Source Identificationb Measurements

Isotope Decay Energy
(keV)

Gamma-Ray
Fraction (Fγ)

Half-life
(days)

Peak Maximuma

(keV)
Fit half-life (days) Δt1/2 (σ) Derived Activity @ Irradiationc A0

(decays sec−1)

57Co 122.1 0.856 271.7 121 129 ± 44 3.2 24.6 ± 5.5
51Cr 320.1 0.0991 27.7 320.1 27.5 ± 1.6 1.3 1514 ± 191
7Be 477.6 0.1044 53.22 477.2 41 ± 9 1.4 67 ± 16
Many 511.0 – – 510.8 – – –
52Mn 744.2 0.90 5.591 744.2 5.9 ± 0.7 0.5 1578 ± 299
58Co 810.8 0.9945 70.86 810.4 65 ± 8 0.7 61.9 ± 3.6
54Mn 834.8 0.9998 312.2 834.6 136 ± 25 7.2 132 ± 35
56Co 846.7 0.9994 77.236 845.9 66 ± 8 1.4 48.5 ± 5.5
46Sc 889.3 0.9986 83.79 889.0 67 ± 8 2.3 80 ± 14
52Mn 935.5 0.945 5.591 935.2 5.3 ± 0.5 0.6 1471 ± 353
48V 944.1 0.0787 15.97 942.8 15.8 ± 1.4 0.1 812 ± 60
48V 983.5 0.9998 15.97 983.1 15.4 ± 0.6 1.0 883 ± 89
56Co 1037.8 0.1450 77.236 1037.5 76 ± 41 0.0 40.3 ± 4.9
46Sc 1120.5 0.9987 83.79 1120.0 67 ± 8 2.1 74 ± 12
56Co 1238.3 0.6646 77.236 1238.3 65 ± 10 1.3 40.1 ± 4.7
48V 1312.1 0.982 15.97 1311.7 15.6 ± 0.6 0.6 864 ± 51
52Mn 1434.1 1.000 5.592 1433.4 6.0 ± 0.6 0.8 1525 ± 364
56Co 1771.4 0.1541 77.236 1770.0 64 ± 13 1.0 41.0 ± 5.1

a Peak maximum location, not a fitted peak centroid.
b Values adopted from the compiled data in the National Nuclear Data Center (NNDC), nndc.bnl.gov.
c Derived activity at t= 0 (time of irradiation), A0, using Eqs. (2) and (3). Errors include statistical uncertainties in the regional peak summing, systematic

uncertainties in the irradiation (Section 4.1) and efficiency (Appendix A). Additionally, the uncertainty was adjusted (increased) when necessary to encompass A0
values derived from fits with a fixed and free half life (Section 4.2.2).

Table 4
Gamma-ray features and identification derived from long-term monitoring of gamma-ray emissions from the silicate rock target following proton irradiation.

Source Identificationb Measurements

Isotope Decay Energy
(keV)

Gamma-Ray
Fraction Fγ

Half-life
(days)

Peak Maximuma

(keV)
Fit half-life (days) Δt1/2 (σ) Derived Activity @ Irradiationc A0

(decays sec−1)

51Cr 320.1 0.0991 27.7 319.3 23.5 ± 12.5 0.3 25 ± 6
7Be 477.6 0.1044 53.22 476.9 47.6 ± 7.0 0.8 96 ± 10
Many 511.0 – – 510.8 – – –
54Mn 834.8 0.9998 312.2 834.3 103 ± 36 5.8 2.0 ± 0.9
48V 983.5 0.9998 15.97 983.0 16.8 ± 3.6 0.2 18 ± 2
22Na 1274.5 0.9994 950.4 1273.8 203 ± 77. 9.7 3.5 ± 0.3

a Peak maximum location, not a fitted peak centroid.
b Values adopted from the compiled data in the National Nuclear Data Center (NNDC), nndc.bnl.gov.
c Derived activity at t= 0 (time of irradiation), A0, using Eqs. (2) and (3). Errors include statistical uncertainties in the regional peak summing, systematic

uncertainties in the irradiation (Section 4.1) and efficiency (Appendix A). Additionally, the uncertainty was adjusted (increased) when necessary to encompass A0
values derived from fits with a fixed and free half life (Section 4.2.2).

P.N. Peplowski, et al. Nuclear Inst. and Methods in Physics Research B 446 (2019) 43–57

48



would have the biggest impact on long-lived isotopes, and the modeled
magnitude of our systematic uncertainties (Appendix A) are sufficiently
large to account for the deviations we observe in the half lives of these
three elements.

The A0 values for each gamma-ray peak (Tables 3 and 4) were
converted to the number of parent nuclei (N0) in the sample at the time
of the irradiation as

=N A
o

0
(4)

N0 values for each POI are listed in Tables 3 and 4. Finally, we divided
our N0 values by the total proton fluence on target (8×109 cm−2),
times the target area (Section 3), to derive the number of atoms pro-
duced in the target per incident proton. These values, which appear in
Table 5, provide the benchmark for our Geant4 model. In addition to
the statistical uncertainties of the measurements, and the 25% un-
certainty in our detector response, we added a 5% uncertainty to N0 to
account systematic uncertainties in the experiment (< 3% beam uni-
formity,< 3.6% beam fluence, see Section 4.1, added in quadrature).

5. Model spallation rates

5.1. Introduction

Our radionuclide production model was built using the Geant4 ra-
diation transport toolkit [26–28], version 4.10.3. The model was based
on the Hadr06 example, which has a built-in capability to track all
particles and nuclei either excited by or formed during a spallation
reaction. Note that residual nucleus production in the model is tracked
regardless of whether the reaction-initiating particle was a primary
proton (intranuclear cascade) or a secondary particle (internuclear
cascade).

Modifications to the basis Geant4 code (example Hadr06) included
replacing the custom Hadr06 physics list with G4PhysicsListFactory,
which adds the flexibility to source any standard Geant4
physics list. We also replaced the G4ParticleGun class with
G4GeneralParticleSource (GPS) class. GPS provides a more flexible

option for defining primary particle parameters, and facilitates in-
cluding custom GCR and SPE energy spectra for the Psyche simulations
(Section 6). The final change to the Hadr06 code was replacing the
target geometry, and at this stage the code was bifurcated into two
versions. The first version replicated the NSRL irradiation experiments
detailed in Section 4.1. This geometry included the sample (size, ele-
mental composition, density) and the foam holders, and for this version
of the code GPS was used to define a plane wave of 1 GeV protons that
uniformly illuminated the target. The second geometry is for asteroid
Psyche, and is discussed in detail in Section 6.

A crucial parameter for Geant4 modeling is the selection of the
physics list, which prescribes the transport and interaction processes for
the primary protons through the target, secondary particle generation,
and the primary- and secondary-particle-induced intranuclear and in-
ternuclear cascades that lead to the creation of residual nuclides, in-
cluding radionuclides. Geant4 physics lists do not directly incorporate
measured isotope production cross sections for hadronic interactions.
Instead, at high energies the physics lists invoke intranuclear cascade
models – e.g., Bertini (BERT), Binary Ion Cascade (BIC), and the Liege
Intranuclear Cascade Model (INCL) – that provide the basis for pre-
dicting the final state of the incident nucleus. At lower energies, a
compound nucleus is formed and decays stochastically into fragments.
The characteristics of the residual nuclei are determined by a set of
model parameters such as the density of states in the excited nucleus,
the slope of the exponential that describes the outcome (mass) of a
nucleus following nuclear evaporation, and the branching ratios for
particle emission. These processes often leave the residual nuclei in
excited states. De-excitation models use parameters derived from a
large set of energy- and atomic-mass-dependent values to determine
how nuclear de-excitation occurs, e.g. nuclear disintegration, fission,
hadron emission or gamma emission [29].

Geant4 offers many standard physics lists that are appropriate for
our application, including QGSP_BIC_HP, QGSP_BERT_HP,
QGSP_INCLXX_HP, FTFP_BERT_HP, FTFP_INCLXX_HP, Shielding,
ShieldingLEND, and QBBC [30]. BIC, BERT, and INCLXX were de-
scribed in the prior paragraph. QGSP is the “Quark-Gluon String” (QGS)

Fig. 3. Sample decay curve fit, for the 1771.4 keV peak from 56Co decay, as
measured in the Campo del Cielo iron meteorite. Time is days since sample
irradiation. Two least-squared minimization fits of Eq. (3) to the data are shown
in the plot. Fit 1, shown in red, has both half life (t1/2) and initial activity (A0)
as free parameters. For Fit 2, shown as a dashed orange line, t1/2 is fixed to the
known value for 56Co (77.2 days). The “A0 (both fits)” value is A0 derived from
the fixed half life fit, but with an uncertainty that is inflated to encompass the
free-parameter half life fit A0 value. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

Table 5
Comparison of measured and modeled radionuclide production in the targets
during the proton irradiation experiment.

Isotope Energy
(keV)

Measured N0/protona Modeled Atoms/
proton b

Meas./Model
Ratio

Campo del Cielo Meteorite Target
58Co 810.8 (6.6 ± 1.0)×10−4 7.58× 10−4 0.9 ± 0.1
57Co 122.1 (1.0 ± 0.3)×10−3 1.15× 10−3 0.9 ± 0.3
56Co 846.7 (5.7 ± 1.2)×10−4 8.85× 10−4 0.6 ± 0.1

1037.5 (4.7 ± 1.0)×10−4 “ 0.5 ± 0.1
1238.3 (4.7 ± 1.0)×10−4 “ 0.5 ± 0.1
1771.4 (4.8 ± 1.1)×10−4 “ 0.5 ± 0.1

54Mn 834.8 (6.2 ± 2.3)×10−3 4.64× 10−3 1.3 ± 0.5
52Mn 744.2 (1.3 ± 0.4)×10−3 1.06× 10−3 1.3 ± 0.4

935.5 (1.2 ± 0.4)×10−3 “ 1.3 ± 0.4
1434.1 (1.3 ± 0.4)×10−3 “ 1.2 ± 0.4

51Cr 320.1 (6.3 ± 1.4)×10−3 5.41× 10−3 1.2 ± 0.3
48V 944.1 (2.0 ± 0.3)×10−3 2.24× 10−3 0.9 ± 0.2

983.5 (2.1 ± 0.4)×10−3 “ 1.0 ± 0.2
1312.1 (2.1 ± 0.3)×10−3 “ 0.9 ± 0.1

46Sc 889.3 (1.0 ± 0.3)×10−3 4.20× 10−4 2.4 ± 0.6
1120.5 (9.4 ± 2.4)×10−4 “ 2.2 ± 0.6

Bronzite Pyroxenite Target
54Mn 834.8 (1.8 ± 1.1)×10−4 1.15× 10−4 1.6 ± 1.0
51Cr 320.1 (2.0 ± 0.8)×10−4 1.52× 10−4 1.3 ± 0.5
48V 983.5 (8.4 ± 2.3)×10−5 6.80× 10−5 1.2 ± 0.3
22Na 1273.8 (9.8 ± 4.4)×10−4 8.00× 10−4 1.2 ± 0.6

a Number of atoms produced during irradiation, from A0 (Tables 3 and 4)
using Eq. (4).

b Total nuclide production per proton predicted by Geant4 model, using the
Shielding physics list (see Section 5).
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with Pre-compound (P) nucleus model. FTFP is the Fritof with Pre-
compound nuclear model. These physics lists have been validated for
high-energy (> 100 MeV) hadronic reactions and include precision
neutron cross section libraries via the Geant4 class NeutronHP (denoted
via the “_HP” suffix on the physics list name). The Shielding physics list
is based on FTFP_BERT_HP, but includes neutron cross sections derived
from the Japanese Evaluated Nuclear Data Library (JENDL; [31]) and
ion interactions from the Quantum Molecular Dynamics (QMD) model.
Shielding is recommended for space physics and radiation shielding
applications. The variant ShieldingLEND uses a different neutron in-
teraction library, the low-energy nuclear database (LEND) library, de-
veloped by Lawrence Livermore National Laboratory as an alternative
to the ENDF-based files used in the NeutronHP package. Finally, QBBC
utilizes a combination of the BERT and BIC intranuclear cascade models
and a neutron cross section model in lieu of the cross section libraries
for faster computational time.

For all simulations, the following options were used to improve
neutron-induced reaction accuracy and/or lower computational time
for the models:

export G4NEUTRONHPDATA=’path_to_Geant4_data’/ENDF-VIII.0
export G4NEUTRONHP_NEGLECT_DOPPLER=1
export G4NEUTRONHP_DO_NOT_ADJUST_FINAL_STATE=1
export G4NEUTRONHP_SKIP_MISSING_ISOTOPES=1
export AllowForHeavyElements= 1

as recommended in the Geant4 Application Developers Guide [32].
Note that the neutron data is retrieved from the ENDF-VIII Evaluated
Nuclear Data Files library, version 8 [33], which are generally valid for
neutron energies from thermal (< 0.2 eV) up to 20MeV.

The irradiation experiment described in Sections 3 and 4 was de-
signed to provide a test of the accuracy of Geant4 physics lists to predict
radionuclide production at our energies of interest. The Geant4 model of
the BNL irradiation experiment was run with 8×107 protons on target
for each physics list. For each run, the total number of residual nuclides
produced was tallied and divided by 8×107 to determine the nuclide
production per incident proton. This quantity was directly compared to
the measured nuclide production per incident particle values (Table A3).
Shielding provided the best match to the iron meteorite data (measure-
ment to model ratio of 1.1), whereas QGSP_BIC_HP, QGSP_BERT_HP, and
QBBC all provided the best matches to the silicate data (ratio of 0.9).
Overall, the Shielding physics list provided the best match to the iron
meteorite and silicate target data (ratio of 1.15; see Table A3), and it was
adopted for all subsequent modeling.

Fig. 4 shows the element-by-element ratio of measured-to-modeled
radionuclide production resulting from the Shielding physics list. A
measured-to-modeled ratio of one denotes perfect agreement. For all
isotopes we measured, the model reproduces the measurement to
within a factor of 2.5 or better. For all but two isotopes, 56Co and 46Sc,
the measured-to-modeled radionuclide production values are one
(perfect agreement) within the statistical precision of our measure-
ments.

In addition to those elements shown in Fig. 4, gamma-ray emissions
from 7Be were also observed in both targets following the irradiation
experiment (Tables 3 and 4). 7Be production is predicted by the model,
however the measurement-to-model ratio was found to be exceptionally
high, indicating that the model is underpredicting the amount of 7Be
produced within the target. Addition of the lightweight (H-, C-bearing)
foam holders to the model improved the match, suggesting that our
targets may have been contaminated by implanted 7Be, produced via
12C(p,p’7Be)6Li reaction in the foam holders. However, spallation
models like INCL and Bertini regularly under predict the production of
light clusters like 7Be, as they are produced during both the cascade and
evaporation stages of a spallation reaction. Production of clusters
during the cascade stage is not well understood [34]. As a consequence,
we do not attempt to interpret the 7Be production resulting from our

proton irradiation of the samples.

6. Application to nuclear spectroscopy of asteroid (16) Psyche

6.1. Overview

Planetary nuclear spectroscopy uses gamma-ray emissions from a
planet’s surface, typically measured from orbit, to characterize the
elemental composition of the surface. Here “planetary surface” denotes
the uppermost ∼1 m of materials on any object (planet, moon, as-
teroid) whose surface is exposed to the space radiation environment.
Broadly, gamma-ray spectroscopy investigations involve:

1. Gamma-ray measurement acquisition and data quality filtering,
2. Spectral summing and gamma-ray peak fitting,
3. Corrections for systematic variability (e.g., altitude, cosmic ray

flux),
4. Corrections for detector response (e.g., converting peak rate to peak

flux), and finally,
5. Iterative comparison to radiation transport models to relate gamma-

ray emissions to elemental composition.

To date, these studies have used gamma rays produced following
neutron inelastic scattering and neutron radiative capture reactions, as
well as from the decay of primordial radionuclides (40K, 228Th, 238U).
Numerous studies have validated the accuracy of planetary nuclear
spectroscopy investigations, including the radiation transport modeling
component, at a wide range of objects that includes the Moon [35],
Mars [36], Mercury [37], asteroid 4 Vesta [38], and asteroid 433 Eros
[39]. Similar efforts have validated the modeled fluxes of neutrons
produced by cosmic rays [16,40–42], a critical parameter for the
gamma-ray production process.

The methodology outlined above also provides a framework for
using measurements of cosmogenic radionuclide decays to derive ele-
mental composition information. What is lacking is a validation of the
radiation transport models capability to accurately and quantitatively
predict cosmogenic radionuclide production. The processes leading to
radionuclide production are sufficiently different from the neutron-in-
duced gamma-ray production processes that additional validation is
warranted. Our meteorite irradiation experiment showed that, at least
for long-lived, gamma-ray emitting isotopes of Co, Cr, Mn, V, Sc, and Na
produced by 1 GeV irradiation of a thick target, the models are accu-
rate within a factor of 2.5 (Fig. 4). Factor of 2.5 precision is inadequate
for planetary nuclear spectroscopy studies, where ≤10% precision is
required for geochemical studies. However, this precision is sufficient

Fig. 4. Comparison of measured to modeled radionuclide production in the two
samples. Elements are ordered by increasing atomic number. These values de-
monstrate factor of 2.5 or better agreement between the modeled and measured
radionuclide production rates. The model was produced with Geant4 using the
Shielding physics list (Appendix B).
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for feasibility studies seeking to determine if cosmogenic radionuclide
decay is observable from orbit.

The asteroid Psyche (mean radius = 113 km; [43]) will be the
subject of a nuclear spectroscopy investigation in 2026, when the
Psyche spacecraft arrives in orbit [11]. The Psyche project’s prime
mission includes a low-altitude (∼80 km) orbit [44], from which the
prime GRNS science measurements will be obtained [12]. The ability of
GRNS to measure cosmogenic radionuclides from this orbit is examined
here using the benchmarked Geant4 model.

In our Geant4 model, Psyche was treated as a 113-km-radius sphere
made of material with an identical composition as the Campo del Cielo
meteorite (Table A1). This composition is suggested by remote sensing
evidence that Psyche has a high-density (e.g., [43,45]) and a metal-rich
surface [43,46] mixed with ≤10% silicates [21,47]. Geant4 GPS
(Section 5) was used to define an isotropic proton source that uniformly
illuminates Psyche. Two proton energy distributions were examined.
The first is the GCR proton spectrum, as defined in Eq. (1) and calcu-
lated for a solar modulation value of 550 MV (Fig. 1A). The results of
this simulation are discussed in Section 6.2. The second proton energy
distribution corresponds to a solar proton source with a power-law
spectral shape as shown in Fig. 1A. The results of this simulation are
presented in Section 6.3. For both galactic and solar protons, the si-
mulations include particles with E > 30 MeV only, as lower-energy
protons do not contribute to radionuclide production (e.g., Fig. 1B).
Following completion of the simulations, the number of radionuclides
produced within Psyche was divided by the number of modeled protons
to yield the number of radionuclides produced per proton.

6.2. Galactic-proton-induced signals

Time-dependent concentrations of GCR-induced radionuclides in
Psyche’s near-surface materials were calculated using a secular equili-
brium formalism that describes the balance between time-dependent
radionuclide production and continuous radionuclide decay. The
formalism for calculating the radionuclide concentration per unit area
(Na(t)) as a function of time is:

= + +N t N t t N t R N t t e N( ) ( ) ( ) ( )[1 ] (0)a a GCR P a
t

a
( )

(5)

where Δt is the time step of our numerical calculation (0.5 days, much
smaller than the half lives of the elements considered in this study),
NGCR(t) is the GCR rate in units of protons cm−2 s−1, and RP is the
modeled radionuclide production rate per incident GCR (Table 6). RP
values were modeled for each isotope of interest (Section 5) using the
Geant4-modeled production rate per GCR proton (Section 6.1). In-
tegrated GCR proton fluxes, NGCR(t), historically range from approxi-
mately 1.5 to 5.5 cm−2 s−1 over the 11-year solar cycle. We in-
corporate this into our calculation via a sinusoidal function having a
period of 11 years. This function mimics the historical behavior of

GCRs, as measured at Earth, over the past ∼ 100 years (e.g.,
[17,48–50]).

Eq. (5) is used to track the concentration of each isotope for a total
of 100 years, assuming an initial concentration (Na(0)) of zero. Each
radionuclide of interest reaches secular equilibrium with the source
GCR flux within a few years (Fig. 5), thus the equilibrium value for each
isotope is achieved within the 100-year time scale we explored. Fig. 5
shows the results of the calculation for 52Mn and 54Mn, where the
equilibrium with the production rate is shown to be achieved at t ≈
0.1 and 3 years, respectively.

The time dependent gamma ray emission rate at the surface was
also calculated on a time-step basis. For each time step, the number of
decays occurring in that time interval (e.g. Eq. (3)) was multiplied by
the fraction of decays accompanied by emission of a gamma-ray of
interest (Fγ values listed in Tables 3 and 4) and the probability that the
gamma-ray will escape the surface unattenuated (Eqs. (1) and (2) of
[51]). The probability that a gamma ray escapes the surface with its full
energy depends on the amount of intervening material. We calculated
surface escape probabilities using a Monte Carlo code that generates
radionuclides with a depth profile matching prior calculations of
Ammon et al. [19]. Specifically, we adopted the Ammon et al. depth
profile for 53Mn production in a large (10 m) iron meteoroid. That
radionuclide production depth profile extended to depths of ∼100 cm,

Table 6
Modeled rates for radionuclide gamma-ray emissions resulting from galactic cosmic-ray (GCR) protons.

Nuclide Gamma-ray energy
(keV)

Nuclei per GCR proton
(RP)

Min-to-Max equilibrium flux at surface
(cm−2 s−1)

Min-to-max rate in detector
(s−1)#

Reference Continuum Rate
(s−1 keV−1)∇

58Co 810 3.92× 10−1 (0.7–2.7)× 10−7 (0.8–3.2)×10−7 1.5× 10−2

57Co 121 2.59× 10−1 (0.6–1.8)× 10−8 (2.3–6.9)×10−8 3.5× 10−1

56Co 846 1.32× 10−1 (2.7–9.7)× 10−8 (0.3–1.2)×10−7 1.4× 10−2

51Cr 320 1.08× 100 (0.8–3.1)× 10−8 (2.3–9.0)×10−8 2.5× 10−1

54Mn 834 1.81× 10−1 (2.7–7.5)× 10−7 (3.2–9.0)×10−7 1.4× 10−2

52Mn 1434 8.24× 10−1 (0.5–1.9)× 10−7 (0.4–1.5)×10−7 1.1× 10−2

48V 983 3.59× 10−3 (0.4–1.4)× 10−7 (0.4–1.5)×10−7 1.4× 10−2

46Sc 889 1.70× 10−1 (0.8–2.8)× 10−8 (1.0–3.4)×10−8 1.4× 10−2

# Calculated from the min-to-max gamma-ray flux at the surface (e.g. Fig. 5), correcting for the spacecraft altitude above Psyche’s surface (0.8 body radii),
multiplied by the detector area (25 cm2) and the GRS gamma-ray detection efficiency at the relevant gamma-ray energy, adopted from Peplowski et al. [57].

∇ Measured gamma-ray continuum rate, from the MESSENGER Gamma-Ray Spectrometer, as observed at an altitude of 0.8 body radii from Mercury, the
equivalent orbit to that planned for Psyche GRNS observations of Psyche.

Fig. 5. GCR-induced radionuclide production per GCR, for 52Mn (Top) and
54Mn (bottom). The isotopes were chosen as their half lives span the range of
interest of this study. The short-lived 52Mn quickly (∼0.1 yrs) reaches equili-
brium with the GCR environment, whereas 54Mn approaches equilibrium after
∼3 yrs, after which point its concentration varies in proportion to the GCR
variability, due to the fact that the GCR varies at a time scale that is shorter than
the half life of 54Mn.
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peaking at ∼5 cm.
Our calculated mean radionuclide gamma-ray emission rates, upon

reaching equilibrium with the GCR environment, are listed in Table 6.
The 54Mn 834-keV gamma-ray emission rate, the highest we calculated,
never exceeds 7.5×10−7 cm−2 s−1. At 0.8 body radii altitude, this
corresponds to a GRS-measured count rate of 9× 10−7 s−1 (in a 25
cm−2 detector), an estimate that includes altitude effects (solid angle)
and detection efficiency. The MESSENGER GRS, an identically sized,
identical technology gamma-ray spectrometer, measured a gamma-ray
continuum rate of 1.4× 10−2 s−1 keV−1 at 834 keV at a Psyche-
equivalent orbit of 0.8 body radii altitude above the surface of the
planet Mercury. This background rate is many orders of magnitude
higher than the GCR-induced rate. As the production and gamma-ray
emission rates for 54Mn are higher than all other radionuclides studied
here, we conclude that GCR-induced radionuclide production and
decay will be undetectable by the Psyche GRNS for the elements
modeled.

6.3. Solar-proton-induced signals

In contrast to GCRs, solar protons are delivered to Psyche during
short (∼1 to 10 day long), high-fluence events (termed solar proton
events, or SPEs) that occur with a frequency and intensity that varies
with the 11-year-long solar cycle. In contrast with GCR-induced
radionuclide production, SPEs offer a mechanism to rapidly produce
large concentrations of cosmogenic radionuclides in a planetary sur-
face.

This section details a formalism for calculating the> 30 MeV SPE
proton fluence (Φp) needed to produce a measurable gamma-ray flux at
Psyche’s surface. The flux of gamma rays at Psyche’s surface (ϕγ) is
calculated from the decay rate at the surface as:

= A t F( ) (6)

where A(t) is the activity (decay rate) in the surface at time t, Fγ is the
fraction of decays that are accompanied by emission of characteristic
gamma rays (see Tables 3 and 4), and η is the probability that the
gamma ray will escape the surface. η accounts for gamma-ray emission
angle (e.g. was the gamma-ray directed toward space) and scattering in
the surface. η was calculated from an analytical model that assumed
isotropic gamma-ray emission in an Fe-Ni surface from random depths
of up to 0.3 cm, the mean range of solar protons in Fe-Ni metal.
Scattering probabilities were calculated for pure Fe-Ni metal, using Eqs.
(1) and (2) of [51].

A(t) was calculated from the number of radionuclides produced

during the SPE (N0) as:

=A t N e( ) t
0 (7)

where t is the time since the end of the SPE. Half lives for our radio-
nuclides of interest are listed in Tables 3 and 4. Note that our calcu-
lation assumes that the SPE duration was much shorter than the half
life, such that the number of radionuclides at the end of the event is the
same as the number of radionuclides produced during the event.

N0 was related to the proton fluence Φp and Geant4-modeled
radionuclide production rates (Rp) as:

=N Rp p0 (8)

Rp values, listed in Table 7, were calculated from a Geant4 model
(Section 5.1), using a surface-incident SPE flux whose spectral shape
was identical to the solar proton spectrum shown in Fig. 1a, as detailed
in Section 6.1. The solar proton spectrum of Fig. 1 is the time-averaged
sum of all predicted events during the Psyche investigation. Thus, it is
not necessarily representative of any single event that might occur, but
its shape is representative of a broad range of events expected in the
Psyche mission timeframe.

Eqs. (6)–(8) provided the basis for calculating the SPE fluences
needed to produce measurable radionuclide decay on Psyche by solving
for Φp as:

=
R e Fp

p
t (9)

For this calculation, we set ϕγ to be equal to the continuum rates listed
in Table 6, and t=10 days. The t value of 10 days was adopted to
account for the fact that SPEs frequently result in a temporary sus-
pension of GRS measurements [52]. Ten days was deemed sufficient
time to resume nominal GRS data acquisition. Table 7 lists the>30
MeV SPE fluences (Φp) needed to produce measurable (rate ≥ con-
tinuum) quantities of the radionuclides of interest to this study (Section
5). The values range from 1.9×106 protons cm−2 (for 52Mn) to
8.8×109 protons cm−2 (for 22Na).

To calculate the likelihood that events meeting the fluence re-
quirements listed in Table 7 will occur at Psyche during the low-altitude
observation campaign, we performed the following analysis to estimate
the frequency and intensity of SPE events at 3 AU (Psyche’s mean or-
bital distance). The approach we chose was to start with a database of
SPE events at 1 AU, specifically an update of the solar proton event
(SPE) database of Jun et al. [53]. This update catalogs all SPE events
observed from July 1977 to November 2015. This process made the
following two assumptions/simplifications:

Table 7
Solar proton event (SPE) fluences required to produce cosmogenic radionuclides with measurable gamma-ray emissions, 10-days after the SPE.

Equivalent Event at 1 AU

Nuclide Radionuclides per proton (RP)∇ (> 30 MeV) Proton Fluence (cm−2)Δ Fluence (cm−2)□ Number of Events# Event Frequency (yr−1)*

58Co 3.3× 10−3 1.3× 107 5.2×107 25 0.6
57Co 2.4× 10−3 1.2× 109 4.8×109 0 0
56Co 1.5× 10−3 1.3× 107 5.2×107 25 0.6
51Cr 8.1× 10−3 2.0× 108 8.0×108 5 0.1
54Mn 9.7× 10−3 7.5× 106 3.0×107 36 0.9
52Mn 1.8× 10−3 1.9× 106 7.6×106 64 1.6
48V 1.7× 10−3 3.3× 106 1.3×107 50 1.2
46Sc 2.6× 10−4 7.8× 107 3.1×108 11 0.3
22Na 1.9× 10−5 8.8× 109 3.5×1010 0 0

□ Respective fluence at 1 AU, calculated by scaling as R−2.5 power, as suggested by [54].
∇ From the Geant4 model, using a proton energy distribution identical to the solar proton data shown in Fig. 1.
Δ Fluence required to produce a gamma-ray count rate equal to the gamma-ray continuum rate, derived from MESSENGER GRS data collected at an equivalent

orbital altitude as planned for Psyche GRNS.
* Number of events divided by 41.1 years, the timespan of the SPE database, providing the frequency for the respective SPE averaged over ∼4 solar cycles.
# Number of SPEs, observed at Earth, with> 27.2 MeV fluences exceeding the equivalent fluence at 1 AU. Database includes 41 years of observations, and is an

update to Jun et al. [53].
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1. We assumed the simplistic scenario wherein Psyche was directly
“downstream” of Earth during each SPE in the database. The in-
tensity at 3 AU is calculated from the value at 1 AU using a r−2.5

radial dependence, following Feynman and Gabriel [54]. This ig-
nores the strong solar-longitude dependence of SPE intensity, and
Feynman and Gabriel [54] noted that variations ranging from r−2 to
r−3 are expected. Lario et al. [55] observed a proton-energy de-
pendence to the radial scaling, and reported scaling factors of r−2.1

and r−1.0 for 4–13 MeV and 27–37 MeV protons, respectively,
however due to the wide range of energies relevant to our study
(> 30 MeV) we adopted the more generalized r−2.5 dependence.

2. We ignored the 11-year-period cycle of solar event activity, which
influences the probability that a SPE will occur. Instead, the number
of SPE events within the SPE catalog whose fluence was sufficient to
produce a given radionuclide (Table 7) was divided by the total time
span of the SPE database (1977 to 2015; 38 years) to provide a
solar-cycle-averaged event frequency.

The results of this analysis are shown in Table 7. The estimated
frequency of an SPE event with sufficient fluence to produce measur-
able quantities of a given element are: 58Co and 56Co, 0.6 SPE year−1;
54Mn, 0.9 SPE year−1; 52Mn, 1.6 SPE year−1; 48V, 1.2 SPE year−1. The
low-altitude orbit phase of the Psyche mission is planned to last for 100
days (0.27 years), meaning that a sufficiently large SPE as needed to
produce measurable gamma decays from the radionuclides has a
probability of ≤40% (for 52Mn) or lower, depending on the radio-
nuclide of interest.

6.4. Radionuclide science at Psyche

Although we concluded that GCR-induced activation is unlikely to
be measured by the Psyche GRNS, there is a moderate probability that
an SPE with sufficient fluence to measurably activate Psyche’s surface
will occur during the 100-day-long low-orbit phase of the Psyche mis-
sion. For the SPE-activation scenario, we modeled radionuclide pro-
duction on Psyche (per incident proton) for a series of hypothetical
compositions with varying Ni-to-Fe content. The results of this model
showed that SPE-induced production of 58Co, 57Co, and 56Co increases
with increasing Ni content, whereas all other radionuclides decreased
in production (per SPE proton) with increasing Ni content. The ratio of
isotopic Co production to that of any other element therefore tracks
with the Ni-to-Fe ratio, and such a measurement can therefore be used
to derive the Ni-to-Fe ratio. Fig. 6 provides an example, showing the
ratio of 58Co to 52Mn production following an SPE as a function of the
Ni content of a model of Psyche with varying Ni content. Such a mea-
surement would proceed as follows:

1. As SPE event illuminates Psyche with a high fluence of energetic
protons (see Table 7 for fluence details).

2. Based on prior experience, such an event may force the Psyche
spacecraft or Psyche GRNS to enter safe mode, interrupting mea-
surements. Recovery and resumption of nominal GRS science op-
erations can take ∼10 days.

3. Upon resumption of measurements, radionuclide decay gamma rays
are identified in the GRS spectra, and the N0 values are derived (see
Eqs. (2)–(4)).

4. The ratio of N0 values can be compared to a model relationship (e.g.
Fig. 6) to derive the Ni-to-Fe content of Psyche’s surface.

The final step requires confidence in the radionuclide production
rates derived from the model. This study revealed that Geant4 models
of radionuclide production are accurate to within a factor of 2.5 for the
isotopes considered here, and consistent with perfect agreement for all
but two of the isotopes (Fig. 4). However, we note that measurements of
the Ni-to-Fe content of Psyche’s surface need to be made with< 10%
precision for the Psyche GRNS investigation. Thus, if this technique is

carried out using Psyche GRNS data, detailed radionuclide production
cross sections (e.g. [56]) and calculated radionuclide production rates
(e.g. [2]) should be used in place of the Geant4 physics models. Ap-
plication of the existing cross section libraries to this study is pre-
mature, as other uncertainties such as GCR rate and SPE fluences and
shapes at Psyche, as well as Psyche’s surface composition, are currently
unknown but will be better constrained prior to the beginning of low-
altitude operations at Psyche.

7. Summary and conclusions

Measurements of induced radioactivity in samples irradiated with a
1 GeV proton beam were used to benchmark Geant4 models of cosmic-
ray-induced activation of metal-rich surfaces in the solar system. The
experiment identified gamma rays resulting from the decay of dozens of
radioactive isotopes (Tables 1 and 2). Quantitative monitoring of
gamma decays from the irradiated samples led to the characterization
of 58Co, 57Co, 56Co, 54Mn, 52Mn, 51Cr, 48V, 26Sc, and 22Na (Tables 3 and
4) production in the samples. The radionuclide production rates during
irradiation were derived by fitting the decay rates and interpolating the
activity to that at irradiation (Table 5). This information was used to
benchmark a Geant4 model of cosmogenic radionuclide production
(Table A3). We concluded that Geant4′s Shielding physics list provided
the best match to the measurements. That model reproduced the
measured radionuclide production rates to within a factor of 2.5 for all
of the elements listed above for both irradiated samples (Fig. 4), with
perfect measurement-to-model agreement for all but two elements,
within the statistical precision of the measurements.

The Geant4 model was subsequently extended to make predictions
about cosmic-ray-induced activation of asteroid (16) Psyche, with the
goal of identifying signatures that might be observable with the Psyche
Gamma-Ray and Neutron Spectrometer (GRNS) during its low-altitude
measurements of Psyche. Modeled production and decay rates were
compared to background rates in the MESSENGER Gamma-Ray
Spectrometer (GRS), acquired at a Psyche-equivalent orbit about
Mercury (0.8 body radii). Note that the Psyche and MESSENGER
gamma-ray sensors have identical sensor types and sizes, giving them
similar gamma-ray detection efficiencies.

Our modeling indicates that galactic-cosmic-ray-induced radio-
nuclide production and decay will not be observable from orbit by the
Psyche GRNS. In contrast, solar-cosmic-ray-induced radionuclide
decay, produced during a solar proton event (SPE) may be observable if
the fluence of> 30 MeV protons is sufficiently high>2×106 cm−2.
Such events have an inferred frequency at Psyche of ∼1.6 yr−1,
making it plausible that such an event may occur during the planned
100-day-long GRNS low-altitude orbit at Psyche. If such an event

Fig. 6. Modeled 58Co to 52Mn number ratio, produced by a solar proton event
(SPE) having a spectral shape identical to the solar proton environment detailed
in Fig. 1A, as a function of the Ni-to-Fe mass ratio of the surface of Psyche.
Model uncertainties are smaller than the data points. A second-order poly-
nomial fit highlights the relationship between activation and surface compo-
sition.
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occurs, monitoring of the SPE-induced radionuclide decay curves fol-
lowing the SPE provides an independent means of characterizing the
composition of Psyche’s surface (e.g., Fig. 6), an important goal of the
Psyche mission.
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Appendix

A: Gamma-ray detection efficiency

A Geant4 model of the HPGe sensor, its housing, the samples, and the sample-to-detector geometry was used to estimate the gamma-ray detection
efficiency of the measurements, and its uncertainty. Prior to simulating the efficiency for our sample measurements, we benchmarked the accuracy of
our Geant4 detector geometry. First, we measured the efficiency for detecting 1332-keV gamma rays using a 60Co source placed 25 cm from the front
of the detector. This is an industry-standard means of measuring efficiency, and the result is typically quoted as the relative efficiency compared to
that of a 3 cm × 3 cm NaI detector in the same geometry. We measured the relative efficiency of our HPGe detector to be 72.5%. The manu-
facturer-reported value is 73.5%. The Geant4-modeled value is 72.3%. This agreement confirmed the validity of our modeled efficiency in the
standard geometry.

Our sample measurements were conducted in a non-standard geometry, with the samples placed 7.25 ± 0.50 cm beneath the detector, with the
midpoint of the samples near the back end of the HPGe crystal. In this geometry, gamma rays must pass through more material than in the front-
facing geometry. To benchmark our model in this geometry, we made measurements of a 54Mn source in the center of the sample position. The
measured efficiency (ε) times solid angle (Ω) for the 834-keV gamma rays from this source was 0.68%. The modeled εΩ value was 0.78%, 15% higher
than the measurements. We therefore adopted 15% as the uncertainty for all modeled εΩ values in the sample measurement geometry.

To model εΩ for the sample measurements, we simulated production of gamma rays (γ) with all energies of interest for this study. Gamma rays
were randomly (homogenously) generated within the sample volume and emitted isotropically. The number of modeled events detected with their
full energy in the HPGe was compared to the number of modeled histories, and the ratio of the two values provided εΩ as a function of gamma-ray
energy (Eγ). Note that εΩ accounts for intrinsic gamma-ray detection efficiency, measurement solid angle, and gamma-ray attenuation losses within
the sample. Note that here we define Ω to be the fraction field of the view of the sensor, as viewed by the sample, which is a unitless quantity.

Varying sample vertical placement, relative to the detector, over the known ± 0.25 cm precision for sample placement, yielded a 5% variation in
εΩ values over the entire energy range. Varying the horizontal position of the sample by 3 cm, the maximum variability in sample placement
expected for the repeated measurements, results in 20% variations in εΩ. Adding the three known measurement uncertainties (5% from vertical
position, 20% uncertainty from horizontal position, and 15% for Geant4 model accuracy) in quadrature yields a total uncertainty on εΩ of 25%.

Appendix B

Geant4 modeling inputs

Tables A1 and A2 list the elemental compositions for the targets used in the proton irradiation experiment. Table A1 is the composition of the
Campo del Cielo meteorite (Fig. A1), derived from analyses of other portions of the meteorite. Those analyses are detailed in Wasson and Kallemeyn
[20]. Table A2 details the composition of our silicate target, a sample of Bronzite Pyroxenite (Fig. A1). The elemental composition of this material
was derived from a PIXE-induced x-ray fluorescence investigation of multiple spots on a portion of the sample that was removed prior to preparing
the sample subsequently used for the proton irradiation experiment. The uncertainty values listed correspond to the standard deviation of results

Table A1
Reference composition used for the Campo del Cielo meteorite.

Element Concentration

Fe 91.70 wt%
Ni 6.68 wt%
Co 0.46 wt%
S 0.40 wt%
C 0.37 wt%
P 0.28 wt%
Ge 394 ppm
Re 370 ppm
Cu 140 ppm
Ga 93 ppm
Cr 38 ppm
As 11.8 ppm
Pt 7.6 ppm
Ir 3.55 ppm
Au 1.29 ppm
W 0.31 ppm
Sb 0.27 ppm
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from multiple spots on that sample. The values listed in both tables were used as inputs for the Geant4 model of the proton irradiation experiment. In
principle, errors in these compositions may have contributed to element-by-element mismatches in the measured-to-modeled radionuclide pro-
duction ratios (Fig. 4), however we have attributed those errors instead to the Geant4 physics model.

Geant4 modeling of the proton irradiation experiment was carried out using seven physics lists. For each physics list, 8× 107 protons were
incident on the target, and the number of nuclei produced for each isotope of interest during that irradiation was tallied. That number was divided by
8× 107 to yield the number of nuclei produced per proton. That number was compared to the measured number of nuclei per proton (N0/proton)

Fig. A1. Images (top panels) and proton radiographs (bottom panels), acquired with the NSRL downstream digital beam imager (Section 4.1), of the samples used for
this study. Clockwise, from upper left: Campo del Cielo meteorite, Bronzite Pyroxenite (BP) silicate rock, proton radiograph of the BP target, proton radiograph of the
Campo del Cielo target. For the radiographs, the color intensity scale, from low to high intensity, is blue-purple-red-orange-yellow-white. Intensity is not normalized.
For the Campo del Cielo target, the relative orientation of the sample in the beamline may not be a match between the images. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table A2
Composition of the Bronzite Pyroxenite (BP) “silicate” sample, derived from a particle-induced x-
ray emission analysis. Uncertainties are derived from spot analysis of different locations on the
sample.

Element Concentration (wt%) Uncertainty (%)

Fe 8.41 6
Cr 0.10 7
Ca 1.88 6
Al 1.57 8
Si 22.49 3
Mg 18.67 9
O 48.52 10
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measured in the target to yield the measured-to-modeled ratio. Table A3 lists these results for the QGSP_BIC_HP, QGSP_BERT_HP, QGSP_INCLXX_HP,
Shielding, and QBBC physics lists. Note that FTFP_BERT_HP, FTFP_INCLXX_HP, and ShieldingLEND provided identical results to the respective lists
(QGSP_BERT_HP, QGSP_INCLXX_HP, and Shielding), and thus those results were not reproduced in Table A3.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.nimb.2019.03.023.
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1433 (1.3 ± 0.4)× 10−3 0.5 ± 0.2 1.2 ± 0.5 0.6 ± 0.2 1.2 ± 0.4 0.5 ± 0.2

51Cr 320 (6.3 ± 1.4)× 10−3 1.1 ± 0.3 1.6 ± 0.4 1.4 ± 0.4 1.2 ± 0.3 1.1 ± 0.3
48V 944 (2.0 ± 0.3)× 10−3 0.5 ± 0.1 2.5 ± 0.6 0.6 ± 0.1 0.9 ± 0.2 0.5 ± 0.1

984 (2.1 ± 0.4)× 10−3 0.6 ± 0.1 2.7 ± 0.7 0.7 ± 0.2 1.0 ± 0.2 0.5 ± 0.1
1311 (2.1 ± 0.3)× 10−3 0.6 ± 0.1 2.7 ± 0.6 0.7 ± 0.1 0.9 ± 0.1 0.5 ± 0.1

46Sc 889 (1.0 ± 0.3)× 10−3 0.9 ± 0.3 2.4 ± 0.8 0.9 ± 0.3 2.4 ± 0.6 0.9 ± 0.3
1121 (9.4 ± 2.4)× 10−4 0.8 ± 0.3 2.3 ± 0.7 0.8 ± 0.3 2.2 ± 0.6 0.8 ± 0.3

Mean ± Standard Deviation 0.6 ± 0.4 1.6 ± 0.7 0.7 ± 0.3 1.1 ± 0.6 0.7 ± 0.5

Bronzite Pyroxenite 54Mn 835 (1.8 ± 1.1)× 10−4 0.9 ± 0.6 1.6 ± 1.0 1.0 ± 0.7 1.6 ± 1.0 0.9 ± 0.6
51Cr 320 (2.0 ± 0.8)× 10−4 1.2 ± 0.6 1.7 ± 0.8 1.6 ± 0.7 1.3 ± 0.5 1.2 ± 0.6
48V 984 (8.4 ± 2.3)× 10−5 0.7 ± 0.2 3.5 ± 1.1 1.9 ± 0.6 1.2 ± 0.3 0.7 ± 0.2
22Na 1275 (9.8 ± 4.4)× 10−4 0.6 ± 0.3 1.3 ± 0.7 0.6 ± 0.3 1.2 ± 0.5 0.6 ± 0.3
Mean ± Standard Deviation 0.9 ± 0.3 0.9 ± 2.0 1.3 ± 0.6 1.3 ± 0.2 0.9 ± 0.3

Mean ± Standard Deviation (Both Samples) 0.64 ± 0.40 1.66 ± 0.77 0.82 ± 0.42 1.15 ± 0.50 0.75 ± 0.47

a Reproduced from Tables 3 and 4.
* FTFP_BERT_HP and FTFP_INCLXX_HP were also tested and the results were identical to the QGSP_BIC_HP and QGSP_BERT_HP values listed here.
Δ Shielding and ShieldingLEND physics lists were both tested, and the results were identical.
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