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ABSTRACT

The Monte Carlo Adjoint Shielding code system - MASH, developed for the Department
of Defense for calculating radiation protection factors for armored vehicles against neutron
and gamma radiation, has been used to assess the dose from reactor radiation to an
occupant in a habitat on Mars. The capability of MASH to reproduce measured data is
summarized to demonstrate the accuracy of the code. The estimation of the radiation
environment in an idealized reactor-habitat model is reported to illustrate the merits of the
adjoint Monte Carlo procedure for space related studies. The reactor radiation dose for
different reactor-habitat-surface configurations to a habitat occupant is compared with the
natural radiation dose acquired during a 500-day Mars mission.

INTRODUCTION

The exploration of deep space will subject astronauts to risk from galactic cosmic ray and
solar flare radiation as well as the exposure to neutron and gamma radiation from on-board
and on-surface nuclear power sources. The effects of these radiations must be carefully
calculated to design personnel and equipment shielding and maintain astronaut dose levels
as low as reasonably achievable. In this paper, the Monte Carlo adjoint shielding code
system - MASH1 is used to estimate the dose to occupants of an idealized regolith-covered
shelter configuration located on the Mars surface from neutron and gamma radiation
emitted from a reactor located at various distances from the shelter. The purpose of this
study is to demonstrate the merits of the MASH code system in predicting dose to personnel
in lunar and martian surface habitat geometries.

The MASH code system was developed at the Oak Ridge National Laboratory (ORNL)
for the Department of Defense to estimate nuclear weapon and reactor radiation
environments along with the protection offered by shielded assemblies (armored vehicles,
shelters, etc.) to the neutron and gamma radiation from these sources. The code system
consists of several sub-codes (See Figure 1) that, in combination, yield the spectra, dose, and
dose reduction and protection factors of the assembly under study.
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Figure 1. Block Diagram of the MASH Code System



Calculations are initiated using a forward discrete-ordinates analysis to estimate the
neutron and gamma-ray free-field fluence and the flux on a coupling surface surrounding the
shielded assembly. An adjoint Monte Carlo calculation is used to determine the dose
importance of the surface flux. MASH folds the free-field flux with the dose importance to
generate the desired responses. The code is currently being evaluated as the DOD code-of-
choice for assessing weapon radiation effects.2

In this paper, the dose to astronauts in a regolith-shielded habitat module located on the
surface of Mars from radiation emanating from a power reactor is calculated using the
MASH code system.

VALIDATION OF THE MASH CODE SYSTEM

MASH has been extensively benchmarked through comprehensive comparisons with
measured data obtained at the Army Pulsed Radiation Facility (APRF) at Aberdeen Proving
Ground, MD. Several experimental configurations have been studied at the APRF: the
Soviet Armored Infantry Fighting Vehicle (BMP)3, the U.S. Abrams Tank (Version XM-1
and Ml Al)4'5, and two steel-shielded assemblies: the Radiological Test Configuration (RTK)6

and the Two Meter Box Test-Bed Assembly (2m Box)7. For the BMP , XM-1, and M1A1
armored vehicles, the purpose of the measurements was to determine the neutron and
gamma-ray reduction factors for the vehicle armor. Additionally, for the XM-1 version of
the Abrams tank the purpose of the MASH analysis was to compare the results obtained
with MASH to those previously obtained using VCS.2 For the steel-shield assemblies,
particularly the 2m Box, the objective was to compile an extensive data base of measured
neutron and gamma-ray differential energy spectra and dose for evaluating the full range of
capabilities of the MASH code system in reproducing these data. For this paper,
comparisons of measured and calculated results for the 2m Box experiments are reviewed
to demonstrate the performance of MASH.

The 2m Box experiments consisted of measurements of differential (spectra) and integral
radiation environments in the free-field and inside the box at a distance of 400 meters from
the APRF. The 400 meter site has been accepted as the NATO Standard Reference for
measurements made at the reactor and the 2m Box is the NATO Standard Test Bed
Configuration for intercomparisons of measured and calculated spectra and dose data. The
box has steel wall thicknesses of 10.16 cm (80 g/cm2) on all sides and an interior air space
with dimensions of 200 cm x 200 cm x 200 cm. The in-box measurements were made with
and without a 5.08-cm-thick (4.8 g/cm2) 5% borated polyethylene liner on the interior walls.
Measurements and calculations of the neutron and gamma-ray dose distributions were also
made as a function of dosimeter locations on and inside a humanoid phantom (tissue
equivalent construction) positioned either standing in the box or standing in the free-field
environment outside the box.



Table I presents typical results of the measured and calculated tissue doses for different
2m Box configurations. The uncertainties on the measured results are of the order of ± 10-
15% depending on the experimental configuration and detector location in the assembly or
in the phantom. The fractional standard deviations of the calculated doses are ± 3-5%. The
calculated-to-experimental (C/E) ratios of the free-field and in-box doses at the 400 meter
location are in excellent agreement for most of the neutron and gamma-ray doses except for
the neutron dose at the mid-gut location in the phantom for both the unlined and lined box
configurations. The C/E ratios generally agree within 10%. However, where the C/E values
are larger than 10%, the cause of the disparity can be attributed to the measured data. In
these cases, the data acquisition times were not sufficient to acquire adequate statistical
accuracy in the measured dose even though the run times were as long as eight hours. The
C/E ratios for the neutron (NRF) and gamma-ray (GRF) reduction factors (the ratio of the
free-field dose to the in-box dose) also agree within 10% for both the unlined and lined box
configurations. The liner reduces the neutron dose by a factor of seven but has no effect on
the reduction of the gamma-ray dose due to n,y reactions in the liner. Typical results for the
measured and calculated differential spectra, given in Figure 2a-2b, also demonstrate
favorable agreement between the calculations and measurements and support the caliber
of the integral data comparisons.

APPLICATION OF MASH TO A MARS HABITAT DOSE ANALYSIS

To apply the MASH code system to a typical situation that may be encountered in deep
space exploration, the following idealized problem was studied. A 500-day Mars mission is
assumed8 with astronauts deployed to the surface for thirty-days. While on the surface, life-
support and other power requirements are supplied by a 10 kW reactor that is sheltered in
a separate structure located at some distance from the personnel habitat. Personnel working
on the surface of Mars are housed in an air-filled regolith-shielded building. The reactor,
having a neutron yield of 1.29 x 1017 n/kWh and a gamma-ray-to-neutron ratio of 0.39, is an
unshielded assembly (to minimize weight requirements for deployment from orbit to the
surface of Mars). The output spectrum is assumed to be typical of an unshielded highly
enriched low power UBS fission reactor. The interior shells of the personnel and reactor
buildings are assumed to be constructed using lightweight materials (eg., aluminum, plastic)
to support regolith that provides the shielding against both galactic and solar flare radiation
and also reduces the consequences of neutron and gamma-ray reactor radiation to the
occupants and equipment inside the habitat building.

In the calculations,* the habitat and reactor buildings were modeled as right-cylinders: the
reactor building inside radius = 3.5m, inside height = 3.5m; the habitat structure inside
radius = 7m, height = 7m. Calculations were carried out for three surface configurations:
(1) a shielded reactor building with a shielded habitat building positioned either in front of

*The geometry used in this calculation has been idealized for the purpose of
demonstration. The code is fully capable of treating highly complex geometries.



Table I. Comparison of Measured and Calculated Neutron and Gamma-Ray
Free-in-Air Tissue Doses in the Free-Field and Inside the 2m Box

Radiation Detector Measured Calculated C/E
Type Location Dose Dose

400m Free-Field Free-in-Air Tissue Dose (mrad/kWh)

n

Y

n

Y

Free-Field

Free-Field

Mid-Gut

Mid-Gut

4.78

1.33

0.65

2.04

4.97

1.36

0.72

1.95

1.04

1.02

1.11

0.96

400m In-Box (Unlined) Free-in-Air Tissue Dose (mrad/kWh)

n

Y

n

Y

Center-of-Box

Center-of-Box

Mid-Gut

Mid-Gut

2.80

0.36

0.25

0.79

2.76

0.34

0.19

0.85

0.99

0.94

0.76

1.08

400m In-Box (Lined) Free-in-Air Tissue Dose (mrad/kWh)

n

Y

n

Y

Center-of-Box

Center-of-Box

Mid-Gut

Mid-Gut

0.36

0.40

0.06

0.34

0.38

0.39

0.05

0.35

1.06

0.98

0.83

1.03

or behind a hillside, (2) both buildings shielded and at the same locations as case (1) but on
flat terrain (no hillside), and (3) same as case (1) but with no shielding around the reactor.
The hillside was modeled in the COyover-regolith discrete ordinates calculation as a
homogeneous 2-m-thick shell at a distance of 100m from the reactor building. The regolith
shielding on the reactor building was 0.25m for cases (1) and (2). The dose equivalent (Sv)
to the occupants in the habitat was estimated for habitat shield thicknesses of 0.25 and
0.50m. The CO2 Mars atmosphere was included in the transport calculations along with the
air in the manned structure. The neutron and gamma-ray contributions to the dose to the
blood forming organs of surface personnel were estimated at the mid-gut location in an
anthropomorphic phantom positioned at the center of the habitat building. The composition
of the regolith, CO2, building air, and the phantom used in the analyses are given in Table
II.
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Figure 2a Comparison of ETCA Measured and MASH Calculated Neutron and Gamma-Ray Free-Field Fluence Spectra at 400 Meters.
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Figure 2b Comparison of DREO Measured and MASH Calculated Neutron and Gamma-Ray In-Box Fluence Spectra at 400 Meters



Table II. Composition of Materials

Density/
Element

P

H

C

N

O

Na

Mg

Al

Si

P

S

a
Ar

K

Ca

Fe

CO2

(Avg.)

1.39-5*

1.90-7

3.80-7

Dry Air

1.29-3

4.19-5

1.13-5

2.51-7

Regolith

1.40

2.34-2

2.26-3

8.17-3

1.10-3

2.50-3

Soft
Tissue

1.03

5.88-2

3.36-2

1.99-3

7.72-3

2.32-7

2.29-9

2.35-8

Bone

1.40

6.14-2

1.79-2

1.84-3

2.52-2

1.20-4

3.88-5

6.00-7

1.39-3

4.55-5

3.40-5

3.30-5

2.14-3

1.21-6

Plastic
Lung

3.90-1

1.65-2

1.18-2

1.02-3

3.82-3

1.31-9

7.13-8

* Read as 1.39 x 10s.

DISCUSSION OF RESULTS

The results of the MASH calculations are summarized in Table III for the three
configurations described above. Tne dose equivalent to the blood forming organs for an
occupant at the center of the habitat building are summarized as a function of shield
thickness. Also given in the table are calculated dose equivalents to the blood forming organs
that will be received by the astronauts during the round trip from earth to Mars from
galactic cosmic rays (GCR) and solar flare radiation. Finally, the galactic cosmic ray dose
equivalent that will be received during the stay on the surface of the planet is given.9



For the cases where the habitat is at 90m, and between a land mass and the reactor, the
dose equivalent from neutrons and gamma-rays greatly exceeds the total dose equivalent
from cosmic ray and solar flare radiation received during the total 500-day mission. The dose
equivalent from the reactor radiation is dramatically reduced by locating the habitat behind
a land mass. In this case, the reactor radiation is absorbed by the intervening regolith and
the neutron and gamma-ray dose is negligible compared to other sources.

As shown in Table III, when the total thickness of regolith between the reactor and the
building occupant is 2.75m (Case 1), the total neutron and gamma-ray dose equalivent is
1.05 x 10'3 Sv which is negligible compared to the GCR and solar flare dose equivalent
received over the entire mission.

What is obvious from these data is that eliminating any line-of-sight between the reactor
and the building occupants eliminates the effects of the reactor radiation. The density of
the Mars atmosphere is so low that the probability for atmospheric scattering of the
radiation is negligible. This suggests that a reactor that is deployed to the surface can be a
minimally shielded assembly that is positioned in a hole or under a mound of the surface
material. This would be more practical than locating the device behind a hill which could
limit the area that the crew could explore or conduct experiments.

The consequences of operating a bare or minimally shielded reactor will, however, lead
to excessive activation of the regolith in the reactor cavity or building. Mars regolith is
relatively rich in iron and the activation induced after a few days operation will limit
maintenance and may preclude its recovery at the end of the mission.

COMMENTS

The surface configurations studied here are greatly simplified compared to those that will
be encountered in an actual Mars mission. The MASH code system is capable of estimating
the dose in much more complicated geometries (See references 3-6) and should prove to be
an invaluable tool for assessing the radiation effects of both on-spacecraft and on-surface
reactors to personnel and equipment. Combining the MASH code system with other codes
that estimate natural radiation effects will provide spacecraft designers and mission planners
with a full complement of analytic tools.



Table III. Comparison of Reactor Neutron and Gamma-Ray Dose Equivalents with
Galactic Cosmic Ray and Solar Flare Doses for a 30-Day Surface Mission

Reactor Power = lOkW

Case

V

2b

3C

Neutron Dose
(Sv)

Distance from the
Reactor

90m 125m

1.09

0.99

3.85

Habitat

1.12-4*

0.43

3.77-4

Gamma-Ray
Dose (Sv)

Distance from the
Reactor

90m 125m

GCR
Dose in
Flight

(Sv)

0.31

Solar
Flare

Dose in
Flight
(Sv)

0.29

Building Shield Thickness = 0.50m

1.04

0.75

0.16

9.36-4

0.38

2.07-3

Total 500-d Dose

(In-Flight)

0.6

GCR
Dose

on
Surface

(Sv)

.11

Habitat Building Shield Thickness = 0.25m

1'

2b

3C

2.25

2.03

8.86

2.78-4

0.90

9.29-4

1.33

0.94

2.07

1.82-3

0.39

3.42-3

Total 500-d Dose

(In-Flight)

0.6

.091

* Read as 1.12 x 10^

a. 0.25m shielded reactor building with a shielded habitat building positioned either
in front of or behind a hillside at 100m.

b. 0.25m shielded reactor building with a shielded habitat building positioned on
flat terrain (no hillside)

c. unshielded reactor building with a shielded habitat building positioned either
in front or behind a hillside at 100m.
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