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For several decades, the idea of flying and landihgss-than-man-rated nuclear reactor
for planetary surface applications has been cormide This approach promises
significant mass savings and therefore reductiolaumch cost. To compensate for the
lack of shielding, it has been suggested the use-situ materials for providing radiation
protection. This would take the form of either reist walls or processed soil materials
into blocks or tile elements. As a first step @tefmining the suitability of this approach,
it is necessary to understand the neutron activativaracteristics of these soils. A
simple assessment of these activation charactaristas conducted for both Martian and
Lunar soils using ORIGEN2.2. An average compasifar these soils was assumed. As
a baseline material, commonly used NBS-03 concrete compared against the soils.
Preliminary results indicate that over 2.5 timegeneradiation production of these soils
vs. concrete took place during the irradiation ghi@sbaseline of 2.4 x 1neutrons/sec-

cn? was assumed). This was due primarily to radiati@pture on N& and Mn® and
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subsequent decay of their activation products. s Thidoes not necessarily disqualify
these materials as potential shielding materialesthey-radiation output was only in the
order of 4.2 x 1®photons/cisec. Furthermore, these soils did not show agyifant

activity after shutdown of the neutron source (tbactor), since all activation products

had very short half lives. Their performance irs lrea was comparable to that of NBS-

03 concrete.
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INTRODUCTION

In the past three decades, NASA has contemplatdgb of nuclear reactors for space
transportation, as well as surface based reaatopewer habitats and surface operation
equipment. Since radiation shielding is one of rgest mass components of such

system, shield optimization is always the firstritef consideration.

To reduce shielding mass, concepts utilizing lédssntman rated shields (“naked
reactors”) have been studied. For surface appiitsit distance (14 and in-situ

materials are used to provide shielding to habitatseither case, the local surface soil is
expected to be irradiated with substantial neutnoth gamma flux. Therefore, if a naked
reactor concept is to be considered for surfacécgions, it is important to consider the

reactor-soil interaction as well.

High activation characteristics of the soil wouléquire condemnation of area
surrounding the reactor site even long after tteetoe has been pulled off line or the
landing vehicle have left the area. This scen@rionacceptable. However, a soil with
low activation characteristics would allow for a moenvironmentally friendly
interaction as well as providing the capabilityutifizing local soil as shielding material,
by erecting walls around the reactor or utilizimgdl geological features (such as dunes

or craters) for shielding.



Many factors need to be taken into account forssssg the suitability of these soils for
reactor radiation shielding. Because the extemhisfeffort, we will only concentrate on

assessing the neutron activation characteristidhexfe soils. ORIGEN 2.2 was the tool
chosen to conduct this assessment.
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1.0 BUILDING THE MODEL

The first item in our model that needed definitias the soil characteristics of both
Mars and the Moon. Although it is understood ticl and varied composition of both
soils and their geographical variations, an avepdgeetary soil composition will be used

for each casfl], [2], [3]

For basis of comparison, we decide to use oneefrtbst common types of concrete in
nuclear power plants facilities; NBS-03 Concreéfe\Vhen looking at table 1, the first
characteristic that stands out is that this typeooifcrete has a lower metallic content than
the average Lunar or the Mars soils. This is agpigdrue for iron, where for concrete, it

consist of 1.1% per weight, as opposed to Marti&n8%) and Lunar (8.1%) soils.

Table 1: Mars and Lunar soil characteristics in comparison to NBS-03 concrete.

Concentrations

(g/cm ?)
Elements Lunar Mars NBS-03 NBS-03
Concrete Concrete
1 H 0.0200 0.85%
6 © 0.1180 5.01%
8 0 0.7230 0.9049 1.1160 48.21% 42.97% 47.35%
11 Na 0.0326 0.0157 2.17% 0.74%
12 Mg 0.0767 0.0895 0.0570 5.12% 4.25% 2.42%
13 Al 0.0621 0.0744 0.0850 4.14% 3.53% 3.61%
14 Si 0.3421 0.4915 0.3420 22.81% 23.34% 14.51%
15 P 0.0043 0.0039 0.29% 0.18%
16 S 0.0232 0.0070 1.10% 0.30%
17 Cl 0.0054 0.26%
19 K 0.0101 0.0087 0.0040 0.67% 0.41% 0.17%
20 Ca 0.1119 0.1304 0.5820 7.46% 6.19% 24.69%
22 Ti 0.0131 0.0215 0.88% 1.02%
25 Mn 0.0022 0.0037 0.15% 0.18%
26 Fe 0.1215 0.3328 0.0260 8.10% 15.81% 1.10%
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Figure 1: Graphical comparison of elemental constituentsof Martian and Lunar soils

Another interesting comparison is the content of water in concrete. The average Lunar and Mars
soils are devoid of hydrogen, although that is speculative at this point. For the sake of this
analysis, the soils were assumed totally dry. In this case of Mars, we will study in the future the
effect of water content in its soil. Figure 1 provides a visual representation of element

composition for all three materials analyzed.

The next parameter we defined in our ORIGEN 2.2 ehadhs the neutron flux. In
actuality, the neutron flux and its energy spectwith be determined by the type and
size of reactor deployed, as well as the amourshadlding used. At this point NASA

has not baselined the design of any reactor fédaseoperations.



A flux of 2.4x10" netrons/crrsec was used, which can achieved as a typicalbttip

1MWy, TRIGA reactor at University of Texas, at Austifhe rationale being that we
could later reproduce or validate the results o tudy with empirical data after
performing a soil irradiation test using this typiereactor. The details of this test will

not be discussed in this report or the additiopgrades to this model.

-1

-1

-1
RDA*************************
RDA Cal cul ation of Mars soil activation assum ng
RDA neutron flux equivalent to UT TRIGA (~ 1MA h)
RDA research reactor
RDA*************************
RDA
RDA LI BRARIES: Light, Actinides and Fission Products
RDA Decay |ib. xsect lib controls
LIB 0 1 0 O 201 202 203 90010
RDA Photon Lib: Activation, Actinide, Fission Products
PHO 101 000 000 10
INP 12 1 -1 -1 1 1
OPTL 8 888383388338888888888888818
OPTA8888383388338888888888888818
OPTF 8 888383388338888888888888818
RDA
RDA**************************
RDA Irradiate Material for 1 year
RDA

RDA * * % % % % % % % % % % % % % % % % *x K Kk *x K Kk x *

HED 1 Initial Concentration

IRF 100 2.40E11 1 2 4 2
IRF 200 2.40E11 2 3 4 0
IRF 365 2.40El11 3 4 4 0

RDA  Take material irradiated for 1 year and let it
RDA decay for 1, 3, 5 and 10 years
DEC 1 45 51

DEC 3 56 50
DEC 5 67 50
DEC 1078 50
RDA
aur 8 1 -1 0
END

4 250000 0.0037 150000 0.0039 170000 0.0054 0 0.0
4 190000 0.0087 110000 0.0157 220000 0.0215 0 0.0
4 160000 0.0235 130000 0.0744 120000 0.0895 0 0.0

Figure 2: ORIGEN2.2 code for Martian soil analysis.
5




Since we do not know the mission profile either, the amount of time the reactor will
operate on the surface, we will assume the reaatboperate for one year, irradiating
the soil at the flux earligprescribed, and then it will be shut down. Durthg year of
operation (build-up), photon emissions will be c#dted due to radiative captune,y)
and activation products decay. After this irréidia phase, the material will be let
decayed, and calculate remaining activity after otieree, five and ten years after
shutdown. This analysis is performed for all threaterials. A sample input of the

ORIGEN2.2 is shown in figure 2.

It is important to understand the relevance ofassumptions made up to this point, with
respect to real-life mission scenarios. Sincepilngose of this study is to determine the
feasibility of using raw Martian and Lunar soils feactor shielding, we could prove this
feasibility in terms of relative performance witlkespect to NBS-03 concrete. For
absolute performance of any of these materials, specifics of the mission architecture
and reactor design will be required, in additioratdual characteristics of the soil at the

landing site.

The code shown in figure 2 is flexible enough twalfor changes in the material
composition, neutron flux, irradiation and decagnés. This will be useful when

architecture parameters emerge, as mission obgsctjet defined.



Photons/sec-cm?

2.0 DISCUSSION OF RESULTS

The first results we obtain are from photon proguctas shown in figure 3. The first
characteristic to notice is the response simylasitthe Mars and Lunar soils. During the
irradiation phase, the curve remained flat forthtke examples. The Mars and Lunar
photon production through irradiation was 4.22 X 406d 4.43 x 19 photons /crisec,
respectively. For the NBS-03 concrete it was 1x24G photons /critsec. This
translates into the Mars and Lunar soils perform#rig)5 times worse than the concrete,

in terms of photon emissions. After the irradiataycle is completed, the emissions
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Figure 3: Photon production



decrease about four orders of magnitude withinfitise year, and another four orders of
magnitude for the following nine years. This da@ interpreted as some neutron
captures(n,y) taking place during irradiation (as the dominanact®n), and then

followed by a decay of various shorter lived is@sp

To further understand this process, we need towaiserstand which mechanisms are at

play here. We first start by looking at the phospectra of all three samples.

2.1 The NBS-03 Concrete

Starting with our baseline, the SBC-03 concrete,see that (figure 4(a)) that 2 major
spikes are visible. The largest one (1.0PxfBotons /critsec) occurring around 1.75
MeV, and a minor one occurring at 0.01 MeV with agmitude of 7.5 x 10photons
Jcm-sec. The former, being in tlyeegion is mostikely due to radiative captures, while
the latter, being in the x-ray region, might be doeither neutron inelastic scattering or
electron capture decays from activation produéts.interesting detail to observe here is
that those “spikes” occur only during the irrachatiperiod, and at the end of it the
photon production disappears almost completely (imgaorders of magnitude reduced
from maximum). This could be indicative, as we ti@red earlier, of formation of very
short lived isotopes that die out soon after imtidn ends (as we inferred earlier from

figure 3).



One way to determine what type of activity is takplace, we could refer to figure 4(b)
were activation products and its radioactivity (sw@ad in Curies - Ci) were calculated
by ORIGEN2.2. The first contributor to radiationeviind it to be Af® with 2.83
mCi/cnt. The most likely parent for this isotope was atren capture from Al, such

that:
AlZ +n 0 - Al® +y OB S8 +B +y+v

Si®® is a stable isotope. Notice that becaus® Aas such a short half-life (2.25 min) it
disintegrates as quickly as it is produced, hetg#aty response during the build-up (or
irradiation) phase. On the other hand, you haxeaively slow build up of C& which
takes a bit over a year to dissipate and contribufeto 0.93 mCi/cfhat its maximum.
The most likely scenario for this isotope is anotheutron capture from ¢aand the

reaction is as follows:
Cd*+n0 - Cd®+y O SE+B +y+v

Notice that neither of these two isotopes are pBiremitter since thisf is also
accompanied by @ In the case of Af, thisyis of 1.779 MeV and for Catheyis 12.4
keV (actually this is more in the x-ray regime!Rerhaps these are the lower energy

photons that we see at the photon spectrum ottmsrete.



Other lesser reactions with modest contributioes ar

SPO+n I - SPH+y OFEI TN P+ +y+v

and possibly
Cd’+nI - A +d"

whichfollows A’ O, CF+E.C(no v)

Also,
C4*+n 0 — C4%+y OHTTL SE+B +y+v
SO - Ti*%+y

The C&° reaction is an interesting o\ne, since it's ashodd reaction, requiring neutron
of at least 0.9 MeV for the reaction to occur. NMens at lower energy levels will most
likely produce a radiative captura,y) with C&° to form C&'. Cd" has a half life of
about 1.03 x 10years. The latter reaction is of no significanceus since CH will
slowly decay by electron capturg) @nd no gamma emissions intd*Kvhich is a stable

isotope.
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Figure4(a): Photon production spectrum for NBS-03 concr ete Figure4(b): Activation productsfor NBS-03 concrete
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2.2 Mars Soil

Now, moving to the Mars soil, we could perform mitar analysis. From figure 5(a), we
can see that the photon spectrum is quite busy fr@mto 3.5 MeV, in addition of those
spikes at 0.01 MeV. Since there is a substanti@umt of calcium in the Mars soil
(about a third of the NBS-03 concrete), perhapsarestill seeing the signature of*€a
decay as well. Another important feature to recogis that, as in the case of concrete,

the photon production drops significantly afteadiation ceases.

The major contributors of radiation are given igufie 5(b). As can be seen Mis the
one with the biggest response of 3.5 mCficm The most likely reaction for producing

this isotope was:
MIP+n00 -Mi®+y OFFS - FE&+f +3y+v

Al?8 as in the case of concrete, plays also an importde in photon production. The
activity for this isotope is 2.48 mCi/chtompared to 2.83 mCi/ciin the case of

concrete. An interesting characteristic of thiscten is that the last stage produces three

y's.

12



Also notice that N& and N&"™ are strong emitters as well with values of 1.4 arid

mCi/cnT , respectively. This sodium reaction could bsalibed as follows:

Na® +n 0 - N +y OB & Mg?* +p +(2y+v
The metastable state reaction yields to the saateps of*’Mg but first going through

an IT reaction. This decay has a half life on j@ét2 ms.

There are several other lesser reactions thatibaterto photon production such as'Si
Ar¥” and C&. These also produce short-lived isotopes thraaghative capture, which
quickly die out after irradiation ceases. Thisvith the exception of F& This isotope
builds up slowly through the year of irradiationddingers well into the 10year after

the shut down of the reactor (but at just&Zi/cm®). The reaction for this one is:

Fe*+nD - Fe®+y O~ Mn>+EC

The interesting fact about this reaction is thar¢hare ng’s in the production of M,
therefore it should not be much of radiological @am. In the case of NBS-03 concrete
Fe is just 1.1% per weight, as opposed to the Blarsoil is has in an average 15.8%,

hence that activity was not well seen in concrete.

13
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2.3 ThelLunar Soil:

When looking at figure 6(a) for the Lunar soil ptitproduction spectrum and figure
6(b) for the activation product radioactivity, thest thing one notices is the similarity to
that of the Martian soil. Indeed, a quick looktable 1, and its evident that both soils
contain almost the same elements with the excemtiarhlorine and phosphorus which
apparently are depleted or trace amounts in theilLsail. Although iron is abundant on
Mars, at a concentration level of 15.8%, the Lusail contains 8.1%, hence the
similarities in neutron activation characteristidhie slightly higher photon production
rates for the Lunar soil could be attributed to Bager concentrations of sodium and

aluminum in the Lunar soil with respect to Mars.
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3.0 CONCLUSIONS AND RECOMMENDATIONS

Through the use of ORIGENZ2.2 and based on curratat ftom both Lunar and Mars
average soil composition, we established that fomeutron flux of 2.40x19
neutrons/crirsec, the resulting photon production due to radiatapture and decay of
activation products, is somewhat higher than farvemtional NBS-03 concrete, under
same conditions. The Mars and Lunar the photodymoon through irradiation was
4.22 x 18 and 4.43 x 19 photons /crirsec respectively, and for the NBS-03 concrete it

was 1.24 x 19 photons /crirsec.

This extra activity present in the Lunar and Maytsscould be attributed to the presence

of Mn®® and N&° since during neutron capture and the followingtieas occur:

Mn® +n [0 - Mn® +y O L Fe® +B +(Jy+v
Na?® +n[D - Na®* +y OB - Mg? +p +(2y+v

The fact that NBS-03 produces up to 2.5 times ysstghan the other two soils, does not
necessary renders them inadequate for radiati@hdahg. As follow up study, this time
utilizing tools such as MCNP, a second radiatioang$port model can be used to

determine other characteristics such as penetrdépth of these neutrons (due to reactor

17



leakage) into the soil before they're stopped wadbsorption characteristics of the soils

as well.

In terms of activation, it was observed that a¢toraproducts generated on these soils
have short half-lives and in essence, from theotadical point of view, these soils pose

the same environmental impact as irradiated NBS&eb@rete.

It is important to clarify once more that the cheahicompositions of both Mars and the
Moon are known in the average at a planetary sdd&ertheless, localized distributions
of other materials beyond those analyzed here condékke our conclusion differ

significantly, and at the end, those localized sbidracteristics are the ones that will

determine the true feasibility of the radiationedtling using in-situ materials.
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