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1. INTRODUCTION

HZETRN (High charge (Z) and Energy TRaNsport) is NASA’s primary space radiation
transport code

Primary engine behind OLTARIS (On-Line Tool for the Assessment of Radiation In Space)
and NAIRAS (Nowcast of Aerospace Ionizing Radiation System). Pre-computed results
also used in ARRT (Acute Radiation Risks Tool).

HZETRN is very fast, deterministic code capable of efficient analysis of a wide variety of
human space mission scenarios

Extensively benchmarked against the majority of the world’s other radiation transport
codes - agrees with world codes as well as they agree with each other

Many nuclear physics codes (DDFRG, NUCFRG, EMDFRG, RAADFRG, NUCDAT) have
been developed “in-house” in order to enable fast and efficient calculations with HZETRN

3DHZETRN is the most recent development, which is fully 3-dimensional (3D)

Neutrons, protons, light ions (2,3H, 3,4He), π account for large fraction of radiation dose
- Because they are light, they scatter at large angles and require a 3D treatment

DDFRG (Double-Differential (DD) FRaGmentation) - new nuclear physics code which
calculates double-differential cross sections for neutron, proton, light ion, π production
- Provides closed-form, analytic formulas - highly efficient
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INTRODUCTION - PUBLICATIONS

Journal Publications:

1 DDFRG2: Double-Differential FRaGmentation model for pion production in high energy
nuclear collisions, J. Norbury
Nuclear Instruments and Methods in Physics Research A, vol. 1053, p. 168336, 2023

2 Double-Differential FRaGmentation (DDFRG) models for proton and light ion production in
high energy nuclear collisions, J. Norbury
Nuclear Instruments and Methods in Physics Research A, vol. 986, p. 164681, 2021

3 Light ion double-differential cross section parameterizations and results from the SHIELD
transport code, J. Norbury, L. Latysheva, N. Sobolevsky
Nuclear Instruments and Methods in Physics Research A, vol. 947, p. 162576, 2019

NASA Technical Publications: can be found at http://ntrs.nasa.gov/

4 DDFRG2: Double-Differential FRaGmentation model with pion production, J. Norbury
NASA Technical Publication 2022001664, 2023

5 Double-Differential FRaGmentation (DDFRG) models for proton and light ion production in
high energy nuclear collisions valid for both small and large angles, J. Norbury
NASA Technical Publication 2020-5001740, 2020

6 Light ion double-differential cross sections for space radiation, J. Norbury
NASA Technical Publication 2018-220077, 2018
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2. PROTON MODEL (DDFRG1)

Thermal proton production model
- Protons being produced from four separate sources:
- Projectile, Target, Central fireball, Direct projectile knockout
- Source models done before but parameters fitted to each individual experiment

- New model global fit to all data with single set of parameters

PROTON THERMAL MODEL FOR each SOURCE

E
d3σ

dp3 = N e−T/Θ

N determined from requirement that integral of double differential
cross section gives total cross section,and σ
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PROTON MODEL

In terms of total 3-momentum and angle variables (pjL, θjL) the
final thermal plus direct knockout model is

DDFRG PROTON THERMAL MODEL

E
d3σ

dp3
(pjL, θjL) =

σ

4πm
{exp[−(γPL

√
p2

jL + m2 − γPL βPL pjL cos θjL − m)/ΘP ]

+ exp[−(γCL

√
p2

jL + m2 − γCL βCL pjL cos θjL − m)/ΘC ]

+ exp[−(γT L

√
p2

jL + m2 − γT L βT L pjL cos θjL − m)/ΘT ]

+w(p)
D exp[−(γPL

√
p2

jL + m2 − γPL βPL pjL cos θjL − m)/ΘD ]}

×
{

ΘPem/ΘP K1(m/ΘP ) + ΘCem/ΘCK1(m/ΘC) + ΘT em/ΘT K1(m/ΘT ) + w(p)
D ΘDem/ΘDK1(m/ΘD)

}−1

Can be analytically integrated to give closed form analytic formula
for dσ

dE (see Publications)
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LARGE ANGLE DDFRG 800 MeV/n Ar + KCl→ p
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DDFRG model agrees well with data, but some differences
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SMALL ANGLE DDFRG 1.05 GeV/n C + C→ p
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DDFRG model agrees well with data, but some differences
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3. COALESCENCE SCALING

Comparisons of double-differential cross section data between
proton production and light ion production show that light ion data
is very well represented by scaling proton data, assuming that
light ions are produced via coalescence

Comparisons done only using experimental proton data versus
light ion data - no theoretical model used in comparing proton data
to light ion data, except for simple scaling of proton data as

COALESCENCE MODEL

EA
d3σA

dp3
A

= CA

(
Ep

d3σp

dp3
p

)A

, pA ≡ App and EA ≡ AEp

CA ≡ coalescence coefficient

Coalescence ≡ Fusion (cf. Big Bang)

JOHN NORBURY (NASA LARC) DDFRG TUESDAY, SEPTEMBER 5, 2023 9 / 55



LARGE ANGLE SCALING - GEV UNITS: 800 MeV/n Ar + KCl→ p, α
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Proton data is scaled and then agrees very well with light ion data
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LARGE ANGLE SCALING - GEV/N UNITS: 800 MeV/n Ar + KCl→ p, d
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Proton data is scaled and then agrees very well with light ion data
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ANDERSON SMALL ANGLE DATA

Data looks nothing like previous large angle data of Nagamiya
- now a giant peak!

Coalescence scaling fails!
- at the smallest angles, but OK when angles increase
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SMALL ANGLE SCALING 1.05 GeV/n C + C→ d
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Proton data is scaled and then agrees with large angle light ion data, but not small angle
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4. LIGHT ION MODEL (DDFRG1)

Empirical relation between proton and light ion data implies not
necessary for separate theoretical model for light ion production

One only requires a model for proton production

If proton model compares well to data, then scaled proton model
will automatically compare well to light ion data

Light ion model is obtained simply by scaling the proton model

And this works for all composite light ions

Separate light ion model not required

However, the light ion model is not obtained without some effort
To demonstrate scaling of the experimental data, one typically uses
a fitted coalescence coefficient, CA, for each light ion
To develop a fully predictive model, this coefficient must be
calculated with theoretical model developed separately
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LIGHT ION MODEL

EA
d3σA

dp3
A

= CA

{
wP

[
E

d3σ

dp3
(pjL, θjL)

]
P

+ wC

[
E

d3σ

dp3
(pjL, θjL)

]
C

+ wT

[
E

d3σ

dp3
(pjL, θjL)

]
T

+ wD

[
E

d3σ

dp3
(pjL, θjL)

]
D

}A

Complicated algebraic expression when expanded out and written
in terms of σ and Lorentz transformed to lab frame variables

Left hand side is DD cross section for light ion production

Right hand side contains DD cross sections for proton production

Modified “coalescence” model
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LIGHT ION MODEL

THERMAL / COALESCENCE MODEL FOR LIGHT ION PRODUCTION

methods of reference [12], the new normalization becomes

N4 =
σp

4πmp

[
ΘP e

mp
ΘP K1

(
mp

ΘP

)
+ ΘC e

mp
ΘC K1

(
mp

ΘC

) ]

[
+ ΘT e

mp
ΘT K1

(
mp

ΘT

)
+ w

(p)
D ΘD e

mp
ΘD K1

(
mp

ΘD

)]−1

. (16)

Equations (14) and (16) represent the final 4-source thermal proton model in terms of lab
variables, and correctly normalized so that the integral of the Lorentz-invariant differential
cross-section gives the total cross-section.

3.2 New light ion hybrid coalescence model

The results of Section 2 clearly showed that fragment cross-sections produced at small
angles for heavy projectiles do not obey the simple scaling behavior as predicted in the co-
alescence model. Nevertheless, a hybrid scaling model can still be developed. Auble et al.
[27] were among the first to show that fragment cross-sections could be described by mul-
tiple sources, although they considered only the two fireball and projectile sources. They
also used scaling, but weighted each contribution to scaling differently, which required the
use of more adjustable parameters. Neutron production work [15, 22, 23, 24, 25, 26], also
made use of different adjustable parameter weight factors for each source.

3.2.1 (ppL, θpL) variables

The new hybrid scaling model is (with pA ≡ App and EA ≡ AEp)

EA
d3σA
dp3

A

= CA

{
wP

[
E
d3σ

dp3
(ppL, θpL)

]

P
+ wC

[
E
d3σ

dp3
(ppL, θpL)

]

C

}

{
+wT

[
E
d3σ

dp3
(ppL, θpL)

]

T
+ wD

[
E
d3σ

dp3
(ppL, θpL)

]

D

}A
, (17)

This equation is very similar to the coalescence scaling model in equations (1) and (5),
except that now adjustable weighting factors w are used for all sources. This is why it
is called a hybrid coalescence model. Substituting equation (14) into (17) gives the final
result for the light ion hybrid scaling model in terms of (ppL, θpL) variables

EA
d3σA
dp3

A

= CAN
A
4

{
wP exp[(mp − γPL

√
p2

pL +m2
p + γPL βPL ppL cos θpL)/ΘP ]

}

+ wC exp[(mp − γCL
√
p2

pL +m2
p + γCL βCL ppL cos θpL)/ΘC]

+ wT exp[(mp − γT L
√
p2

pL +m2
p + γT L βT L ppL cos θpL)/ΘT ]

{
+ wDw

(p)
D exp[(mp − γPL

√
p2

pL +m2
p + γPL βPL ppL cos θpL)/ΘD]

}A
. (18)
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√
p2

pL +m2
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√
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Can be analytically integrated (for A = 2, 3, 4) to give closed form
analytic formula for dσ

dE (see Publications)
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LARGE ANGLE DDFRG 800 MeV/n Ar + KCl→ d
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DDFRG model agrees well with data, but some differences
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LARGE ANGLE DDFRG 800 MeV/n Ar + KCl→ t
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DDFRG model agrees well with data, but some differences
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LARGE ANGLE DDFRG 800 MeV/n Ar + KCl→ α
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DDFRG model agrees with 15◦ data, but differences at larger angles
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SMALL ANGLE DDFRG 1.05 GeV/n α + C→ p, d, t, h
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DDFRG model agrees well with data, but some differences
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SMALL ANGLE DDFRG 1.05 GeV/n C + C→ d
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DDFRG model agrees well with data, but some differences
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SMALL ANGLE DDFRG 1.05 GeV/n C + C→ t, h

0 1 2 3 4 5 6 7
1

10

100

1000

104

pL[GeV]

E
d3

σ

dp
3
[m
b
G
eV

-
2
sr

-
1
]

1.05 GeV/n C + C -> t,h, θ =0o

DIRECT

PROJ

CENTRAL

TARGET

TOTAL

DATA

26 ���  4_plotAnderson-CC copy 2.nb

0 1 2 3 4 5 6 7
1

10

100

1000

104

pL[GeV]
E
d3

σ

dp
3
[m
b
G
eV

-
2
sr

-
1
]

1.05 GeV/n C + C -> t,h, θ =1o

DIRECT

PROJ

CENTRAL

TARGET

TOTAL

DATA

4_plotAnderson-CC copy 2.nb  ���27

0 1 2 3 4 5 6 7
1

10

100

1000

104

pL[GeV]

E
d3

σ

dp
3
[m
b
G
eV

-
2
sr

-
1
]

1.05 GeV/n C + C -> t,h, θ =4o

DIRECT

PROJ

CENTRAL

TARGET

TOTAL

DATA

30 ���  4_plotAnderson-CC copy 2.nb

0 1 2 3 4 5 6 7
1

10

100

1000

104

pL[GeV]

E
d3

σ

dp
3
[m
b
G
eV

-
2
sr

-
1
]

1.05 GeV/n C + C -> t,h, θ =6o

DIRECT

PROJ

CENTRAL

TARGET

TOTAL

DATA

32 ���  4_plotAnderson-CC copy 2.nb

0 1 2 3 4 5 6 7
1

10

100

1000

104

pL[GeV]

E
d3

σ

dp
3
[m
b
G
eV

-
2
sr

-
1
]

1.05 GeV/n C + C -> t,h, θ =8o

DIRECT

PROJ

CENTRAL

TARGET

TOTAL

DATA

34 ���  4_plotAnderson-CC copy 2.nb

0 1 2 3 4 5 6 7
1

10

100

1000

104

pL[GeV]
E
d3

σ

dp
3
[m
b
G
eV

-
2
sr

-
1
]

1.05 GeV/n C + C -> t,h, θ =9o

DIRECT

PROJ

CENTRAL

TARGET

TOTAL

DATA

4_plotAnderson-CC copy 2.nb  ���35

DDFRG model agrees well with data, but some differences
JOHN NORBURY (NASA LARC) DDFRG TUESDAY, SEPTEMBER 5, 2023 22 / 55



SMALL ANGLE DDFRG 1.05 GeV/n C + C→ α

0 2 4 6 8
0.1

1

10

100

1000

104

105

pL[GeV]

E
d3

σ

dp
3
[m
b
G
eV

-
2
sr

-
1
]

1.05 GeV/n C + C -> α, θ =1o

DIRECT

PROJ

CENTRAL

TARGET

TOTAL

DATA

4_plotAnderson-CC copy 2.nb  ���39

0 2 4 6 8
0.1

1

10

100

1000

104

105

pL[GeV]
E
d3

σ

dp
3
[m
b
G
eV

-
2
sr

-
1
]

1.05 GeV/n C + C -> α, θ =2o

DIRECT

PROJ

CENTRAL

TARGET

TOTAL

DATA

40 ���  4_plotAnderson-CC copy 2.nb

0 2 4 6 8
0.1

1

10

100

1000

104

105

pL[GeV]

E
d3

σ

dp
3
[m
b
G
eV

-
2
sr

-
1
]

1.05 GeV/n C + C -> α, θ =3o

DIRECT

PROJ

CENTRAL

TARGET

TOTAL

DATA

4_plotAnderson-CC copy 2.nb  ���41

0 2 4 6 8
0.1

1

10

100

1000

104

105

pL[GeV]

E
d3

σ

dp
3
[m
b
G
eV

-
2
sr

-
1
]

1.05 GeV/n C + C -> α, θ =4o

DIRECT

PROJ

CENTRAL

TARGET

TOTAL

DATA

42 ���  4_plotAnderson-CC copy 2.nb

0 2 4 6 8
0.1

1

10

100

1000

104

105

pL[GeV]

E
d3

σ

dp
3
[m
b
G
eV

-
2
sr

-
1
]

1.05 GeV/n C + C -> α, θ =7o

DIRECT

PROJ

CENTRAL

TARGET

TOTAL

DATA

4_plotAnderson-CC copy 2.nb  ���45

0 2 4 6 8
0.1

1

10

100

1000

104

105

pL[GeV]
E
d3

σ

dp
3
[m
b
G
eV

-
2
sr

-
1
]

1.05 GeV/n C + C -> α, θ =9o

DIRECT

PROJ

CENTRAL

TARGET

TOTAL

DATA

4_plotAnderson-CC copy 2.nb  ���47

DDFRG model agrees well with data, but some differences
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5. PION MODEL (DDFRG2)

Just adapt Proton model?
Pions mainly produced from central hot fireball region
Simpler than previous models, because only one source
Just set all sources to zero, except central fireball?

Significant complications arise because pion is so light
Pion (140 MeV), Proton (938 MeV)

Complication # 1: Maximum pion energy and angle needs careful
evaluation from relativistic kinematics

Same true for nucleons and light ions, but no observable effects
Energy integral (0 to∞) modified
- spectral distribution can no longer be obtained analytically

Complication # 2: Maximum pion energy cut-off
This effect only showed up for one out of many reactions
Significant puzzle: Why only one reaction?
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PION MODEL (DDFRG2): FINAL MODEL DESCRIPTION

Modify proton model
Change proton mass to pion mass
Change temperature parameters

Total cross section normalization calculated from total pion cross
section model [Norbury and Townsend, NIMB vol. 254, p.187 (2007)]

Only one source⇒ central fireball

Maximum pion energy and angle incorporated = integration limits
of total cross section normalization equations

Maximum pion energy⇒ cut-off incorporated into unique low
energy reactions: p+A→ π−
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PION MODEL RESULTS - LOW ENERGY PROTON PROJECTILES
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DDFRG model agrees well
with data, but some
differences above 400 MeV
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PION MODEL RESULTS - HIGH ENERGY PROTON PROJECTILES
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DDFRG model agrees well with data
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PION MODEL RESULTS - HIGH ENERGY PROTON PROJECTILES
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DDFRG model agrees well with
data
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PION MODEL RESULTS - HIGH ENERGY PROTON PROJECTILES
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DDFRG model agrees well with data
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PION MODEL RESULTS - LOW ENERGY 4HE PROJECTILES
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DDFRG model agrees well with
data, but some differences
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PION MODEL RESULTS - LOW ENERGY 12C PROJECTILES

������

0 1 2 3 4
0.1

1

10

100

1000

104

pLab [GeV]

E
d
3
σ

dp
3

[m
b
G
eV

-
2
sr

-
1
]

12C + 12C -> π- (θ Lab = 0°)

2.1 GeV/n

1.05 GeV/n

Cross sections for 2.1 GeV multiplied by 10

DDFRG model agrees well with
data, but some differences
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PION MODEL RESULTS - LOW ENERGY 20NE AND 40AR PROJECTILES
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DDFRG model agrees well with data, but some differences
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PION MODEL RESULTS - LOW ENERGY 40AR AND 139LA

PROJECTILES
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PION MODEL RESULTS - LOW ENERGY PROTON PROJECTILES
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DDFRG model agrees well with
data, but some differences at
low pion momentum
Relativistic kinematic calculation
of maximum energy cut-off
agrees perfectly with data!
Hypothesis: Data beyond cut-off
due to Fermi motion of nucleons
This reaction is unique!
- Projectile is simple (proton)
- Projectile energy not very large
- Pions negatively charged
(spallation)
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6. NEUTRON MODEL (DDFRG3)

Just adapt Proton model?
all four sources

Complication # 1: MASSIVE amount more data
A good thing, but very time consuming to analyse
Nakamura, Heilbronn, Handbook on secondary particle production and transport by
high-energy heavy ions (World Scientific, Singapore, 2006)
BEVALAC (337 MeV/n), HIMAC (230 - 600 MeV/n), RIKEN (95, 135 MeV/n)

Complication # 2: BEVALAC and HIMAC data disagree!

Complication # 3: No data above 1 GeV/n

Complication # 4: Neutron spectra display prominent low energy
peak not seen in proton spectra
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NEUTRON MODEL (DDFRG3): “FINAL” MODEL DESCRIPTION

Simple modification (parameters) of DDFRG proton model fails
Unable to agree with experiment at very low energy
Unable to describe low energy target fragmentation neutron peak
- even with severe tweaking of target contribution parameters

New Method:
Continue using PROJECTILE fragmentation code, NUCFRG, as
normalization for projectile fragmentation, projectile direct knockout
and central fireball (but not target contributions)
Use NUCFRG in inverse kinematics, i.e. swap projectile and target,
but same kinetic energy / nucleon
NUCFRG in inverse kinematics = target fragmentation
Normalize target fragmentation spectra to NUCFRG inverse
kinematics
New method much more successful
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NEUTRON MODEL RESULTS - DDFRG VS. HIMAC DATA
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NEUTRON MODEL RESULTS - DDFRG VS. HIMAC DATA
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LOW ENERGY NEUTRON PEAK

Low energy neutron peak
- No Coulomb barrier

Not present in proton data
- Coulomb barrier present

[Wikimedia commons]
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DATA DISAGREEMENTS

Foundational problem in space radiation
Neutrons most important secondary particle in space radiation

Ne + C, Cu→ n
BEVALAC 337 MeV/n
HIMAC 400 MeV/n

He + Al, Cu→ n
RIKEN 135 MeV/n
HIMAC 230 MeV/n

Energies not the same, but close enough for comparison
- NUCFRG calculation and DDFRG calculation will show this
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BEVALAC VS. HIMAC DATA DISAGREEMENT

Ne + C NUCFRG expectations:
BEVALAC, 337 MeV/n: σ = 6729 mb, Log106729 = 3.828 = 3.83
HIMAC, 400 MeV/n: σ = 6801 mb, Log106801 = 3.833 = 3.83
Spectra plotted on Log scale should lie on top of each other,
especially low neutron energy
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BEVALAC VS. HIMAC DATA DISAGREEMENT
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DDFRG predicts no difference between 337 MeV/n (BEVALAC) and 400 MeV/n (HIMAC) data
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BEVALAC VS. HIMAC DATA DISAGREEMENT
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BEVALAC and HIMAC data disagree
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RIKEN VS. HIMAC DATA DISAGREEMENT

He + Al NUCFRG expectations:
RIKEN, 135 MeV/n: σ = 719 mb, Log10719 = 2.857 = 2.9
HIMAC, 230 MeV/n: σ = 841 mb, Log10841 = 2.925 = 2.9
Spectra plotted on Log scale should lie on top of each other,
especially low neutron energy
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RIKEN VS. HIMAC DATA DISAGREEMENT
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DDFRG predicts no difference between 135 MeV/n (RIKEN) and 230 MeV/n (HIMAC) data
below 100 MeV
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RIKEN VS. HIMAC DATA DISAGREEMENT
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Data disagree for 30◦ (below 100 MeV) Data agree for 80◦
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7. SUMMARY, CONCLUSIONS AND FUTURE WORK

Proton and Neutron production
Three thermal sources - Projectile, Target, Central fireball
One direct source - accounts for quasielastic peak at beam rapidity

Light ion production
Three thermal and one direct source - Projectile, Target, Central
fireball
Modified coalescence model based on proton model

Pion production
One thermal source - Central fireball

DDFRG overall very good agreement with experimental data
Successes emphasized - complete comparisons in publications

Future work
Resolve data discrepancies
Expand neutron data comparisons
Pion projectiles
Compare to world nuclear physics models
Verification and Validation Transport
Neutron data availability: Nothing above 1 GeV/n
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7. SUMMARY, CONCLUSIONS AND FUTURE WORK

Neutron space radiation - Are foundations solid ???
Low energy neutron fragment cross sections not measured

(Biological weighting factor maximum at low neutron energy)

No cross section data above projectile kinetic energy of 1 GeV/n

Cross section measurements disagree

Transport codes disagree (e.g. MSLRAD)

Neutron detectors on Mars, ISS and Artemis very important
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MSLRAD COMPARISONS NEUTRONS

decreasing particle importance (for variance reduction) from the sur-
face layer to the deepest regolith layer. The overall areal density for the
Martian atmosphere was 23 g/cm2, but to translate this to a reasonable
spatial geometry within MCNP6 this total areal density was divided into
14 altitude layers of varying height and density. The appropriate den-
sities were determined by a Martian atmospheric model developed by
NASA (Noll and McElroy, 1974). The simulated RAD detector was de-
signed using its actual dimensions and material composition
(Hassler et al., 2012) but was allowed to hover at 80 cm above the
surface of the regolith to simulate the height of the detector onboard
the Mars Science Laboratory Curiosity Rover.

The simulated Martian atmosphere consisted of ∼96% CO2 and
trace amounts of other gasses as outlined by past measurements taken
from the Martian surface (Mahaffy et al., 2013). The simulated Martian
regolith was compositionally identical to JSC Mars-1 (Allen et al., 1992)
and set to a mean density of 1.52 g/cm3 as measured by the Mars
Pathfinder rover (Hviid et al., 1997).

The source was a flat, downward oriented, 2π, isotropic disc located
at the extreme top of the atmospheric column. This allowed particles to
be born equally at all angles between a cosine of 0 and 1. The energy
spectra for each individual source ion were determined using the
Matthiä-DLR model (Matthiä et al., 2013) for an average time period
between November 15th, 2015 and January 15th 2016. Each simula-
tion had a source particle of only a single ion type (Z=1–28) to
maximize statistics for higher-Z ions which occur at much lower
probabilities than hydrogen and helium. This process required that 28
individual simulations (one for each source ion) be ran for any geo-
metric configuration of interest. All individual ion results were ulti-
mately combined during post processing and weighted to each in-
dividual source ion's total GCR abundance according to the
distributions outlined by Simpson (1983).

The 30° surface flux, 4π cell flux, and absorbed dose calculations
were performed using MCNP6’s F2, F4, and F6 tallies respectively. Dose
equivalent values were determined using conversion factors according
to values derived from ICRP-60 (Veinot and Hertel, 2005). To replicate
the dynamic range of the RAD detector for dose measurements, a lower
energy threshold for tallied neutrons was set to 1MeV while the lower
energy threshold for charged ions was set to 8MeV. The 4π tallies al-
lowed all particles from all angles to be accepted while the 30° geo-
metry utilized cosine binning discrimination of particles striking the
detector within a 30° off-zenith cone (normal to the top face of the
detector volume).

3.5. PHITS

The Particle and Heavy Ion Transport code System (PHITS) (Niita
et al., 2006; Sato et al., 2013) is a Monte Carlo-based radiation trans-
port code developed by the Japan Atomic Energy Institute (JAERI). The
PHITS radiation transport software has been previously validated in

several space radiation studies (Sato and Niita, 2006; Sihver et al.,
2010). Details about the modules that constitute the version 2.82 of the
PHITS radiation transport software utilized in this model can be found
at http://phits.jaea.go.jp/image/OvMapOfModels.png.

The model geometry consists of a spherical volume made up of 36
concentric shells with 34 equal thicknesses representing 23 g/cm2 of
Martian atmosphere, a shell for low density top surface regolith of
1.296 g/cm2 and a high density interior shell of 3.49 g/cm2. The at-
mospheric gradient is provided by the Mars Climate Database v5.2.

Source particles are sampled isotopically with the built-in cosine
biasing option of the PHITS source deck. GCR spectra were generated
using the model developed by the German Aerospace Center, DLR
(Matthiä et al., 2013).

Particles are tallied according to kinetic energy as they cross the
threshold between the lower surface atmosphere layer and the regolith
layer using an angle dependence surface current tally as well as volu-
metric track length tally at the Martian surface for additional re-
dundancy.

4. Results

4.1. Neutral particle spectra

Photons and neutrons are measured in the RAD instrument in the D
and E scintillators using anticoincidence with the surrounding F de-
tector. The detector is thus sensitive to these particles arriving from all
directions and measures the particle spectrum averaged over all in-
coming directions (4 π geometry). Accordingly, particle spectra aver-
aged over all incoming directions calculated with the different models
are compared to the experimental results in Fig. 2 for neutrons and
Fig. 3 for photons, where the neutron spectra are multiplied by energy
(flux per lethargy) to improve the readability. Cosmic ray produced
neutrons in the atmosphere have two peaks in the spectra, the eva-
poration peak near 1MeV and a second broad peak at around 100MeV
(Goldhagen et al., 2004). These are differently pronounced in the
modeled spectra in Fig. 2 but not visible in the RAD measured neutron
spectra. The 100MeV peak is created by fragments of primary nuclei
and neutrons created in the spallation process of nuclei from the at-
mosphere. These neutrons are primarily downward directed, see also
(Matthiä and Berger, 2017) for details on the calculated downward and
upward directed particle spectra. The second peak in the neutron
spectrum at around 1MeV is created by neutrons evaporating from
excited nuclei. This process is isotropic but the large number of excited
nuclei created in the Martian regolith leads to an excess of upward
directed neutrons at these energies. Neutrons at energies below 10MeV,
however, are not measured by RAD although these energies contribute
significantly to the radiation exposure.

The comparison of the models amongst each other and with RAD
data reveals discrepancies of about one order of magnitude at energies

Fig. 2. Neutron spectra at the Martian surface measured by RAD and
compared to model results.

D. Matthiä et al. Life Sciences in Space Research 14 (2017) 18–28

21

Matthia et al., Life Sci. Space Res. 14, 18, 2017

Significant discrepancies
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COULOMB BARRIER

U(r)

r

Neutrons in attractive nuclear potential easily knocked out

Low energy target fragmentation peak in neutron spectra
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COULOMB BARRIER

U(r)

r

+

External charged particles repelled by pure Coulomb potential
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COULOMB BARRIER

U(r)

r
+

+

+

Nuclear + Coulomb potential

→ External charged particles overcome Coulomb barrier
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COULOMB BARRIER
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Internal protons not easily knocked out, due to Coulomb barrier

Absence of low energy target fragmentation peak in proton spectra
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