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The Manager 
Schenectady Naval Reactors Office 
United States Department of Energy 
Schenectady, ~ e w  York 

- 

Date: January 13,2005 

Subject: Summary of Prometheus Radiation Shielding Nuclear Design Analyses, For 
Information 

References: (a) KAPL Letter FSO-64R00-05-096, "Control Drive Mechanism Streaming 
Analysis for Space Reactor Shield," DR Reinert, 8/24/2005. 

Enclosures: ( I )  Computer Code Comparison for Space Reactor Shielding Analyses 
(2) Charged Particle Transport Code Selection Summary 
(3) Coolant Pipe Penetration Streaming Studies for a Space Reactor Shield 
(4) Ground Test Reactor Core Calculated Radiation Levels in M140 for 

Planning Purposes 
(5) Projected Shutdown Radiation Levels Following Zero-Power Critical 

Testing of a Space Reactor 
(6) Space Reactor Pressure Vessel Material Activation Analysis 
(7) Initial Ground Test Reactor Shield Sizing Study 

Dear Sir: 

This letter transmits a summary of radiation shielding nuctear design studies performed to 
support the Prometheus project. Together, the enclosures and references associated with this 
document describe NRPCT (KAPL & Bettis) shielding nuclear design analyses done for the 
project. 

DISCUSSION 

NRPCT performed a wide variety of analyses relating to the nuclear design of the radiation 
shielding system for Project Prometheus. These studies included: 

Computer Code Comparison for Space Reactor Shielding (Enclosure 7) 

The discrete ordinates neutronlphoton transport codes PARTISN and ATTILA and the Monte 
Carlo transport code MCNP were compared using three notional Prometheus reactorlshield 
configurations. Modeling precision and run time were among the comparison categories. The 
comparison study was not completed, but the results that had been obtained suggested that 
PARTISN was not well suited to modeling configurations containing large void regions or non- 
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rectangular geometry. ATTILA had not quite reached the necessary development stage for 
extensive use. MCNP required a great deal of computing resources, but appeared to be the 
most appropriate choice for space craft analyses, so it was used for many of the other shie\ding 
analyses performed for the project. Computing resources using MCNP for deep penetration 
analyses, like the ground test reactor shield, appeared to be prohibitive. Therefore, a discrete 
ordinates transport code would likely be used for those calculations. NRPCT was also 
investigating a PARTISNIMCNP splice capability to make use of each code where it is most 
effective. For example PARTISN could be used in high attenuation regions like the reactor and 
shadow shield, and MCNP could be used in low attenuation regions like the energy conversion 
system and void regions. 

Charged Particle Transport Code Selection Summary (Enclosure 2) 

Radiation transport codes beyond those typically used by the NRPCT will be needed to quantify 

in the space environment are trapped belt radiation, solar energetic particles, and the galactic 
cosmic ray (GCR) background. This summary discusses six different radiation transport codes, 
and considers the pros and cons of each. Considering the current capabilities of these six 
different codes it is suggested that PHlTS be used to transport space radiation sources. PHlTS 
is a radiation transport code very similar to MCNP, but it also contains nuclear interaction 
models that allow it to transport hadrons with energies up to 200 GeV per nucleon and light and 
heavy ions with energies up to 100 GeV per nucleon. It is important to emphasize that this 
suggestion is based on capabilities at the time this summary was written. 

Also, gamma radiation interactions at the surface of the reactor may eject electrons from the 
surface of the reactor, reflector, or surrounding micrometeoroid shield. MCNP, MCNPX, or 
PHlTS could be used to evaluate this concern and evaluate solutions, if required. 

Coolant Pipe Penetration Streaming (Enclosure 3) 

A range of coolant piping penetration configurations was analyzed for a notional reactor shadow 
shield, with the goal of minimizing the expected increase in radiation levels at the spacecraft 
payload due to streaming and minimizing shield mass. Straight, curved, and dog-leg 
penetrations through a BeIB4CNV shield were considered. In each case, the penetration 
followed the radial edge of the 12"/6" elliptical shield through a specified rotational angle about 
the axis of the spacecraft. The study showed that using curved coolant pipes traversing at least 
90 degrees around the inside edge of the shield resulted in minimal increases in radiation levels 
at the payload, compared to having no penetrations. Adding the material displaced by the 
penetrations to the back of the shield further reduced the radiation levels. A benefit of using a 
thicker shield rather than a cap shield is the reduction of neutron fluence to the control drive 
motors (CDM), which are located near the shield in a region not protected by cap shields. With a 
thickened shield, the neutron fluence at the center of the shield would be reduced and the CDM 
shaft streaming is also reduced. Future studies would have been performed for hydrogenous 
shields and shields with piping going around the outside of the shield. 
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Ground Test Reactor Core Calculated Radiation Levels in MI40 for Planning Purposes 
(Enclosure 4) 

An estimate of the gamma radiation levels for end-of-life shipment of a representative space 
reactor prototype core in an M140 type shielding container was performed. The SPAN5 
computer code was used to calculate the gamma radiation levels commencing 30 days after 
shutdown. The fission product gamma yield source data used in the calculations were 
generated by SPENT3 for a fast reactor with a 1 MeV core average neutron spectrum and 15 
EFPY of operation. These preliminary investigations indicated that the conceptual space 
reactor prototype core would satisfy the IOCFR71 normal shipment dose rate requirements for 
an MI40 shipping container shield within 30 days after shutdown. 

Shutdown Radiation Levels Following Zero-Power Testing (Enclosure 5) 

The FSTAB option of the SPAN point-kernel code was used to project radiation levels following 
zero-power criticality testing of the Prometheus reactor. An assumed power history was applied 
to a homogenized notional reactor model. The analysis showed that radiation levels on the 
reactor vessel surface following zero-power testing were not trivial. Shipping requirements 
could be met soon after shutdown, but if the reactor were removed from the shipping container 
(during final spacecraft assembly, for example), radiation levels might be a concern. Important 
variables affecting radiation levels include test power level, test operation time, and decay time. 

Reactor Pressure Vessel Activation (Enclosure 6) 

The activation of several candidate reactor vessel materials was characterized using the 
NUGACS code. These materials, which could be categorized (from an activation perspective) 
as tantalum-containing, cobalt-containing, or molybdenum-rhenium alloys, were studied using 
an assumed power history for a ground test reactor. The results showed that materials 
containing tantalum would experience the most long-term neutron activation following the one 
year of operation assumed. Molybdenum-rhenium showed significant activation, but only in the 
very short term. In this study with a I year activation period, cobalt containing alloys had the 
lowest initial shutdown gamma activity, but the activity was not saturated (TIQ=5.27yr). Longer 
activation periods would increase cobalt alloy activation relative to the non-cobalt alloys. Both 
tantalum and cobalt-containing materials would have significant disposal concerns. Note that 
this study was a relative comparison, but activation of any of these materials is expected to 
cause significant maintenance and servicing difficulties related to their activation from testing 
activities. Additional studies in this area are required. 

Initial Ground Test Reactor Shield Sizing Study (Enclosure 7) 

MCNP was used to provide an initial estimate of the shielding needed for the space ground test 
reactor. A notional Prometheus reactodshield configuration was modeled inside a notional 
ground test reactor facility configuration. The required thicknesses of concrete needed to meet 
three different shield surface dose rates were determined. The thickness required to meet the 
lowest shield surface dose rate, 125 mrem in one year (2,800hours) with 8 hourlday occupancy, 
for concrete was between 3 and 3.5 m. The resulting estimates of shield thicknesses serve as 
an initial worst case estimate. Additional calculations that use more realistic ground test reactor 
shield designs, which would most likely result in smaller shield thicknesses, are still needed. 
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Contmt Drive Mechanism Streaming (Reference (a)) 

Neutron streaming through CDM penetrations in a BeIB4CNV configuration of a Prometheus 
reactor shield was analyzed using MCNP. A notional model of the reactor, shield and con'trol 
drive shafts was constructed and neutron flux values at the spacecraft payload were compared 
to a case in which there were no CDM penetrations. The results showed that for reasonably 
sized penetrations, there were very localized increases (-6x nominal) in neutron flux 
immediately behind the shield and opposite the gap around the shaft, but almost no increase in 
overall radiation levels at the payload. Gamma streaming effects were small (-20%). Since the 
streaming peak is very localized, it should be possible to significantly reduce the peak by the 
time it reaches sensitive components. 

CONCURRENCE 

This letter and its enclosures have been reviewed by and have the concurrence of the 
managers of KAPL Space Power Plant Systems (Schwartzman), KAPL FSO-Shielding (Pineau), 
and Bettis SEA-Shielding (Karnes). 

I Very truly yours, 

JE Stephens, Engineer 
Space Reactor Shielding 
KAPL FSO-Shielding 

Reviewed by: 

EC Pheil, Engineer 
Space Reactor Shielding 
KAPL FSO-S hielding 

Approved by: 

MT Collins, Manager 
Shield Design Development 
KAPL FSO-Shielding 
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Computer Code Comparison for Space Reactor Shielding Analyses 

Jonathan E. Stephens, Engineer 
Space Reactor Shielding 
Fleet Support Operation 

KAPL, Inc. 

Thomas M. Miller, Senior Engineer 
Shielding Design and Development 

Ship Engineering Activity 
Bechtel Bettis, Inc. 

Gary B. Zeigler, Engineer 
Shielding Technology 

Fleet Support Operation 
KAPL, lnc. 

Vernon Simmons, Senior Scientist 
Shielding Design and Development 

Ship Engineering Activity 
Bechtel Bettis, lnc. 
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INTRODUCTION 

Space shielding nuclear design presents computational analysis challenges not normally 
encountered in terrestrial shielding nuclear design. Modeling issues include unusual geometric 
configurations and large void spatial regions. Computer code preferences relating to standard 
shielding problems may not be appropriate for space shielding work. This enclosure documents 
the results of code testing done up to the point of project termination; however, additional work 
would have been required to choose the preferred code(s). 

Several candidate computer codes were being tested with models representative of space 
shielding configurations, to determine which code(s) would be most appropriate for further 
design work. These codes were: PARTISN, a LANL discrete ordinates transport code utilizing a 
standard rectilinear spatial mesh; Attila, a discrete ordinates transport code using an arbitrary 
tetrahedral 'spatial mesh; and MCNP, a LANt Monte Carlo code. The intent was to test each 
code with 3 space shielding models: a spacecraft configuration with hydrogenous material in the 
shield, a spacecraft configuration with only non-hydrogenous material in the shield, and a 
configuration representing a ground test reactor (GTR) facility. 

DISCUSSION 

Code Descriptions 

The candidate computer codes for space shielding were PARTISN (version 2.92), Attila (version 
4.1), and MCNP (version 5). Other transport codes including the RACER and MC21 Monte 
Carlo codes were not considered because of their inability to handle photon transport. For 
MCNP, version 5 was selected because it is the first version to support mesh tallies (i-e. the flux 
solution over all elements of a spatial mesh). Relevant characteristics of each code are 
described below. Summary comparisons of the codes are displayed in Tables 1 and 2. 

PARTISN (Cognizant tester: JE Stephens) 

PARTISN, a finite difference discrete ordinates code, is well-established as a shielding design 
code in the NR program. It is simple to construct, visualize, and mesh a 3D model using the 
Sabrina and CoGeDif utilities. There are clear difticulties in using PARTISN for space shielding, 
however. The use of angular quadratures results in "ray effects" in large void regions, such as 
the space between the shield near the reactor and the electronics (a.k.a. "dose planen) at the 
payload (aft) end of the Prometheus spaceship. Also, since the mesh lines must be rectilinear 
and progress the full length of the model, a conical geometry such as the spacecraft is modeled 
within a much larger rectangular space; in other words, a large fraction of the mesh boxes are 
wasted in locations of zero importance. In addition, non-rectangular shapes such as the 
elliptical-conical Prometheus shield and spiral pipes are poorly represented using rectangular 
mesh regions, unless the mesh is extremely fine. Fine mesh can significantly increase problem 
run time or make the problem too large to run with available resources. 

There are some advantages to using PARTISN. Results are obtained at all mesh boxes in the 
model and are accurate to the extent that the meshed geometry represents the actual design. 
In addition, PARTISN utilizes massively parallel computing machines very efficiently. Computer 
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MCNP (Cognizant tester: TM Miller) 

Monte Carlo particle transport codes have several advantages when compared to discrete 
ordinates codes. The geometry can be modeled nearly exactly (the Prometheus shield is a 
truncated elliptical cone-this cannot be modeled exactly in any Monte Carlo code, but it can be 
approximated very closely) and Monte Carlo codes use continuous energy cross sections and 
no angular approximations. NR program Monte Carlo codes do not currently handle photon 
transport, leaving MCNP as the obvious Monte Carlo choice for space reactor shielding 
analyses. 

Monte Carlo codes have 2 major drawbacks that prevent them from being the obvious platforms 
for nuclear calculations. First, the solutions are obtained only where specified, making it difficult 
to produce large-scale contour plots as can be done with the discrete ordinates codes. Version 
5 of MCNP, however, permits the use of mesh tallies, where the solution is obtained over all 
regions of a user-supplied mesh (Reference (a)). The other significant drawback of Monte Carlo 
is the run time, which can be days or weeks (or longer) depending upon the statistical criteria, 
configurations, and the total amount of radiation attenuation required. Some time must be spent 
to experiment with variance reduction techniques and numbers of histories to optimize a 
problem for the required statistics. 

Code Selection Models 

Three code selection models were generated to test the three candidate codes in a variety of 
space shielding configurations. The first model was a spacecraft configuration with a shadow 
shield containing hydrogenous material, referred to as the "H Model" and pictured in Figure 1. 

The reactor regions were homogenized, which was sufficient for space shielding code selection 
since the focus was on the shield and locations behind the shield. For simplicity, the shadow 
shield was modeled as a circular cone rather than an elliptical cone; again, this was considered 
adequate for the purposes of code selection. Even though these simplifications resulted in a 
geometry that could be modeled as a 2D r-z plane, calculations were performed in three 
dimensions since future design models would not be expected to demonstrate such symmetry. 

For consistency, all codes assumed the same source (1 MWt uniformly distributed over the 
"core" region shown in Figure I), room temperature cross sections, and equivalent material 
compositions. For the H model, flux results were analyzed on the aft surface of the shadow 
shield and at the payload dose plane, which was 50 meters aft of the aft end of the fuel region. 

The second code selection model, referred to as the "non-H modeln because the shadow shield 
did not contain hydrogenous material, is shown in Figure 2. This model was similar to the H 
model, except that the shadow shield materials were changed to layers of Be and B,C (resulting 
in a reduced shield thickness but higher mass). In addition, a single control device mechanism 
and an associated shield penetration were added to the model to investigate'how each 
computer code handled neutron streaming through void gaps. As in the H model, results were 
analyzed on the aft surface of the shadow shield, and at the payload dose plane. 
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Regardless of which quadrature is used, a method would need to be developed to correct for 
the ray effects at the dose plane. Based on the results above, 3D PARTISN models utilized the 
SG40 quadrature because it minimized ray effects at the payload dose plane. Investigation of 
quadrature effects on piping penetration analyses would need to be included in future studies 
with this biased SG40 quadrature. With 200 angles per octant, the memory requirements for 
PARTISN computer jobs were very large. 

At the time the study was terminated, only the H Model had been run using PARTISN. Because 
of the memory-intensive SG40 quadrature and the large model geometry (going from the 
reactor to the dose plane 50 meters away), the radial dimensions of the model had to be 
truncated and the mesh was coarse. The mesh size was 2 cm at the reactor and shield and 20 
cm radially outside and aft of these regions. The radial extents, which should have been 
roughly +I- 12 meters at the dose plane, were modeled only to +I- 2 meters, reducing the 
number of mesh cells needed by a factor of four. 

Neutron results for the 3D H Model in PARTISN are shown in Figure 5. The disadvantage of 
using the PARTISN mesh is demonstrated by the vertical mesh lines, which must progress the 
full distance to the dose plane (which is well beyond the upper edge of the plot) even though the 
2-cm mesh is only intended to be in the reactor and shield. The plot shows 1-MeV equivalent 
Silicon-damage neutron fluence, obtained by applying a response function to calculated group 
fluxes. For comparison to the other codes, the peak total neutron flux on the aft surface of the 
shield was 2 . 7 7 ~ 1 0 ~  n/cm2-sec. Small ray effects are already visible at about 2 meters beyond 
the back of the shield. 

Gamma results for the same case are shown in Figure 6. The plot shows gamma dose in rads- 
Silicon, obtained by applying a response function to the calculated gamma group fluxes. For 
comparison to the other codes, the peak total gamma flux on the aft surface of the shield was 
1 .36~10~ gammas/cm2-sec. 

Figure 7 shows the same results as Figures 5 and 6, but for a larger part of the model and 
without the mesh displayed. The upper extent of the plot is about half the distance to the dose 
plane. Significant ray effects are observable in both plots. Also, for the neutron fluence plot, 
some of the contour lines immediately aft of the shadow shield appear to progress directly aft 
rather than following the 12-degree cone angle as would be expected. These lines are 
coincident with the transition between the 2-cm and 20-cm meshes and suggest that such mesh 
size transitions in void areas introduce additional numerical errors into the problem. 

The PARTISN job was run on the KAPL '04 Linux cluster, using 64 processors. For 15 neutron 
groups, 19 gamma groups and a group relative convergence criterion of 0.025, the job ran in 
31.7 hours. As suggested earlier and from NR program experience, running on twice as many 
processors would cut the run time in half. Also, evidence from other work suggests that running 
on the '05 Linux cluster would reduce run time by up to 50%. It should be noted that a 
discontinuous mesh capability has recently been added to a newer version of PARTISN, which 
was not available to the NR program at the time of the study. This option would greatly reduce 
the number of mesh cells in a problem by eliminating the requirement that mesh lines progress 
to the full extents of a model. 
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Initial attempts at creating the first two test models were made using the Pro-Engineer Wildfire 
software. However, several bugs were uncovered in these initial attempts that prevent Pro-E 
Wildfire from generating a sound Parasolid geometry file. Therefore, final model development 
was performed with the solid geometry modeling tool, Solidworks. 3D Parasolid geometries for 
all three hypothetical models were created using this tool. Due to the symmetry of the models 
(or near symmetry in the GTR model), only '!4 of the total geometry was modeled for the H and 
non-H space models, and '/a of the total geometry was modeled for the GTR model. 

The Parasolid geometries were all read into Aetius, the Attila input set-up GUI, and tetrahedral 
meshes were generated for each. All other job input parameters, including cross section data, 
source specification, and edit specification were also entered into Aetius, which then generated 
Attila input decks for each job. 

The first two jobs created used the 1" and znd hypothetical geometries (H Model and non-H 
Model), respectively, and were run as basic proof-of-principle jobs on a PC. Both meshes were 
relatively coarse with maximum lengths of 5 to 10 cm for any given tetrahedron side in the 
reactor and shield components, and a maximum of 1 meter in the space region. Using these 
mesh specifications, the H Model used 75943 mesh cells, and the non-H model used 197852 
mesh cells. Both jobs used the same 34 group (neutron + gamma) structure used in PARTISN 
jobs, and a 1% convergence criterion. 

The first job used very coarse parameters for quadrature (a level symmetric 54 quadrature) and . 
P2 scattering cross sections with the Galerkin scattering treatment (equivalent to P3 scattering 
cross sections). The second job, however, used a more refined quadrature (an S16 Triangle 
Chebyshev Double Legendre quadrature) and P6 scattering cross sections with the Galerkin 
treatment (equivalent to P7 scattering cross sections). The first job took approximately 2 hours 
to run. TECPLOT contour plots were generated by Attila of the total neutron and total gamma 
fluxes, which are shown in Figure 8. The second job took approximately 135 hours to run. 
TECPOT contour plots were again generated by Attila of total neutron and gamma fluxes, which 
are shown in Figure 9. As seen in both Figures 8 and 9 for both neutrons and gammas, 
parameter refinement would be necessary due to the large regions in which negative fluxes 
were generated in the shield region. Negative neutron and gamma fluxes were predominant 
throughout the space region (not shown) for both jobs, which made all comparisons to 
PARTISN and MCNP at the dose-plane irrelevant for these jobs. 

Finally, several preliminary attempts were also made at generating results for the GTR model, 
which with 114'~ of the geometry modeled was comprised of 400,482 mesh cells. As with the 
space models, this mesh was generated using very coarse mesh parameters, though some of 
the advanced meshing features available in the Aetius GUI were used in order to better control 
the axial and azimuthal meshing segments in a preferred direction. Initial attempts to run the 
GTR problem were made on the Wildfire supercomputer platform. However, even a coarse, 
truncated problem proved very memory intensive. Since the parallel capability of the current 
version of Attila reaches peak performance at 4 processors, this made the initial, large jobs 
virtually impossible to run on the Wildfire, either due to computer memory or time constraints. A 
final calcu\ation was performed with the GTR model with the mesh described above on the 
Bettis FY05 Linux Cluster, and as with the space models, also used a coarse quadrature 
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The peak neutron flux on the aft surface of the shield for the MCNP H Model was 1 . 3 4 ~ 1 0 ~  
n/cm2-sec. This value was a factor of 4.8 higher than the neutron flux calculated by PARTISN at 
the same location. The peak gamma flux calculated by MCNP was 2 .37~10~  gammas/cm2-sec, 
which was a factor of 1.7 higher than the PARTlSN value. The differences between the 
PARTISN and MCNP results would have been investigated further had time permitted, by 
comparing more detailed data such as flux by energy group. The differences could be caused 
by the modeling approximations in the PARTISN case, energy group collapsing, scattering 
order, cross-section differences, etc. 

The MCNP computer job was run on the Bettis '05 Linux cluster using 128 processors. Seven 
billion histories were run in only 22 hours, but as mentioned earlier the resulting statistics at the 
payload dose plane were inadequate, despite having used extensive variance reduction 
technwues. 

CONCLUSIONS 

Much of the code testing was not completed, so a final decision on which code should be used 
for space reactor shielding work was not made. However, much was learned from the testing 
that was completed. 

PARTISN alone did not appear to be well-suited to large space system configurations with 
significant void space. Ray effects were problematic, regardless of quadrature selection. Many 
mesh cells were wasted in zero-importance locations due to the continuous rectilinear meshing 
requirements of PARTISN. Also, it may be possible to use PARTISN, which performed well in 
the immediate vicinity of the reactor and shield, in conjunction with MCNP. This is referred to as 
a PARTISNIMCNP Splice and was not investigated in this study, but was being investigated. 
The objective of a PARTISNIMCNP Splice would be to use PARTISN in the reactor and shield 
where it is more efficient than MCNP and use MCNP in largely void regions where discrete 
ordinates programs, like PARTISN, produce ray effects. 

Attila utilized a much coarser spatial mesh than PARTISN and coarse options for quadrature 
and cross section scattering order to meet the memory constraints of the platforms used, and to 
run jobs in a reasonable amount of time. In doing so, results for the two space models were 
plagued by negative fluxes within the shield, making results at the dose plane unreliable. The 
GTR cases were also run with coarse parameters, though the final GTR mesh was created with 
the advanced meshing tools available in the Attila GUI, Aetius. The results for the GTR model 
with a slightly refined mesh suffered less from the negative fluxes seen in the space models, 
which indicates that with some additional parameter refinement, Attila solutions would be much 
more accurate. The limited parallekation of Attila on the supercomputers restricts the amount of 
parameter refinement achievable, though, and results in unreasonably long run times when 
problems with finer parameters can be run. This code would likely be a much stronger 
competitor in the future, as the NR program gains more expertise in Attila and the code is 
updated to utilize massively parallel computers more efficiently. 

MCNP provides the most accurate results, provided enough histories are run to achieve 
acceptable statistics. As computing power increases with time, Monte Carlo methods are 
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increasingly likely to be the best choice for space reactor shield transport calculations. All 
Prometheus shielding sensitivity studies were performed using MCNP and seemed to be the 
leading candidate for space craft evahations. However, PARTISN or Attila might be required 
for GTR shields because MCNP has difficulty getting acceptable statistics in a reasonable 
amount of time for deep penetration problems like the GTR. A discrete ordinateslMCNP splice 
could be used for either the spacecraft or GTR model 

The final code selection would also have been dependent upon the particular mission 
undertaken. For example, PARTlSN may have performed better relative to MCNP for a ground- 
based configuration than for the conical Prometheus geometry. 

QUALIFICATION OF METHOD 

All results presented herein were pre-decisional and intended for planning and discussion 
purposes only. No method uncertainty or design assurance factors were applied to any of the 
results. 

The codes used in this analysis (PARTISN 2.92, Attila 4.1, MCNPS) were in various pre- 
production states on the supercomputer platforms. None of these codes were verified for space 
work or coupled neutron-gamma calculations, though efforts to verify PARTISN and MCNP on 
the Linux clusters are in progress. DATATRAN modules used to post-process PARTISN results 
were production level. Tecplot version 10.0 was used to visualize results. 

This enclosure is a summary of work documented in KAPL SWR-00073, Reference (b). 
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Charged Partlcle Transport Code Selectlon Summary 
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Shielding Design and Development 

Ship Engineering Activity 
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INTRODUCTION 

This is a discussion of the charged particle radiation transport code selection. Radiation 
transport codes beyond those typically used by the NRPCT will be needed to quantify the 
effects of the naturally occurring background radiation in space and possible charged particle 
radiation leaving the surface of the reactor. 

The main sources of natural ionizing radiation in the space environment are trapped belt 
radiation (such as the Van Allen belts), consisting mainly of protons and electrons, solar 
energetic particles, produced by events such as coronal mass ejections and associated 
phenomena on the Sun, and the galactic cosmic ray (GCR) background, composed of all 
naturally occurring elements. 

Any planet or moon in our solar system that is a magnetic dipole will be surrounded by trapped 
belt radiation, consisting mainly of protons and electrons. The strength of that magnetic field 
and its relative location to the Sun will determine the spatial and energy distribution of the 
trapped belt radiation. Jupiter and its moons are all surrounded by tapped belt radiation. 

An example of trapped belt radiation in our solar system is the Earth's own Van Allen belts. The 
Earth is protected from much of the radiation in space by its own magnetic field. However, this 
magnetic field can capture charged particles and keep them trapped in belts surrounding the 
Earth (Van Allen belts). Therefore, the belts' spatial distribution is determined by the magnetic 
field of the Earth, which also means that the belts are subject to deformation by solar activity. In 
general, particles in the belts are located at higher altitudes at the equator and lower altitudes at 
the poles; one exception is the South Atlantic Anomaly. The protons in the Van Allen belts likely 
come from fragmentation events with the GCR and Earth's atmosphere and from the Sun. The 
electrons in the trapped belts can come from the Sun and from stripping reactions of GCR, 
which are not fully ionized, as they enter the Earth's atmosphere. Figure 1 gives an idea of 
these particles energies and distances from the Earth. 

The Sun is a major source of radiation in the space radiation environment. This radiation 
consists of energetic particles that are emitted from solar flares and coronal mass ejections, 
which are collectively known as solar particle events (SPEs). The species of these particles 
include electrons, protons, alpha particles, and other heavy ions, and their energies extend over 
a broad range. A SPE can occur at any time, but typically more occur during the maximum of 
the approximate\y 31-year solar cycle. The duration of a SPE can be from a few hours to 
several days. Usually, the energies andlor fluxes of an SPE are too low to be a major concern, 
or the particles emitted by the event may not travel in a direction that is a concern. Figure 2 
shows the integral proton fluence of four large SPEs. 

The particle species present in the GCR background include all naturally occurring isotopes 
from hydrogen to uranium, and also include beta particles. The energies of the GCRs have a 
very broad range and cover several orders of magnitude with a peak around 1 GeV per nucleon. 
The intensity of GCRs seen on Earth or in low Earth orbit is affected by the solar cycle because 
solar activity affects the Earth's magnetic field. The GCR spectrum is at a minimum during solar 
maximum and at a maximum during solar minimum. The GCR intensity below 1 GeV per 
nucleon can fall about an order of magnitude between solar minimum and solar maximum. 
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Figure 3 shows the fluence of GCR ions at 2 GeV per nucleon relative to the fluence of silicon at 
2 GeV per nucleon. 

In addition to the natural radiation occurring in space, the reactor could also emit electron 
radiation from the outer surface of the reactor, reflector, or micrometeoroid shielding. The 
space reactor is not surrounded by large amounts of equipment and shielding and is not 
grounded like land based reactors. Gamma radiation levels at the outer surface of the reactor 
are very high. Gamma radiation is attenuated by interactions and transference of energy to the 
electrons in materials. Within materials the electrons lose energy and can be recaptured. 
However, at the surface of the reactor, reflector, or surrounding micrometeoroid shield the 
electrons could leave the surface of the reactor. An equilibrium would be established depending 
on the voltage of the spacecraft. The gamma flux at the exposed surface of the reactor is fairly 
high, so there is the potential for the electron radiation leaving the surface of the reactor to 
become important to spacecraft charging. Also, because the electrons are charged, they could 
go around the shield and be pulled back into the spacecraft. Therefore, a code is required to 
determine the production rate and transport of these electrons to evaluate whether this is a 
concern, and, if so, to evaluate solutions. 

DISCUSSION 

Codes that are typically used by the NRPCT transport neutral particles with energies that are 
seen in reactor applications using measured cross-sections. These codes may be adequate to 
use when designing shielding for the gamma and neutron radiation that would be produced in a 
space reactor. However, these codes can not handle charged particles or neutral particles at 
the necessary energies in space: eV to several GeV per nucleon. Looking at the body of 
radiation transport codes, several stand out as a possibility to fill this need. These codes are 
MCNPX (Reference (a)), PH ITS (Reference (b)), FLUKA (Reference (c)), HZETRN (Reference 
(d)), HETC-HEDS (Reference (e)), and GEANT4 (Reference (0). All of these codes use Monte 
Carlo techniques except for HZETRN which is a deterministic code. The codes FLUKA, HETC- 
HEDS, and HZETRN are part of NASA's radiation transport code development consortium. 
Each of these six codes has their own pros and cons, which will be discussed next. 

Of these codes, the one about which the least is known is GEANT4. GEANT4 was developed 
by people all around the world, but is maintained by a group at the CERN laboratory on the 
border of Switzerland and France. Essentially, GEANT4 is a collection of hundreds of nuclear 
models that have been brought together into one place. The user chooses which nuclear 
models are applicable to their problem, and only those are used during the transport calculation. 
What is not clear about GEANT4 is whether or not the nuclear models work together. For 
example, if one nuclear model is used to create a distribution of neutrons produced in a reaction 
and another model is used to create a distribution of protons produced in that same reaction it is 
not clear when sampling those distributions if charge and mass will be conserved. This is 
pointed out because the developers say that any combination of models can be chosen. It 
would seem then that coding independent of these nuclear models would be necessary for 
conservation of charge and mass in our previous example, and that coding may need to change 
with different combinations of nuclear models. 

MCNPX was developed at the Los Alamos National Laboratory, and is a high energy multi- 
particle extension of MCNP (Reference (g)). Particles of interest that MCNPX can transport that 
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MCNP can not are protons, deuterons, tritons, and alphas. The nuclear models used to 
describe the interactions of these light ions along with neutrons, photons, and leptons allows for 
the reliable transport of particles with energies up to about 5 GeV per nucleon and 1 GeV for 
photons and leptons. Above 5 GeV per nucleon, some of the nuclear models begin to break 
down. For particles that are heavier than an alpha, MCNPX is not applicable. Users often try to 
use MCN PX to transport ions heavier than the alpha by disassociating the individual neutrons 
and protons that make up the heavy ions and transporting them individually. This will provide 
the user with an answer, but it is problem dependent as to whether that answer is valid, totally 
invalid, or a bounding solution. To illustrate this point, consider a 1 GeV 5 8 ~ e  ion entering a 
shield. Since the % ~ e  ion has a net charge it will undergo continuous slowing down effects. 
When the neutrons of the = ~ e  ion are separated from the protons, the neutrons no longer 
undergo continuous slowing down effects. These neutrons would also scatter as an individual 
neutron would instead of how they would scatter as part of the S B ~ e  ion. 

The code HETC-HEDS was developed at the University of Tennessee, and is a multi-particle 
extension of the already high energy code HETC. HETC alone transports neutrons and protons 
over the same energy range as MCNPX, but HETC has a cutoff energy at 20 MeV. To transport 
neutrons and protons less than 20 MeV or any photons and electrons HETC-HEDS must be 
coupled to another code like MCNPX, MCNP, or MORSEIEGS. Ions up to Fe can be 
transported over an energy range of 25 MeV per nucleon to 22.5 GeV per nucleon, but the 
target nucleus must not be heavier than Pb. The fragmentation model in HETC-HEDS is a semi 
empirical model. Therefore, it is probably the fastest but also the least detailed of the ion 
fragmentation models in these six codes. Finally, as part of the NASA radiation transport  ode 
development consortium, it is very much still under development. 

HZETRN has been under development for several years by NASA at their Langley Research 
Center. As stated previously, it is the only code discussed here which does not use Monte 
Carlo methods. In its original state, HZETRN was a 1 -D analytic code that generated its cross 
sections using the same nuclear models that are now used in HETC-HEDS. Therefore, the 
energy range and species of ions transported were the same as HETC-HEDS. To calculate the 
flux of particles at a point, the flux would be calculated along several distinct rays (usually 
between 500 and 1000) that passed through the desired position. This methodology is very 
simple and very fast, but is not very useful for complex geometries. As part of NASA's radiation 
transport code development consortium, HZETRN is being extended to 3-D, and improved 
nuclear models are being developed for cross section generation. The improvements to 
HZETRN do not include photon or electron transport. 

The code FLUKA, which is the most sophisticated code discussed thus far, was developed by a 
joint venture between the CERN laboratory and the INFN laboratory in Italy. FLUKA will 
transport hadrons, light ions, and heavy ions over an energy range of -0 eV per nucleon up to 
10000 TeV per nucleon and photons and leptons up to 1 GeV, Below 5 GeV per nucleon, a 
relativistic quantum molecular dynamics model is used for nucleus-nucleus interactions, while 
above 5 GeV per nucleon a dual parton model is used. Four shortcomings of FLUKA are: (1) It 
only runs sequentially (however the developers provide software to combine the results of many 
single processor calcu\ations). (2) Below 100 MeV per nucleon nudeus-nucleus interactions are 
not modeled (ions below 100 MeV per nucleon only undergo continuous slowing down effects). 
(3) Below 20 MeV neutrons use multi-group cross sections instead of continuous energy cross 
sections. (4) Currently, the developers will not release the FLUKA source code. As part of the 
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NASA radiation'transport code development consortium, the nucleus-nucleus interaction model 
below 5 GeV per nucleon is being improved by a group of developers at the University of 
Houston. 

Finally, the most sophisticated code that will be described here is PHITS, which is developed at 
RlST in Japan. Like FLUKA, PHITS will transport photons, leptons, hadrons, light ions, and 
heavy ions. However, the energy range is from -0 eV to 200 GeV per nucleon for hadrons and 
-0 eV to 100 GeV per nucleon for ions, but these energy ranges are broad enough for our 
purposes. The nucleus-nucleus interaction model is a quantum molecular dynamics model. 
The four shortcomings listed for FLUKA serve as strengths for PHITS. PHlTS can run in 
parallel via the message passing software MPI, nucleus-nucleus interactions are modeled down 
to 10 MeV per nucleon, below 20 MeV neutrons, photons, and electrons use continuous energy 
cross sections (this is very similar to MCNP), and the developers will distribute the source code. 
Another useful fact about PHlTS is that its geometry package is compatible with MCNP. 
Therefore, the combination of MCNP and PHITS would allow for the same geometry to be used 
in reactor design calculations and shielding design calculations for neutral and charged 
particles. 

MCNP has the capability of performing electron transport calculations. Therefore, either MCNP, 
MCNPX, or PHlTS could be used to evaluate transport of electrons from the surface of the 
reactor. Since MCNP is already being used for neutron and gamma transport from the reactor, 
it may be more convenient to use MCNP for electron transport from the reactor. 

CONCLUSIONS 

Considering the previous discussion, it was decided to look more closely at FLUKA and PHITS. 
MCNPX was not considered because in its current state it does not transport heavy ions. 
HETC-HEDS, HZETRN (the 3-D version), and GEANT4 were nat considered because they are 
still in the early states of development. FLUKA and PHITS were chosen because they cover the 
needed range of energies and particles species and are the most mature in terms of 
development. 

The FLUKA developers will only release object files, which are to be linked to create an 
executable using the GNU FORTRAN compiler on a Linux machine. Two different versions of 
FLUKA (2003.1 b and 2005.6) object files were used to try and create an executable on the 
Bettis FY05 Linux cluster (AMD Opteron). Using the GNU FORTRAN compiler as suggested by 
the developers, neither attempt was successful. The 2003.lb version was attempted on the 
Bettis FY04 Linux cluster (Intel Itanium), but that was not successful because both versions of 
all the FLUKA object files were built on a computer with x86 architecture. The FLUKA 
developers claim that they will release their source code around the beginning of the 2006 
calendar year. 

Version 1.97 of PHlTS was compiled successfully on the Bettis FY05 Linux cluster using the 
GNU FORTRAN compiler, A few simple sample problems, provided by the developers, were 
successfully run using the MCNPS continuous energy cross sections and JENDL 3.3 continuous 
energy cross sections below 20 MeV. These tests all used a single CPU. It was never 
attempted to build a parallel executable. Just recently, the developers have released PHlTS 
version 1.98. 
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In closing, it appears that PHlTS is going to be the best choice of code to use for charged 
particle transport, although MCNP could be used for electron transport from the reactor for 
convenience. However, the preference for PHlTS could change as further devdopments ate 
made to all the codes considered here. Of the six codes considered, all used Monte Carlo 
methods except HZETRN. The development of HZETRN should be followed closely because it 
would be better to have two tools avai\able that solved the same problem using different 
methodologies. 
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Figure 1 : Van Allen Belts (Reference (h)) 
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Figure 2: Integral Proton Fluence of Four Large SPEs (References (i) and (j)) 
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Figure 3: GCR Fluence at 2 GeV per Nucleon (Reference (k)) 

. 
Nuclear Composition 

10' or Galactic Cosmlc Rays 
(-2 GeVfnucl 

lo-' - 
Individual Even-Z Elemenl 
Elements , Elements , . Groups 

I O - ~ ~ ' ~ ' ~ ' ~ * ~ ' ~ ' ~ ' ~ * ~ * ~ '  
10 20 30 40 60 60 70 80 90 100 

NucIear Charge (Z) 

PRE-DECISIONAL - For planning and discussion purposes only 



Intentionally Left Blank 



Enclosure (3) to 
SPP-67210-0009 

B-SE-0161 
Page 1 

Coolant Pipe Penetration Streaming Studies for a Space Reactor Shield 

Jane M. Derboven, Engineer 
Space Reactor Shielding 
Fleet Support Operation 

KAPL, Inc. 

PRE-DECISIONAL - For planning and discussion purposes only 



Enclosure (3) to 
SPP-67210-0009 
B-SE-0161 
Page 2 

This enclosure describes an analysis of radiation streaming through coolant pipe penetrations in 
a space reactor shield. Calculations were performed using MCNP version 5 to examine 
radiation streaming and overall shielding effectiveness for selected geometric configurations of 
a space reactor shield with coolant pipe penetrations. 

DISCUSSION 

Cootant pipe penetrations present significant streaming paths through any bulk shielding, in 
addition to displacing a large amount of shielding material. This is especially true of shielding 
penetrations in gas reactor systems, in which the coolant pipe contents have a very low density 
and the pipe diameters are large. Calculations performed at ORNL predicted as much as a 
factor of 10,000 increase in neutron flux levels at parts of the spacecraft payload due to straight 
piping penetrations, as stated in Reference (a), section 2.8.4.2. A geometric solution to 
maximize bulk shield effectiveness with minimal mass increase was desired. Sensitivity 
calculations were performed to determine the relative effects of coolant pipe geometry on the 
total flux emerging from the back of the shield and on the radiation damage to the payload. The 
geometric variables, penetration curvature and angle traversed around the shield edge, will be 
discussed in further detail below. The study focused primarily on neutron effects because the 
gamma dose is significantly less sensitive to penetration geometry than the neutron dose. 

This analysis was performed specifically for a spacecraft shadow shield, but is extensible to 
other gas reactor shielding penetration problems. Analyses of pipes going around the outside of 
the shadow shield, although started, were not completed because such analyses would not 
have been extensible to lunar missions and because of the subsequent program closeout. 

Reactor Model 

The I MW reactor model source DS0470X based on reactor parameters given in Reference (4) 
was used throughout the analysis. This model is shown in Figure 1. The shield material stack- 
up used in this study was not optimized for this reactor, and so the absolute radiation levels 
should not be used for estimating component doses. The primary focus of this study was the 
relative fluxes/fluences as a function of penetration geometry. 

Shield Model 

The shield model used in this analysis was 74.5 cm thick and comprised alternating layers of 
beryllium (5 cm per layer) and boron carbide (0.5 cm per layer), with a single layer of tungsten 
(1 cm) for additional gamma attenuation and front and back layers of Haynes Alloy 230 to 
simulate support structure (1.5 crn and 2 cm, respectively). The shield was shaped as a 
truncated elliptical cone, opening from the circle of the forward-most core reflector edge at a 12" 
half-angle on the semi-major axis to accommodate JIMO's radiator array, and a 6" half-angle on 
the semi-minor axis. This model is detailed in Figure 2. No energy conversion or other 
equipment was modeled between the shield and the payload for this pipe routing evaluation. 
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RESULTS 

Gamma and neutron radiation results for the geometries shown in Figure 5 are summarized in 
Figures 6 and 7, respectively. Results are given in total dose at the science payload over the 
assumed 15-year life span of JIMO. Error bars indicate one standard deviation. Gamma results 
show little dependence on penetration geometry, with worst case results giving less than a 
factor of 2 increase over the base case with no penetrations. These small gamma result 
differences would be investigated in a more detailed design study because of the strong 
influence of gamma shielding (tungsten) on total shield mass. Opportunities to reduce this 
mass by decreasing the gamma shielding radius may be possible based on results shown in 
Figures 15 through 19. 

Neutron results show a strong dependence on geometry. The lowest doses were given by 
spiral penetrations for I) r 90". The 90" spiral was selected for further analysis, since larger 4 
would increase pressure drop and manufacturing difficulty. Note that payload dose is used as a. 
guide, but does not necessarily imply the lowest shield mass because the piping also displaces 
shield mass. For example: if two cases have the same radiation dose, then the case with the 
larger azimuthal traverse would have the lower shield mass because the pipe displaces more of 
the shield. Contrarily, the larger angle would also increase piping length and hence piping and 
pipe insulation mass. Future studies would need to investigate these mass tradeoffs. 

Detailed flux contours are included at the end of this enclosure. 
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INTRODUCTION 

A study was conducted to estimate the gamma radiation levels for end-of-life shipment of a 
representative Space Reactor Prototype Core (SRPC) in an M140-type shielded container. 
Since the SRPC is in the pre-conceptual design phase, the radiation level results are intended 
for planning and discussion purposes. 

DISCUSSION 

The SPAN5 computer code was applied to calculate the gamma radiation levels commencing 
30 days after shutdown with the SRPC shielded by an equivalent M140 shielded container (14 
inches of iron). The fission product gamma yield source data applied in the calculations were 
generated from SPENT3 for a fast reactor application with a 1.0 MeV core average neutron 
energy spectrum and 15 EFPY of operation. The SPAN5 thermal neutron fission product library 
(FSTAB) was not applied to define source data since calculations showed that dose rates would 
be about 30 percent under predicted relative to SPENT3. 

The overall modeling parameters are presented in Table 1 and Figure 1. 

able 1 : Core Modeling Parameters for U02 Block Core, Annular Flow (DS0470 Mode 
1. Operating History: 15 years at 100% Power (1 MW) 
2. Core material / dimensions (Reference (a)) 

- Core Diameter / Height = 57.50 cm f 66.4 cm 
- Hastelloy X Reactor Vessel Thickness = 0.635 cm 
- Core Fuel Area Fraction = 0.29 
- Core Void Area Fraction = 0.24 
- Core Safety Rod Area Fraction = 0.07 
- Core Block Area Fraction = 0.36 MoRe 
- Core Clad Area Fraction = 0.04 MoRe 
- U02 Loading = 505.3 Kg ,93.2% U-235 
- Max Fissions per cc = 4.1 E+20 ; Applied Peaking Factor = 1.45 

3. SPAN5 Homogenized Core Model Volume Fractions 
(Excluding Center Control Rod Volume) 

- Center Rod = void 
- U02 = 0.312 
- MoRe = 0.430 
- Core Void = 0.258 

4. Core Neutron Spectrum from KAPL MCNP Core Model 
Max Group Group 
Energy (MeV Flux 
6.2500E-07 ' 1.23383~+09 
5.5300E-03 8.09826E+IO 
8.2100E-01 1.13120E+13 
2.0000E+01 4.23609E+12 
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INTRODUCTION 

To assist in planning the Assembly Test and Launch Operations (ATLO) for a space reactor 
mission, it is important to know the expected radiation levels near the Prometheus reactor 
following zero-power testing. This type of testing, which may be performed on a prototype 
and/or flight unit, is typically done to verify core reactivity characteristics. 

As the name implies, a "zero-power" test is done at a very low power level, but this level must 
be high enough to generate a reasonable response from the nuclear instrumentation. This 
study assumed a test power level of 0.01 % of full power, since no test power level had yet been 
specified. For the 1-MWt Prometheus reactor, this was equivalent to 100 W. The SPAN point- 
kernel code, which has historically been used heavily by KAPL and Bettis shielding groups, was 
used for this analysis by utilizing the FSTAB option to simulate a given power history. Note that 
results in Enclosure (4) suggest that FSTAB may provide radiation level results 30% lower than 
SPENT3. Shutdown radiation levels were tracked for a range of activation and shutdown time 
intervals for a simple SPAN model. 

DISCUSSION 

The base case power history used in the analysis was 24 hours of operation at 0.01% power. 
Fission product decay gamma radiation levels were calculated at various times following 
shutdown. Other operation times were studied, ranging from an hour to many weeks. Alternate 
sources of radiation, such as activation of structural material, were assumed to be small and 
therefore were ignored. There were no specific radiation level criteria to be met, but it should be 
noted that the limits for shipping are 200 rnremlhr on the container surface and 10 rnremlhr at 2 
meters from the container. Radiation levels above 100 mrem/hr constitute a "high radiation 
area." 

The reactor model used in SPAN was a homogenization of the DSO470 design provided by the 
Space Reactor Engineering group. The model consisted of a 57.5-cm-diameter cylinder with a 
66.4-crn height, which was a mixture of fuel (UOz), safety rod (B4C) and structural material 
(MoRe). This region was radially encompassed by a 0.635-cm Hastelloy-X reactor vessel. The 
maximum radiation levels outside the reactor were expected to be at the axial midplane of the 
core (on the outer surface of the vessel). Since the point-kernel method used by SPAN 
considers only materials in a direct line between fuel regions and dose points, it was not 
necessary to model regions axially above and below the fuel. To estimate radiation levels 
during shipping, an arbitrary 5-cm-thick iron container was added to the model, located about 5 
cm outside the reactor vessel. 

The core region contained several elements that were not available in the SPAN library because 
they are not commonly considered in terrestrial nuclear reactor design. Each such element was 
modeled using the library element with the nearest atomic number (to be conservative, a lower- 
Z element was always selected). The element substitution and the core homogenization were 
sufficient for the rough gamma calculations performed in the study. 
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RESULTS 

Figure 1 shows radiation levels as a function of distance from the center of the core, following a 
24-hour test at 0.01% power. Each c u m  is for a given decay interval following the test. The 
radial dimensions of the reactor and shipping container are displayed, as well as the radiation 
criteria for shipping. For the given power history it can be inferred from the plot that the 
radiation level limits for shipping are met after about 1 day following shutdown. A larger or 
thicker shipping container could reduce these levels dramatically. 

In Figure 2, the decay time following shutdown is held constant at 24 hours, and the plots show 
maximum radiation level on the surface of the vessel (ignoring the shipping container) as a 
function of operating time at 0.01% power. The sensitivity study was repeated at 0.1% power 
and plotted to verify that radiation levels scaled linearly with operating power level, as expected. 
The plots show that shutdown radiation levels increase more slowly as operating time 
increases. This is because the buildup and decay of delayed gammas is approaching 
equilibrium. After a long time (greater than about 1 month) at constant power, the radiation 

. levels do not continue to increase. On the other hand, for relatively short operation times, small 
uncertainties in operational time can result in significant uncertainties in shutdown radiation 
levels. 

Figure 3 shows the maximum radiation level on the surface of the vessel as a function of the 
decay time following shutdown. Each plot is for a different operation time of the test, conducted 
at 0.01% power. For a 24-hour test, the maximum radiation level falls below 100 mremlhr, the 
threshold for a high radiation area, after about 1 month. This is much more limiting than the 
results in Figure I for the shipping container, which showed that shipping was possible after just 
one day, even with such a conservative container model. 

CONCLUSIONS 

Zero-power testing of a space reactor for a power level and length of time similar to those 
assumed in this study will result in non-trivial radiation levels following shutdown. Shipping 
radiation criteria are not difficult to meet shortly following testing, but a more realistic container 
design is needed to calculate exactly how much decay time is needed. Much more limiting are 
dose rates on contact with the reactor vessel. Significant contact radiation levels could affect 
access to the vessel for activities such as final assembly of the spacecraft. Also of concern is 
the stowed configuration of the reactor in the launch vehicle; namely, its proximity to the 
payload. These issues can be mitigated by planning for a waiting period between testing and 
assembling the reactor to the spacecraft and/or appropriate sequencing of the assembly. 

There are several potential ways to reduce the radiation levels following zero-power testing. 
The power level of the test could be reduced, though nuclear instrument cognizant engineers 
must be consulted to ensure the power level is high enough to obtain reasonable nuclear 
instrumentation response. Also, the length of the test could be reduced or the decay time 
following the test could be increased. For shipping, the container could be made thicker, or the 
distance from the reactor core to the nearest accessible location outside the container could be 
increased. 

PRE-D ECISIONAL - For planning and discussion purposes only 









Enclosure (5) to 
SPP-672 I 0-0009 

B-SE-0161 
Page 7 

QUALIFICATION OF METHOD 

All results presented herein were pre-decisional, and intended for planning and discussion 
purposes only. No method uncertainty or design assurance factors were applied to any of the 
results. 

The SPAN code used in this analysis is production level on the supercomputer platform utilized, 
but it is not specifically qualified for space work. 

This enclosure has been reviewed by and has the concurrence of the manager of KAPL FSO- 
Shielding. This enclosure is a summary of work documented in KAPL SWR-00073, which is 
Reference (a). 

REFERENCES 

(a) KAPL Shielding Work Record: SWR-00073, "SPP Space Shielding Analyses," J.E. 
Stephens, July 2005. 
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INTRODUCTION 

At the request of the Space Reactor Engineering group (W Gideon), a neutron activation 
analysis was performed on selected materials following extended full-power operation (e.g. 
ground test reactor operation). These materials were candidates for the reactor vessel, but the 
analysis is useful for any structural component consisting of one of the materials. 

The NUGACS code, used extensively in NR program shielding work, was used to calculate the 
gamma source density (gammaslcclsec) per unit neutron flux, given a relative power history and 
shutdown (decay) time. 

I DISCUSSION 

There were 8 materials, which could be organized into 3 categories based on the dominant 
contributor to activation radiation: 

Tantalum-containing materials: Ta-1 OW, ASTAR 81 1 C, FS-85 
Cobalt-containing materials: Hastelloy-X, PE-16, Haynes 230, Alloy 617 
Mo47Re (Molybdenum-Rhenium) 

Table 1 lists the elements in each material that contribute significantly to activation gamma 
radiation in the short term (hours to days) and long term (months or more) following a year of 
operation. The magnitude of gamma radiation produced is dependent upon several factors: 

I lsotopic Number Density 

A higher density of a given isotope will result in more activation. 

I Neutron Capture Cross Section 

~ A higher capture cross section will result in more activation. 

I Activation Product Half-Life 

An activation product with a very short half-life will result in a high gamma production rate, 
but only for the short term. An activation product with a very long half-life will result in a 
low gamma production rate, but for a very long time. The biggest radiation level concern 
is activation products with half-lives in the range of several months because they decay 
quickly enough to produce a high gamma rate, but not so quickly that the radiation levels 
decrease rapidly. 

Furthermore, the half-life determines the time until the buildup and decay of the 
radioactive isotope reaches equilibrium. For example, consider a plant operating at 
constant power for 1 year, as in the power history used for this analysis. An adivation 
product with a half-life notably shorter than I year, such as Ta-182 (1 14 days), should be 
approaching equilibrium after a year, such that the resulting gamma flux does not continue 
to increase greatly if the operational time is extended. On the other hand, an activation 
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product with 
abundance~ 

a longer half-life, like Co-60 (5.27 years), would further increase in 
rith extended plant operation. 

Table 1: Significant Contributors to Activation Gamma Radiation 

S = major contributor in the short term (hours to days), s = minor contributor in the short term 
L = major contributor in the long term (months or more), I = minor contributor in the long term 

Material compositions were input into NUGACS based on data in the SPP Nuclear Design 
Basis, which is Reference (a). Cross section averaging parameters in NUGACS were based on 
an assumed temperature of 900K (value obtained from J Powers). The existing NUGACS 
library of reactions did not contain (n,gamma) reactions for several elements, including Ta, Nb, 
La, and Re. These were manually added to the library from data in References (b) and (c). 

RESULTS 

Figures 1 and 2 show the gamma source in each material of interest as a function of time after 
shutdown (having operated continuously for 1 year) due to thermal neutron activation and fast 
neutron activation, respectively. The gamma source is normalized per unit thermal flux (Figure 
I )  or fast flux (Figure 2), so the absolute gamma source would be obtained by multiplying this 
value by the maximum thermalifast flux observed at the reactor vessel while at power. 

From the figures and Table 1, it is clear that the highest amount of activation occurs in the 
tantalum-containing materials (Ta-IOW, ASTAR 81 1C, and FS-85) and is due primarily to the 
activation of tantalum to Ta-182 (114-day half-life). The results are not surprising, since 
tantalum has a high activation cross section and Ta-182 has a half-life in the several-months 
range. Since the half-life is considerably shorter than the activation time, additional operating 
time would not likely result in significantly increased gamma levels. It should also be noted that 
in the near term following shutdown, there is a smaller contribution from activation of tungsten to 
W-187 (23.9-hr half-life). 

The molybdenum-rhenium material, Mo47Re, has high activation gamma levels immediately 
following shutdown, but these levels decay rapidly, as suggested by the figures and Table 1. 
This is because the activation cross sections for the constituent elements are high, but the 
activation products have very short half-lives. The most significant contributors to gamma dose 
are the rhenium isotopes Re-186 and Re-188, which have half-lives of 3.7 days and 17 hours, 
respectively. 
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The remaining materials, PE-16, Haynes 230, Alloy 61 7 and Hastelloy X have activation gamma 
levels based mostly on Co-60 production. As seen in Table 1, there are smaller short term 
contributions from molybdenum and minor long term contributions from nickel and chromium. 
Co-60 has a 5.27-year half life, so the gamma radiation levels decay slowly. Also, since the 
half-life is much longer than the decay time, an equilibrium level of Co-60 has not been reached, 
so increased operational time would result in increased gamma levels. 

CONCLUSIONS 

From an activation radiation level standpoint within a few years after shutdown, tantalum- 
containing materials are not preferred. MoRe alloys perform well if sufficient time (> 1 month) is 
allowed for the activation products to decay. The cobalt-containing materials would be less 
problematic if the activation time (e.g, ground test reactor operation time) were reduced, or if the 
cobalt content could be reduced. Both tantalum and cobalt containing materials would have 
significant disposal concerns. 

For any of the materials studied, the gamma radiation from fission product decay in the fuel 
would probably be greater than the contribution from activation gammas, reducing the 
significance of the material activation. Future work in this area should include a comparison of 
activation results to fission product decay gamma levels over a range of times following 
shutdown. The impact of using these different materials on irradiation testing and ground test 
reactor servicing and deactivation, especially in and behind the shield, would also be 
investigated in future studies. 

QUALIFICATION OF METHOD 

All results presented herein were predecisional, and intended for planning and discussion 
purposes only. No method uncertainty or design assurance factors were applied to any of the 
results. 

The NUGACS code used in this analysis is production level on the supercomputer platform 
utilized, but it is not specifically qualified for space work. 

This enclosure has been reviewed by and has the concurrence of the manager of KAPL FSO- 
Shielding. This enclosure is a summary of work documented in KAPL SWR-00073, which is 
Reference (d). 

REFERENCES 

(a) Enclosure to SPP-67410-0008, "Prometheus Reactor Nuclear Design Basis, Revision 0," 
Section 3.4, JK Witter, June 2005. 

(b) "Chart of the Nuclides, 15" edition," Lockheed Martin, 1996. 

(c) Browne & Firestone, "Table of Radioactive Isotopes," 1986. 

(d) KAPL Shielding Work Record: SWR-00073, "SPP Space Shielding Analyses," J.E. 
Stephens, July 2005. 
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Shielding Design and Development 
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INTRODUCTION 

This is a discussion of some initial shielding calculations done for the space ground test reactor 
(GTR) facility. Calculations were performed with MCNP version 5 release 1.30 (Reference (a)) 
to determine the shield thickness required to meet certain contact dose rates on the surface of 
the shield. 

DISCUSSION 

The Bettis engineers designing the space GTR facility asked Bettis shielding to give an initial 
worst case estimate of the shield thickness for the space GTR. They requested that it be 
determined how much concrete would be needed in order to meet 3 different shield surface 
dose rates. The specified dose rates were: 

125 mRem 12800 hours - 0.0446 mRemlhr 
500 mRem / 2800 hours - 0.179 mRemlhr 
5000 mRem 12800 hours - 1.786 mRemlhr 

The time of 2800 hours represents the total time for a person working 8 hours a day, 7 days a 
week, for 50 weeks per year, which was thought to be a conservative assumption. It was also 
assumed that the reactor was always operating at full thermal power (1 MW), the energy 
release per fission was 201.2 MeV, and the average number of neutrons released per fission 
was 2.432. 

The reactor used in the calculations, which was provided by the nuclear design team in .July 
2005, was designated dso470x. The shield included in this model contains layers of Be, B4CI 
W, and LiH, but was not optimized to any specific configuration. Ordinary concrete (Reference 
(b) Appendix C) was assumed. The shielding calculations were performed via MCNP 
eigenvalue calculations (kcode), which provided the correct energy, spatial, and angular 
distribution of neutrons and photons in the reactor. Figure 1 shows a picture of the MCNP 
reactor and shield geometries. Only prompt fission neutrons and photons, delayed fission 
neutrons, capture photons, and photons due to neutron inelastic scattering were considered in 
this calculation. Other neutrons and photons due to the decay of radioactive fission products 
and photoneutrons were not considered. 

The GTR design engineers also provided information about the configuration of the GTR facility, 
which was modeled around the reactor and shield. Figure 2 shows the reactor and shield as 
they were positioned inside of the GTR facility. In Figure 2, the position of the concrete shield, 
whose required thickness was estimated in this analysis, is shown. 

RESULTS 

For the concrete shield four MCNP calculations were performed. Each of these calculations 
had a different shield thickness, 1 cm, 30.48 cm, 60.96 cm, or A82.88 cm. The neutron and 
photon fluxes were calculated on the outside surface of the shield as a function of height above 
the concrete floor and as a function of energy. These fluxes were then multiplied by neutron or 
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photon flux to dose conversion factors, which are listed below in Table I. The dose results for 
the four concrete thicknesses can be seen in Figures 3 through 6 with all of the results plotted 
together in Figure 7. In Figures 3 through 7 all the data points have error bars showing one 
standard deviation error in the result. In Figure 7 the location of the bottom of the vacuum 
vessel, bottom of the reactor, and bottom of the shield all above the concrete floor are marked. 

At this point it was decided to look at the peak dose value on the surface of the shield for the 
different thicknesses and to plot those. The peak neutron dose was around 472.44 cm above 
the concrete floor while the peak gamma dose was at about 431.8 cm. These peak dose 
positions are not exactly true in all cases, but they serve as a good approximation. It should 
also be pointed out that these peak dose positions are all at an elevation level with the reactor. 
Figure 8 plots the neutron points for the concrete shield while Figure 9 plots the gamma points. 
No error bars are included in Figures 8 and 9. Instead the values that have been plotted are the 
calculated dose value plus two standard deviations. In other words, the values plotted in 
Figures 8 and 9 represent the maximum neutron or gamma dose above the concrete floor with a 
confidence level of 95 percent. Next, the data points in Figures 8 and 9 were each fit with an 
exponential function, so that the neutron and gamma dose at any shield thickness could be 
estimated. It is important to point out that the data point for the 1 cm thick shield was not 
included in the exponential fits. This was done because in the part of the shield closest to the 
reactor gammas are building up at a fast rate and neutrons are being attenuated at a fast rate. 
The exponential fit is intended to represent the exponential attenuation of the neutrons and 
gammas by the shield once the neutron and gamma spectra have reached equilibrium. 
Including this data point would add unwanted error to the fit by trying to fit a region where the 
gamma buildup is occurring at a rate greater than or equal to the gamma attenuation and 
neutron attenuation is occurring at a higher rate. The functions for the neutron and gamma 
dose in the concrete shield are shown in equations 1 and 2. 

Eqn. 1 

Eqn. 2 

Equations 1 and 2, where r is the shield thickness, were then used to estimate the shield 
thicknesses required to meet the prescribed dose rates. These estimates are in Table 2. 

CONCLUSIONS 

The results in Table 2 state that a concrete-only shield will need to be around 2.75 to 3.25 m 
thick to meet the prescribed dose rates. A concrete shield 182.88 cm thick is worth about 7 
orders of magnitude for neutron attenuation and about 4 orders of magnitude for gamma 
attenuation. On the outside of a 30.48 cm thick concrete shield the gamma dose will have built 
up about 20 percent. 

In reality these numbers are estimates, and should only serve as an upper bound. This is true 
because the concrete thicknesses were calculated via the exponential fits. An actual calculation 
would need to be performed to verify this estimate. 
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Even though the alt concrete shield is a reasonable possibility for the GTR shield it may not be 
the optimum configuration to consenre space. Future work from this point should investigate the 
use of layered shielding, and if water is included in these layers some sort of container should 
be modeled. Different high Z and low Z materials should be considered such as, water, borated 
water, polyethylene, borated polyethylene, stainless steel, tungsten, concrete, and high density 
concrete. These materials in general have their own pros and cons, which would also need to 
be taken into consideration. For example with a water shield one would have to be concerned 
with water chemistry, leaky containers, and possibly gammas from 1 6 ~ ,  4 1 ~ r ,  etc., which may 
suggest that even though manufacturing a water shield is relatively simple using concrete would 
be better. 

QUALIFICATION OF METHOD 

Dose rates were calculated with the radiation transport code MCNP version 5 release 1.30. 
This is a pre-production level computer code. The results are based on nominal geometry and 
do not include method uncertainty, design assurance, or design contingency factors. 

REFERENCES 

(a) X-5 Monte Carlo Team, "MCNP - A General Monte Carlo N-Particle Transport Code, 
Version 5," Los Alamos National Laboratory, LA-CP-03-0245, June 2004. (U) 

(b) SDM-77, Revision 11, dated March 2005, "Shield Design Manual." (U) 
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Table 1 : Neutron and Photon Flux to Dose Conversion Factors 
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Table 2: Estimates of Required Shield Thicknesses 
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Required Dose Rate (mRemlZB00hr) 
125 
500 

5000 

Required Concrete Shield Thickness (cm) 
334 
312 
276 
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Figure 3: Surface Dose Profite with 1 cm of Concrete 

Total Dose Rate on Shield Surface vs. Height of Shield Surface Above Concrete Floor 

Hsight of Concrate Shield Above Concrate Floor (cm) 

Figure 4: Surface Dose Profile with 30.48 crn of Concrete 

Total Dose Rate on Shield Surface vs. Height of Shield Surface Above Concrete Floor 

1+30.48 cm Concrete Shield I 

Height of Concmts Shield Above Concrete Floor (cm) 
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