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Abstract. Nuclear reactor system could provide power to support a long term human exploration to the moon. Such a
system would require shielding to protect astronauts from its emitted radiations. Shielding studies have been performed
for a Gas Cooled Reactor (GCR) system because it is considered to be the most suitable nuclear reactor system
avaitable for lunar exploration, based on its tolerance of oxidizing lunar regolith and its good conversion efficiency
(Wright, 2003). The goals of the shielding studies were to provide optimal material shielding configuration that reduces
the dose (rem) to the required level in order to protect astronauts, and to estimate the mass of regolith that would
provide an equivalent protective effect if it were used as the shielding material. All calculations were performed using
MCNPX code, a Monte Carlo transport code.

Keywords: Nuclear reactor, Shield, MCNPX
PACS: 28.41.Qb

INTRODUCTION

Astronauts would be exposed to harmful neutron and gamma radiation generated by a reactor’s fission process and
those scattered by the lunar regolith if a nuclear reactor was used for a long term lunar exploration; therefore, it is
essential to estimate the dose level that astronauts would receive and configure the shielding to reduce the dose to an
acceptable level. The maximum acceptable level specified by United States Department of Energy is 5 rem per year
{CFR, 1993). The goal of the shielding study is to reduce the dose level to less than 0.5 rem per year for the
proposed GCR system which has thermal power of 400kWt (100kWe). The dose exposure requirement is similar in
magnitude to the 0.3 rem per year that US people would be exposed by natural sources according to calculations by
the National Council on Radiation Protection and Measurements {NCRP). Two shielding options were examined:
material shielding and lunar regolith shielding. Each option has its pros and cons. For example, if the lunar regolith
shielding is used, it would save considerable launch mass. However, there are issues when regolith is used for
shielding purpose, such as uncertainty in the texture and the composition of the regolth. Two options are evaluated
in terms of shielding mass and thickness to meet the requirement of less than 0.5 rem per year. No attempt is made
to assess the overall feasibility of these two options.

MCNPX MASS MODEL DESCRIPTION

Shielding calculations were performed using MCNPX 2.5.¢ (Hendricks, 2004). The mass model consists of reactor
core, turbo machinery, radiators and habitat. The habitat was modeled as a torus 1 kilometer away from the center of
the reactor core, The reactor core was modeled as UN 97% enriched with Nb Zr clad uniformly smeared. Figure 1
shows the baseline mass model of the lunar surface reactor system used in the calculations. Material specifications
and dimensions are listed in Table 1.
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FIGURE 1. MCNPX Mass Model Illustration

TABLE 1. MCNPX Mass Model Description.

:c[:)rresponding to Figure 1) Name Description Material

1 Habitat | km away from the reactor core  Low Density Tally Zone
2 Radiator 900 cm x 900 cm x 0.5 cm Al (1.4 g/em?)

3 Reactor Core 9.6 g/em’

4 Radial Reflector BeO (2.859 g/cm’)
5 Gas Plenum Mixture of Helium and Xenon 0.0196 g/em’

6 Side Shield Be (1.81 g/em’)

7 Top and bottom Shield Be (1.81 g/em®)

8 Turbo machinery electronics Hastelloy (0.01 g/cm?)

Figure 2 shows the neutron flux contour plot computed with the baseline model shown in Figure 1, overlaid with the
MCNPX geometry cell lines. The values associated with the plot legend are normalized to one neutron source per
unit time. The highest flux, shown as red region, 2.064e-4, would be converted to approximately 3e20 rem/yr.
“Approximately” because the MCNPX calculation was done just to generate the plot without checking any
associated relative error. Figure 2 was created using built-in function of MCNPX version 2.5.0 (Pelowitz, 2005).
All other calculations presented were performed with MCNPX version 2.5.e as mentioned before.



FIGURE 2. Neutron Flux Contour Plot, normalized to one neutron source particle per unit time. Overlaid with MCNPX
Geometry Cell Lines

CALCULATION RESULTS

The objectives of the shielding calculations are to identify an optimal shielding configuration when shield material is
integrated into the design, and to estimate the regolith that would provide the equivalent protection level from the
neutron and gamma radiation due to the reactor fission process, including scattering effect caused by the lunar
surface and any major structure. In the subsequent three sections, scattering effects due to the lunar surface and the
radiators were first quantified, followed by material shielding and then regolith shielding evaluations. To simplify
the analysis process, the shielding zones were identified as top, side, and bottom zone referenced by the reactor core.
For example, the bottom shielding zone is referred to a bottom side of the reactor (i.e. facing the lunar surface).

Scattering Effects

A series of calculations were performed to examine the scattering effects on the habitat. First, a baseline calculation
was done only with the reactor and habitat excluding all other components. Then, the radiators were added to the
baseline model to examine the scattering effects due to the radiators. The radiator scattering effect was examined
due to its large surface area as illustrated in Figure 1 and Table 1. Next, lunar surface was added to the baseline
model to account for its scattering effect. Lunar regolith elemental abundance information was found in a reference
[Wilson, 2005]. The reference shows that silicon and oxygen make up more than 60% of the regolith in terms of
weight fraction. Finally, both radiators and lunar surface were added to the baseline model to examine their
combined effect, if any. Table 2 lists the calculation summary. The scattering effect solely by the radiators on dose
enhancement in the habitat is minimal. However, the dose enhancement in the habitat due to the lunar surface
scattering is quite significant, increasing the dose by 15% compared to the baseline calculations. There was further
enhancement (though slight, and perhaps not statistically significant) when both radiators and regolith were included
in the calculation compared to the regolith only calculation. For these reasons, all subsequent shielding calculations
were performed with both lunar surface and radiator models included.



TABLE 2. Scattering Effects Due to Regolith and Radiators

Reactor only Regolith Radiator Regolith and Radiator
Dose (rem/yr) 1.68E4 1.94E4 1.68E4 1.95E4
% increase baseline 15 0 16
Material Shielding

A parametric shielding study has been performed to examine dose sensitivity in the habitat as a function of side
shielding thickness while retaining the bottom and top shielding configurations constant as specified in Table 3. The
top shielding configurations specified in Table 3 is designed to limit the design-life dose in the turbomachinery to
500 krad(Si). The bottom zone configuration shown in Table 3 reduces scattering from the lunar surface to the
turbomachinery

TABLE 3. Materials Used in Top and Bottom Shiclding Zones and Their Thickness

Shielding Zone Be (cm) B,C (cm) W (em) B,C (cm) LiH (cm)
Top 10 10 10 9 10
Bottom 10 9 1 10 -

The side shielding consists of four layers of material: beryllium, tungsten, boron carbide, and lithium hydride listed
from closest to the reactor to outbound. The beryllium is used for thermal reasons, tungsten is to attenuate gamma
radiation, and boron carbide and lithium hydride are used to attenuate neutron flux. The boron is enriched to 'B.

Tungsten (W) Side Shielding Efficiency

First, the doses were calculated as a function of tungsten layer thickness increasing from 2-cm thickness. It is
observed from the calculations results shown in Table 4 that the gamma radiation attenuation efficiency of the
tungsten beyond 8 cm becomes marginal and neutron radiation attenuation becomes steady. Based on the
calculation results, it seems reasonable to fix the tungsten layer thickness at 8 cm but increase the lithium hydride
layer thickness to examine its effect in reducing dose for a next set of calculations.

TABLE 4. Dose (rem/yr) as a Function of Tungsten (W) Side Shield Thickness

Be (cm) W (em) B,C (cm) LiH (cm) Gamma Neutron Total
Dose (rem/yr) Dose (rem/yr) Dose (rem/yr)

Case 1 10 2[1500]& 11 30 16 (0.004)* 1.10 (0.065) 17.1
Case 2 10 4[3100] 11 30 3.6 (0.005) 0.65 (0.051) 4.28
Case 3 10 6[4700] 11 30 1.2(0.010) 0.63 (0.067) 1.81
Case 4 10 8[6500] 11 30 0.50 (0.011) 0.49 (0.056) 0.99
Case 5 10 10[8300] 11 30 0.31 (0.012) 0.49 (0.057) 0.80
Case 6 10 12[10000] 11 30 0.26 (0.009) 0.52 (0.040) 0.78
Case 7 10 13[11200] 11 30 0.22 (0.010) 0.45 (0.042) 0.67

Case 8 10 17[15240] 11 30 0.16 (0.017) 0.45 (0.062) 0.61




&Numbers in the brackets are mass in kilogram.
*Numbers in the parentheses are relative errors.

Figure 3 shows a graphical representation of the calculation results. It also provides the tungsten mass for the given
thickness. As shown, even with the 17-cm of tungsten, equivalent to 15,240 kg, the dose has not come down to 0.5
rem/year because of slow attenuation of neutron radiation.
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FIGURE 3. Dose (rem/yr) as a Function of Tungsten Shield Thickness
(Cases 3 through 8 are plotted.)

Lithium Hydride (LiH) Side Shielding Efficiency

The dose sensitivity as a function of lithium hydride thickness was then examined using the case 4 from Table 4 as a
baseline for the reasons described above. The top and bottom shielding configurations remain the same for the
calculation as specified in Table 3. The calculation results and graphical representation are shown in Table 5 and
Figure 4, respectively. As shown in Table 3, it requires 100 cm (16,700 kg) of lithium hydride shielding combined
with 8 cm (6,480 kg) of tantalum to bring down the dose to the required level of 0.5 rem/year.



TABLE 5. Dose (rem/yr) as a Function of Lithium Hydride (LiH) Side Shield Thickness with W=8 cm

Be (cm) W (em) B,C (cm) LiH (cm) Gamma Neutron Total
Dose (rem/yr) Dose (rem/yr) Dose (rem/yr)

Case9[1] 10 8 11 30 [3210]& 0.50 (0.011)* 0.49 (0.056) 0.99
Case 10 10 8 11 40 [4590]  0.35(0.014) 0.48 (0.077) 0.83
Case 11 10 8 11 50 [6120] 0.25(0.0192) 0.42 (0.085) 0.66
Case 12 10 8 11 60 [7800]  0.19 (0.0213) 0.38 (0.087) 0.57
Case 13 10 8 11 70[9630]  0.14 (0.0246) 0.40 (0.080) 0.54
Case 14 10 8 11 80 [11600] 0.11(0.0283) 0.41 (0.088) 0.524
Case 15 10 8 11 90 [13700] 0.099 (0.033) 0.42 (0.087) 0.519
Case 16 10 8 11 100 [16700] 0.081 (0.038) 0.41 (0.088) 0.493

[1] Same as Case 4 in Table 4.
&Numbers in the brackets are mass in kilogram.
*Numbers in the parentheses are relative errors.
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FIGURE 4. Habitat Annual Dose at 1000 meters vs Tungsten Shielding

The mass penalty driven by neutron radiation reduction effort using the lithium hydride seems too severe. Another
factor to consider is the quality factor, used to estimate dose (rem) from dose (rad). The quality factor for neutron is
11 compared to that for gamma which is 1. It seems possible to save shielding mass by further reducing the gamma
dose using a slightly thicker tungsten layer instead of continually increasing lithium hydride in attempt to reduce the
neutron dose contributions. To investigate this assumption, Case 5 from Table 4 is used as a baseline and doses
were calculated by increasing lithium hydride layer thickness. The results of these calculations are shown in Table 6



and Figure 5. In this case, the required shielding masses are 8,290 kg and 9,840 kg, respectively for the tungsten
and lithium hydride. Shielding mass saving of about 5000 kg is achieved by using 10 cm tungsten instead of 8 cm
tungsten. There will not be any shielding mass saving benefit by increasing the tungsten layer beyond 10 cm.

TABLE 6. Dose (rem/yr) as a Function of Lithium Hydride (LiH) Side Shield Thickness with W=10cm

Be(cm) W (ecm) ByC(ecm) LiH (cm) Gamma Neutron Total

Dose (rem/yr) Dose (rem/yr) Dose (rem/yr)
Case 17 10 10 11 30[3300] 0.31(0.012) 0.49 (0.057) 0.80
Case 18 10 10 11 40[4710]  0.21 (0.016) 0.43 (0.069) 0.64
Case 19 10 10 11 50[6270]  0.15(0.018) 0.399 (0.069) 0.55
Case 20 10 10 11 60 [7980]  0.12(0.022) 0.396 (0.072) 0.52
Case 21 10 10 11 70 [9840]  0.094 (0.027) 0.387 (0.07) 0.48

&Numbers in the brackets are mass in kilogram.
*Numbers in the parentheses are relative errors.

Lithium Hydride Side Shield Mass (kg)
3300 4710 6270 7980 9840

—&— Total —&— Gamma —x— Neutron

Dose (Rem/YT)
o
2

20 30 40 50 60 70 80
Lithium Hydride Side Shield Thickness (cm)

FIGURE 5. Habitat Annual Dose at 1000 meters vs Lithium Hydride Shielding

Regolith Shielding

As an alternative to the conventional material shielding method examined above, lunar regolith could be used.
Lunar regolith shielding provides a definite advantage over the conventional material shielding method in terms of
reducing the launch weight but it also generates issues that need to be addressed before implementation, especially if
a hole is dug into the regolith instead of piling it around the reactor. They include the followings.

e Handling boulders and bedrock
e Complex machinery for digging hole; dust may clog machinery



Mass of explosives to blast a hole; nature of resulting crate walls and floors
Uncertain texture and composition of the regolith

Supporting the hole walls

Gap between hole walls and reactor shielding that would allow radiation streaming
Possible regolith compaction as it is heated by the reactor leaving streaming paths

Figure 6 illustrates the regolith shielding configuration with regolith piled around the reactor.

B,C Shielding
Thickness
Regolith Regolith

Shielding Shielding

Zone Zone

Moon Surface

FIGURE 6. Reactor Shielding with Lunar Regolith

Table 7 shows the regolith elemental composition used in the calculations. The same elemental compositions with
different densities are used for the shielding zone and moon surface to respectively represent loose and compact.
The densities used are 1.2 g/cm3 and 1.7 g/cm3, respectively for shielding zone and surface.

No feasibility study has been performed to recommend the better alternative of the two shielding options-material or
regolith. Instead a parametric calculation was performed just to calculate required regolith mass that would achieve
a protection level (dose(rem)) in the habitat equivalent to that provided by the material shielding configuration
would. Table 8 shows the baseline shielding configuration before regolith shielding.

TABLE 7. Lunar Regolith Composition Used in the Calculations

Element Mass Fraction
0] 0.422
Si 0.193
Al 0.073
Fe 0.12

TABLE 8. Baseline Reactor Shielding Configuration for Regolith Shielding Option

Shielding Zone Be (cm) B,C (cm)
Top 10 35
Side 10 14

Bottom - -




The calculation results are summarized in Table 9 and Figure 7. Figure 7 shows calculation result as a function
of regolith side shielding thickness for three B,C top shielding thicknesses.

TABLE 9. Dose (rem/yr) as a Function of Regolith Thickness

Regolith B,4C (¢m)
Thickness (m) 35cm 75¢m 100cm 125¢m
2 6.1 (42)* 5.3(50) 5.3 (56) 5.46 (61)
25 2.4 (61) 1.6 (74) 1.5 (82) 1.5 (89)
3 1.4 (85) 0.6 (102) 0.4 (113) 0.39 (124)
35 1.3(112) 0.3 (135) 0.2 (149) 0.11(163)

*Numbers in the parentheses are regolith shielding mass in tones.
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FIGURE 7. Habitat Annual Dose at 1000 meters vs Regolith Shielding

CONCLUSIONS

A lunar surface reactor shielding study has been presented. The shielding designs presented are specific to the GCR
system which has thermal power of 400kWt (100kWe). Two shielding options were provided, one using
manufactured materials and the other with lunar regolith to reduce the dose (rem/yr) to an acceptable level of 0.5
rem/yr. All calculations were performed with MCNPX 2.5.e. For material shielding case, parametric studies have
been performed by varying the thickness of tungsten and lithium hydride to maximize shielding efficiency. Based
on three cases examined and summarized in Tables 4, 5, and 6, a tungsten layer of 10 cm combining with a lithium
hydride layer of 70 cm provides the best shielding efficiency for the condition described above. For the regolith
shielding option, the required regolith mass has been calculated to attenuate the dose to the same level, 0.5 rem/yr.
The regolith shielding option is attractive for launch mass reduction but it poses some issues described above that
need to be addressed.
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