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Global mapping of the chemical composition of

planetary surfaces informs planetary formation
and evolution models.
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Global mapping of hydrogen (and other
resources) supports long-term human

\,
A exploration.
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Gamma-ray and neutron spectrometers are
iIncluded on many current and upcoming
planetary science missions.
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Gamma-ray and neutron spectrometers are
included on many current and upcoming
planetary science missions.
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Radiation Damage Studies

NASA Space

Radiation
Laboratory

October 2017 — The first of many trips to NSRL



Meteorite Irradiation

Counts/sec

Difference

1000

0.100 E E

0.010 5
E Meteorite + Room Background :
- Room Background

0.001 T— . .

1.000 E

200 400 600 800 1000 1200 1400 1600 1800
Energy (keV)

o 3.0 Olron Meteorite

- OBronzite Pyroxenite
&“ @

- O

o 20

Q

T ]

@)

E a) %J

s 10 pr=perec=a- e | it s 4 it | Radiattadbadbad it é - - -
s %

>

©

Q

E 0.0

22Na 465c 48\/ 51Cr SZMn 54Mn SGCO 57C0 58Co

Element

Peplowski et al., 2019 (Creative Commons Copyright; Johns Hopkins APL)



Flux (cm~2 s MeV/n)

10-2

10-4

10-°

Galactic Cosmic Ray Protons

A.

10‘8 —— Protons, ¢= 360 MV
—— Protons, ¢= 510 MV
—— Protons, ¢= 970 MV
10-10
101 102 103 104 10°

Energy (MeV)

10°

Internuclear
Cascade
GCR secondary+
nucleus

Nuclear
Low-energy * Fission
Nuclear
Reactions
a, B,y
[Ssigess Decay Nuclear
Evaporation
A 4

Galactic
Cosmic
Ray
(GCR)

Planet Surface

Intranuclear
Cascade
GCR + nucleus

High-energy,
Forward-focused Particles
eg.,np¢ewy

-----------------------------

-

: O = Physics Process

D = Secondary Particles

* = energy loss via atomic
processes (ionization,
‘.. Coulomb scattering) L

-----------------------------

- -
-

h 4
Stable . ; .
z Radioactive Nuclei
Nuclei

Low energy Particles,
e.g.,np,eyy

P[ Stable Nuclei }4—,

Image Credit: Johns Hopkins APL



MESSENGER GRS - Low-altitude Measurements of Mercurys Surface
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Nuclear Data at NSRL

The Nuclear Data Pipeline

“Nuclear spectroscopic investigations also require knowledge
of spallation cross sections from energies of a few tens of MeV
to hundreds of GeV in typical rock-forming elements. The
number of neutrons released in a spallation reaction is
particularly important. Because of the wide variety of elements
and energies in question, benchmarking experiments are
particularly valuable for guiding the decision of physics
simulations for GEANTZ~and MCNP6. These data needs
overlap with the needs of the radjation shielding and isotope
production communities.”
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Accurate nuclear data provide an essential foundation for advances in a wide range of fields, including nuclear
energy, nuclear safety and security, safeguards, nuclear medicine, and planetary and space exploration. In these
and other critical domains, outdated, imprecise, and incomplete nuclear data can hinder progress, limit precision,
and compromise safety. Similar nuclear data needs are shared by many applications, thus prioritizing these
needs is especially important and urgently needed. Many levels of analysis are required to prepare nuclear
measurements for employment in end-user applications. Because research expertise is typically limited to one
level, collaboration across organizations and international borders is essential. This perspective piece provides
the latest advances in nuclear data for applications and describes an outlook for both near- and long-term progress
in the field.

DOI: 10.1103/PhysRevResearch.4.021001

I. INTRODUCTION touch many aspects of everyday life. In homes, food is served
that has been irradiated by *°Co and 37Cs to kill bacteria,
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Nuclear data provide the empirical foundation for studies

Kolos et al., 2022 (Creative Commons Copyright)



Nuclear Data Needs — NASA’s Psyche Mission

« Asteroid 16 Psyche

- Location: Asteroid Belt, ~3.5 AU
- Density: 3.4 -4.1gcm?3
- Spectral Class: M-type, similar to iron meteorites

* |s Psyche the exposed Fe+Ni core of a now-disrupted
protoplanet?

IMAGE CREDIT: NASA/JPL-Caltech/ASU
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Nuclear Data Needs — NASA’s Psyche Mission

« Asteroid 16 Psyche

- Location: Asteroid Belt, ~3.5 AU
- Density: 3.4 -4.1gcm?3
- Spectral Class: M-type, similar to iron meteorites

* |s Psyche the exposed Fe+Ni core of a now-disrupted
protoplanet?

- Use y-ray and neutron spectroscopy to measure the elemental
composition of Psyche.

Image Credit: Johns Hopkins A

&



Nuclear Data Needs — NASA’s Psyche Mission

Could spallation reaction products in the Psyche Gamma-Ray and
Neutron Spectrometer (GRNS) be mistaken for Fe and Ni y-ray

signatures from the asteroid?

dh) 58Ni 59Ni 60Ni 61Ni 62Ni 64Ni
Ke) STABLE 8.10e+4 y STABLE STABLE STABLE STABLE
E 08 — 68.0769% 26.2231% 1.1399% 3.6345% 0.9256%
S e+p+=100%
Z
g 62Co 63Co
..6 1.51 min 26.9 s
E p-=100% p-=100%
56Fe 60Fe 61Fe 62Fe
STABLE 2.6let6 y 6.03 min 68 s
26 91.754%
p-=100% p-=100% B-=100%
28 29 30 31 32 33 34 3‘5 36
Neutron Number
i NSRL is uniquely suited to explore spallation reactions in the energy range
Image Credit: Johns Hopkins APL of interest (10s of MeV to many GeV) for interplanetary exploration.
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Cobalt Spallation Experiment

* Five cobalt targetS 4 / f
- 2-mm thick

- Five incident proton
energies (from 250 MeV to
2 GeV)

* On-site (same day) and
off-site (irradiation +
months) monitoring of
activated targets.

 NSRL provides:

- Uniform, tunable beam
profiles

- High precision and
accuracy measurements of
incident proton fluence

- Excellent service
- Morning coffee




Cobalt Spallation Experiment
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Cross Section Measurements at NSRL

 Activated Foil Technique

- Short, intense irradiation
- On- and off-site measurements of 7523 »
activated foils "T
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Cross Section Measurements at NSRL
*9Co(p,X)>8Co; Energy = 250 MeV
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Cross Section Measurements at NSRL

* Activated Foil Technique 58Co activity vs. time
- Short, intense irradiation . Fit w/ fixed t;,» of 70.9 d
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Cross Section Measurements at NSRL

 Activated Foil Technique
- Short, intense irradiation

Gamma-rays observed in activated targets.

- On- and off-site measurements of

t_ t d f I Isotope Reaction Gamma Ray Half Life
activatead 1olls
Energy (keV) Intensity (%) ENSDF Measured *
- 58Co 59Co(p,pn)*®Co 810.8 99.45% 70.86 d 71.1+ 0.9d
o )
Data An aIyS IS *Co %9Co(p,p2n)*’Co 122.0 85.6 + 0.2% 271.74 d 2794+ 65d
57 59 57. .
B : Mn Co(p,3p)°’Mn 122.0 14 + 5% 85.4s 85.2 min
SpeCtraI AnaIySIS *6Co 59Co(p,p3n)*°Co 846.8 99.94% 77.236 d 98 + 19d
. . . . . 56, 59, 56, (
- Radionuclide identification B sgg.(j’(lf;("))séh‘;’n s g o oy
*Mn \ . . .
. . ags . . S5, 59 55
- Determine initial activation g e e 231 75% 17.53h 46+ 53h
p,3p3n)**Mn 834.8 99.998% 312.2d 286 + 57d
S3pe 59Co(p,X)%%Fe 377.9 42% 851 m 8.4+ 0.6m
$2Mn %9Co(p,X)**Mn 744.2 90.0% 5.591 d 6.7+ 0.8d
Sler *°Co(p,X)°'Cr 320.1 9.91% 27.7d 354+ 6d
“ocr 59Co(p,X)*°Cr 152.9 30.3% 42.3m 69+ 34m
4By 59Co(p,X)*%V 983.5 99.98% 15.974d 148+ 0.9d
475¢ *Co(p,X)*sc 159.4 68.3% 3.3491d 3.7+ 02d
65¢ %9Co(p,X)*°sc 889.3 99.98% 83.79d 89.4 + 12.3d
#ge %9Co(p,X)**Sc 1157.0 99.89% 4.04h 244+ 09h
44gem %9Co(p,X)**Sc™ 271 86.72% 58.62 h 60+ 3h

Peplowski et al., 2026 (Creative Commons Copyright; Johns Hopkins APL)



Cross Section Measurements at NSRL

 Activated Foil Technique

Short, intense irradiation

On- and off-site measurements of
activated foils

« Data Analysis

Spectral Analysis
Radionuclide identification
Determine initial activation
Correct for detector response

Calculate cross section and systematic
uncertainties.

D.
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Cross Section Measurements at NSRL

Table 3. Reaction cross sections derived from the activated target measurements

 Activated Foil Technique

Cross Section (mb) and statistical uncertainty

- Short, intense irradiation Reaction Type” 250 MeV 500MeV ~ 750MeV 1200 MeV 2000 MeV
- On- and off-site measurements of >%Co(p,pn)**Co | 51.7+4.8 45.9+4.2 44.514.2 44.6+4.2 46.4+4.3
activated foils 59Co(p,p2n)>’Co | 38.2+4.1 26.2+2.7 24.5+2.8 24.0+2.4 242429
59Co(p,3p)*’Mn | 0.4%0.2 1.0+0.4 1.6+0.2 0.6+0.7 0.840.5

» Data Ana'YSiS >%Co(p,p3n)**Co I 9.4+1.2 6.9+0.9 5.3+0.8 5.3+0.9 3.640.6
- Spectral Analysis 53Co(p,4p)eCr | 0.10+0.03 0.14+0.03  0.14%0.02 0.14+0.02 0.15+0.01
- Radionuclide identification 59Co(p,X)%Mn C 4.5+0.3 5.6+0.4 6.9+0.5 8.5+1.2 9.142.9
_ Determine initial activation **Co(p,5p)**Co I 3.510.3 2.30.2 2.5+0.4 2.240.5 2.940.3
59Co(p,3p3n)>*Mn | 37.7+3.8 34.843.5 32.613.6 28.9+3.4 27.242.9

- Correct for detector response 59Co(p,X)3Fe C 1.940.1 1.440.1 1.3+0.1 0.9+0.1 0.840.1
- Calculate cross section and systematic 5Co(p,X)>2Mn C 8.9+1.7 6.6+1.5 6.0+1.7 6.2+1.8 3.3+0.6
uncertainties. *9Co(p,X)**Cr c 28.243.5 31.143.8 23.745.1 23.243.7 17.643.7
59Co(p,X)*Cr C - - - 3.140.2 2.740.1

59Co(p,X)*8V C 6.8+0.8 9.5+1.0 9.9+1.2 8.8+1.0 7.310.8

**Co(p,X)*’sc C 2.842.7 2.6+1.2 4.9+2.2 4.4+1.4 3.310.5

9Co(p,X)*6Sc C 3.0+0.6 5.3+0.8 6.2+1.3 5.740.8 4.0+0.6

80 separate cross section 59Co(p,X)*sc C - - 7.340.6 7.0+0.6 5.610.4
measurements were produced from *Co(p,X)*sc™ C 2.0+1.1 5.1+1.4 9.242.1 6.7+1.9 6.4+1.2

just ~10 minutes of NSRL beam time

V#1” denotes an individual cross section measurement, “C” denotes a cumulative cross section measurement

Peplowski et al., 2026 (Creative Commons Copyright; Johns Hopkins APL)



Cross Section Measurements at NSRL

Value
 Activated Foil Technique
Parameter Details Solution HPGe CeBr3
- Short, intense irradiation
) t Time since irradiation Measured (clock) +10s
- On- and off-site measurements of
activated fOiIS Iy Decay Branching Ratio Adopted from ENDSF Varies*
. y! Mean lifetime Adopted from ENSDF Varies
« Data Analysis — : :
€ Photopeak Efficiency GEANT4 model with NIST-tracible source
- Spectral Analysis benchmark (£3%) 30%  3.5%
- Rad ionUCIide identiﬁcation Q Solid Angle GEANT4 model with measured position
. o ey . . 0.6%
- Determine initial activation knowledge (0.5 mm)
- Correct for detector response L Self-attenuation GEANT4 model 0%
- Calculate cross section and systematic No Proton fluence Measured (by NRSL) 3.6%
unce rtal nt|eS ' Nt Target Atom Density Measured (from target weight, density) 1%
A Target Area Measured (physical measurement of 0.1%
targets) o
Total Systematic Uncertainty 4.8% 5.2%
Cross sections are accompanied by well-
characterized Systematic uncertainties — a * Ignored for all isotopes except 5’Mn, where ENSDF reports an 30% uncertainty on the yray
critical aspect of nuclear data work intensity that we incorporated into the *>Co(p,X)°’Mn cross section

W Peplowski et al., 2026 (Creative Commons Copyright; Johns Hopkins APL)



 Activated Foil Technique

- Short, intense irradiation

- On- and off-site measurements of
activated foils

« Data Analysis
- Spectral Analysis
- Radionuclide identification
- Determine initial activation
- Correct for detector response

- Calculate cross section and systematic
uncertainties.

« Validate Analysis

NSRL measurements were validated against
published results from dedicated cross
section measurements.

Cross Section Measurements at NSRL
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NSRL measurements fill many gaps in the
existing literature (from EXFOR)
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Cross Section (0; mb)
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NSRL measurements fill many gaps in the
existing literature (from EXFOR)
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Proton Number

NSRL-measured cross sections hint at unexpected
phenomena in nuclear structure
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Conclusions

« NSRL is uniquely suited to support NASA planetary science missions.
- Applications span the range of basic science (spallation cross section) to application (electronics and detector
testing).

- NSRL measurements have led to peer-reviewed
science in multiple journals.
= Radiation damage and annealing of HPGe
detectors
o Peplowski et al., 2019, Nuc. Inst. and Methods A

= Cosmogenic radionuclide production in metallic
meteorites
o Peplowski et al. 2019, Nuc. Inst. And Methods B

= MACy(p,X) spallation cross sections
o Peplowski, 2022, Nuc. Physics A

= 99Co(p,X) spallation cross sections
o Peplowski et al. 2026, Nuc. Physics A

« Future partnerships can expand on the work to
date and expand the role of NSRL in the
nuclear data community.
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NSRL measurements were validated against
published results from dedicated cross
section measurements.




