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Where do secondary neutrons come from in space?

> 2 radiation sources in deep space
> Solar energetic particles (mostly p*, some He)
> Acute risk - solar particle events
> Galactic Cosmic Rays (GCRs, all ions)
> Chronic risk - constant GCR flux

> GCR energies peak around 0.1-1 GeV/n

> Neutrons produced in fragmentation reactions
with target material (shielding / tissue)

[1] K. Hayatsu et al., “Radiation Doses for Human Exposed to Galactic Cosmic Rays and Their Secondary Products on the Lunar Surface,”
Biological Sciences in Space, vol. 22, no. 2. Japanese Society for Biological Sciences in Space, pp. 59-66, 2008. doi: 10.2187/bss.22.59.
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. . . ) ) . GCRs for the solar activity averaged over a solar cycle. The solid
[1] K. Hayatsu et al., “Radiation Doses for Human Exposed to Galactic Cosmic Rays and Their Secondary Products on the Lunar Surface, line shows the dose estimated from ACE/CRIS abundance data

Biological Sciences in Space, vol. 22, no. 2. Japanese Society for Biological Sciences in Space, pp. 59-66, 2008. doi: 10.2187/bss.22.59. and the dash line from Simpson’s abundance data.

1% everything else)



Why is knowledge of these secondary neutrons important?

> With increasing shielding thicknesses,
neutrons become increasingly prevalent

contributors to astronaut dose.

Dose equivalent (mSv/year)
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[2] T. C. Slaba, A. A. Bahadori, B. D. Reddell, R. C. Singleterry, M. S. Clowdsley, and S. R. Blattnig, “Optimal shielding thickness for galactic cosmic ray environments,” Life Sciences in Space Research, vol. 12. Elsevier BV, pp. 1-15, Feb. 2017. doi: 10.1016/j.Issr.2016.12.003.
[3] C. Zeitlin et al., “Measurements of Energetic Particle Radiation in Transit to Mars on the Mars Science Laboratory,” Science, vol. 340, no. 6136. American Association for the Advancement of Science (AAAS), pp. 1080-1084, May 31, 2013. doi: 10.1126/science.1235989.
[4] D. M. Hassler et al., “Mars’ Surface Radiation Environment Measured with the Mars Science Laboratory’s Curiosity Rover,” Science, vol. 343, no. 6169. American Association for the Advancement of Science (AAAS), Jan. 24, 2014. doi: 10.1126/science.1244797.

[5] K. S. Ytre-Hauge, K. Skjerdal, J. Mattingly, and |. Meric, “A Monte Carlo feasibility study for neutron based real-time range verification in proton therapy,” Scientific Reports, vol. 9, no. 1. Springer Science and Business Media LLC, Feb. 14, 2019. doi: 10.1038/s41598-019-38611-w.

3



Why is knowledge of these secondary neutrons important?

. . . : . Traditional Space
> With increasing shielding thicknesses,

. . 5| .
neutrons become increasingly prevalent @'ﬂi W
contributors to astronaut dose.

*

1400 FLUKA

> MSL-RAD (detector onboard the Curiosity |~ —— — Geantd (QUD) za%  Rise primarily
. 1200 Geantd (INCLXX) attributable to
rover) observed dose equivalent rates of: -

——— MCNP6

PHITS * increased neutron

p—
[==l
[l
(=

> 1.84 mSv/day in transit [3] & production,

w2 .

£ 800 particularly from
> 0.64 mSv/day on the surface [4] = ~ “back wall" of

> Arealistic manned mission would resultin - £ “f NI - spacecraft
exosure close to or exceeding career limits. 3 4of [
A i
200 e 3DHZETRN (only forward transport)

——————— 3DHZETRN (forward + backscatter)
i 3DHZETRN (3D approximation)
U ! | 1 1 1 1 I

L I L 1 I Il L L L L L 1 I
0O 10 20 30 40 50 60 70 80 90 100
Aluminum shield thickness, 7', ,, (g/em’)

Simulated dose equivalent as a function of Al
shielding thickness in an enclosed environment [2]

[2] T. C. Slaba, A. A. Bahadori, B. D. Reddell, R. C. Singleterry, M. S. Clowdsley, and S. R. Blattnig, “Optimal shielding thickness for galactic cosmic ray environments,” Life Sciences in Space Research, vol. 12. Elsevier BV, pp. 1-15, Feb. 2017. doi: 10.1016/j.Issr.2016.12.003.

[3] C. Zeitlin et al., “Measurements of Energetic Particle Radiation in Transit to Mars on the Mars Science Laboratory,” Science, vol. 340, no. 6136. American Association for the Advancement of Science (AAAS), pp. 1080-1084, May 31, 2013. doi: 10.1126/science.1235989.

[4] D. M. Hassler et al., “Mars’ Surface Radiation Environment Measured with the Mars Science Laboratory’s Curiosity Rover,” Science, vol. 343, no. 6169. American Association for the Advancement of Science (AAAS), Jan. 24, 2014. doi: 10.1126/science.1244797.

[5] K. S. Ytre-Hauge, K. Skjerdal, J. Mattingly, and |. Meric, “A Monte Carlo feasibility study for neutron based real-time range verification in proton therapy,” Scientific Reports, vol. 9, no. 1. Springer Science and Business Media LLC, Feb. 14, 2019. doi: 10.1038/s41598-019-38611-w.

3



Why is knowledge of these secondary neutrons important?

o _ o _ Traditional Space
> With increasing shielding thicknesses, ‘i .
neutrons become increasingly prevalent '.'.'

contributors to astronaut dose.

1400 FLUKA

> MSL-RAD (detector onboard the Curiosity |~ —— — Geantd (QUD) % Rise primarily

. 1200F —— Geantd (INCLXX) i
rover) observed dose equivalent rates of: P Mo attributable to
increased neutron

p—
[==l
[l
(=

+12%

> 1.84 mSv/day in transit [3]
> 0.64 mSv/day on the surface [4]

production,
particularly from
“back wall” of
spacecraft

[ee}
[
=

-
-—

> A realistic manned mission would result in ooor

exosure close to or exceeding career limits.

..

Dose equivalent (mSv/year)

400

> Understanding GCR-produced neutrons is S Sl <27 14 Bl i W
. . B 3DHZETRN (3D approximation
crucial for the future of space exploration! of T rrwnTCheprosmeion
0O 10 20 30 40 50 60 70 80 90 100
Aluminum shield thickness, 7, ,, (g/cm’)

Simulated dose equivalent as a function of Al
shielding thickness in an enclosed environment [2]

[2] T. C. Slaba, A. A. Bahadori, B. D. Reddell, R. C. Singleterry, M. S. Clowdsley, and S. R. Blattnig, “Optimal shielding thickness for galactic cosmic ray environments,” Life Sciences in Space Research, vol. 12. Elsevier BV, pp. 1-15, Feb. 2017. doi: 10.1016/j.Issr.2016.12.003.

[3] C. Zeitlin et al., “Measurements of Energetic Particle Radiation in Transit to Mars on the Mars Science Laboratory,” Science, vol. 340, no. 6136. American Association for the Advancement of Science (AAAS), pp. 1080-1084, May 31, 2013. doi: 10.1126/science.1235989. 3
[4] D. M. Hassler et al., “Mars’ Surface Radiation Environment Measured with the Mars Science Laboratory’s Curiosity Rover,” Science, vol. 343, no. 6169. American Association for the Advancement of Science (AAAS), Jan. 24, 2014. doi: 10.1126/science.1244797.

[5] K. S. Ytre-Hauge, K. Skjerdal, J. Mattingly, and |. Meric, “A Monte Carlo feasibility study for neutron based real-time range verification in proton therapy,” Scientific Reports, vol. 9, no. 1. Springer Science and Business Media LLC, Feb. 14, 2019. doi: 10.1038/s41598-019-38611-w.



Why is knowledge of these secondary neutrons important?

> With increasing shielding thicknesses,
neutrons become increasingly prevalent
contributors to astronaut dose.

> MSL-RAD (detector onboard the Curiosity
rover) observed dose equivalent rates of:
> 1.84 mSv/day in transit [3]
> 0.64 mSv/day on the surface [4]

> Arealistic manned mission would result in
exosure close to or exceeding career limits.

> Understanding GCR-produced neutrons is
crucial for the future of space exploration!

> These neutrons are also important for ion
therapy doses and proposed range
verification and imaging systems [5].
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What data on secondary neutrons Is currently available?

> Both angular & energy dependencies are important since neutrons can scatter at large angles.

> 2 primary categories of interest:

2 2
> Double-differential cross sections ——2 > Double-differential (thick target) yields LS
dEd() dEd()
> Thin target to isolate single interactions > Neutrons produced from a large variety of

> Known E,,, inducing every reaction reactions and energies in thick targets
> Primary beam at E, ., and lower

> Further secondary reactions

[6] J. W. Norbury et al., “Are Further Cross Section Measurements Necessary for Space Radiation Protection or lon Therapy Applications?
Helium Projectiles,” Frontiers in Physics, vol. 8. Frontiers Media SA, Nov. 30, 2020. doi: 10.3389/fphy.2020.565954.
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> In theory, can be used to derive single- > Allow for comprehensive test of physics
differential and total cross sections models within transport codes
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statistics due to necessity of thin reactions & their products with confidence
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Current state of relevant secondary neutron cross section data*
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Measured heavy ion double-differential
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: d?o

> Experiments have measured neutron TS
variety of angles for a moderate number of
heavy ions of various species and energies

incident on different targets.

at a

Beam energy [MeV/n]

*Non-exhaustive, contains the collections of datasets reviewed in [7]

[7] T. Nakamura and L. Heilbronn, “Handbook on Secondary Particle Production and Transport by High-Energy Heavy lons.” WORLD
SCIENTIFIC, Dec. 2005. doi: 10.1142/5973.

600 A

500 A

400

300 A

200 A

100 A

Ne Ne Ne .. nde
nnBde e WSS il
MenPe e ppe NG
APAr “Ar Ar Ar

Ar Ar

Fe
Fefe _fe Fe Fe
Fe F€

Fe

“N&

Ns.
Ar
Ar

"Fe

Kot &
Ne Ne Ne
N Ngle Ne

Fe
Fe

5

Neje

Neutron angle [degrees]

e
€« ¢ ¢ £
& G &
He He He He He He He
. :@ Née
HEE 'Z‘E: %gg e
w}ir Hq‘v ‘ _;
Ar “Ar AAr,
Ar Ar
0 20 40 60 80

Target Material

B

Cu
I e

marsbar

B u

CH3

v

ISS wall

Note: random
spread added
solely for visibility

5



Current state of relevant secondary neutron cross section data*
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Current state of relevant secondary neutron cross section data*
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Current state of relevant secondary neutron cross section data*
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Current state of relevant secondary neutron cross section data*
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Current state of relevant secondary neutron cross section data*
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Current state of relevant secondary neutron cross section data*
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Current state of relevant secondary neutron yield data*
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Current state of relevant secondary neutron yield data*
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thick target neutron yields
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Current state of relevant secondary neutron yield data*
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Current state of relevant secondary neutron yield data*
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Current state of relevant secondary neutron yield data*
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Current state of relevant secondary neutron yield data*
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Current state of relevant secondary neutron yield data*
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What future measurements should be prioritized?

> Since data gaps/uncertainties drive model uncertainties, reducing these should be prioritized

> While yield measurements are good for validating models as a whole, individual reaction-level
data found in double-differential cross section measurements are needed to inform the models
> Beams of interest are the most significant GCRs: H, He, C, O, Si, Fe
> H beams are well-measured and are best represented in models already
> Of the remainder, C and Fe beams have been measured for some materials and energies
> High energy (>250 MeV/n) He measurements are absent
> Abundant GCR and dosimetrically significant for largest range of shielding thicknesses

> Targets of interest include those prominent in spacecraft/biology: H, C, O, Ca, Al, Fe

> EXisting cross section measurements have minimum neutron energies from 3 MeV to 20 MeV
> Further knowledge of the production of lower-E neutrons is desirable.



Thank you!



Dose by secondary vs shielding thickness for He component of GCR
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[6] J. W. Norbury et al., “Are Further Cross Section Measurements Necessary for Space Radiation Protection or lon Therapy Applications?
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Dose to BFO by primary/secondary Z for various geometries
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FIGURE 1 | Calculated percent contribution to blood-forming organ (BFO) dose equivalent for free space (far left), simple spherical geometries in free space, and
detector locations inside the space shuttle (STS) and the International Space Station (ISS) in free space. The vehicles included three aluminum spheres with areal
densities 1, 5, and 30 g/cm? where the body was placed at the center of the sphere (sphere_1g, sphere_5g, and sphere_30g) and three spheres of the same areal
densities where the body was placed against the wall of the sphere (sphere_ off_1g, sphere_off_5g, and sphere_off_30g). For the latter cases, the spheres were
constructed so that they would each have the same habitable volume as the Multi-Purpose Crew Vehicle (MPCV), 316 cubic feet (8.95 m3). Thus, each sphere had an
inner radius of 1.288 m. Also, six locations were studied in the STS (shuttle) where detectors have historically been placed (sts_dloc1-6). Five locations in the ISS 6A
configuration were also used: two points in the Destiny (Lab) module laboratory area (Liulin_103, Liulin_107); two points in the Unity (Node1) module (Liulin_104,
Liulin_108); and one point in the Zvezda (SM; service module) module on panel number 327 (TEPC-sm_p327). Reprinted from Walker et al. [g].

[6] J. W. Norbury et al., “Are Further Cross Section Measurements Necessary for Space Radiation Protection or lon Therapy Applications?
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FIGURE 8 | Effective dose contributions as a function of external GCR energy behind 20 g/cm? of aluminum exposed to solar minimum GCR. Reprinted from Slaba
and Blattnig [46].
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Dose attributed to GCR He by energy slice vs Al shielding thicknes
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FIGURE 11| GCR He energy ranges contributing to the 1 year NASA male effective dose for different thickness, using fluence to dose conversion factors from ICRP
Publication 123.
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