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Material testing experiments are needed to enable the 

next generation of nuclear power reactors. This paper 
discusses the neutronic analysis of using a modified 
Boosted Fast Flux Loop (BFFL) design. This Fast Loop 
design features both booster fuel plates and a thermal 
neutron filter. 

Attila is a 3D multigroup deterministic neutron 
transport code. It is used to mesh CAD model geometries 
for use in both the Attila deterministic calculation and the 
Monte Carlo calculation. MC**2-generates a multi-group 
fast reactor cross section library which is converted to a 
form that is used by Attila for deterministic numerical 
solutions. Monte Carlo neutron transport results generated 
by MCNP are used as reference solutions for comparison. 

The Large-I position Fast Loop fast neutron (>0.1 
MeV) flux magnitude is 2 x 1013 n/cm2-s, which is 
significantly less than the minimum BFFL experiment 
criteria of 3 x 1015 n/cm2-s. The fast to thermal ratio of 8 is 
also below the minimum criteria of 15. Further design 
iteration is necessary to achieve adequate materials testing 
performance in the Large-I position. Attila default thermal 
library calculations yielded group-by-group errors of 
<±50% compared to the MCNP reference solution while 
Attila-MC**2 calculations had significantly reduced 
errors (<±15%). 

 
I. INTRODUCTION 

 
Fast reactors promise higher fuel efficiency and lower 

volumes of used nuclear fuel. The Generation IV 
International Forum1 has prioritized four general criteria to 
improve reactors – sustainability, economics, safety, and 
proliferation resistance. An important step in creating a 
new fast reactor design is creating a viable computational 
model and testing materials. Materials testing includes a 
wide variety of procedures, but central to NRC licensing is 
testing at high temperature and high neutron flux. The Gas 
Test Loop and Boosted Fast Flux Loop projects were 
proposed to develop a fast reactor testing environment 
within the United States National Laboratory system’s 
light-water based research reactors – the High Flux Isotope 
Reactor and the Advanced Test Reactor’s (ATR) 

respectively.2,3 However, with the recent closure of the 
Halden reactor, there are limited opportunities for materials 
and fuel testing and using the NW lobe position of ATR is 
no longer viable. This research explores the possibility of 
using the Large-I position of the ATR (see Figure 1) 
because this position is currently under-utilized. This 
position is located outside the main core at the 9 o’clock 
position and outside the control cylinders. 
 

 
Fig. 1. The ATR has many possible experiment locations. 
 
II. BACKGROUND 
 

A SolidWorks model of the Boosted Fast Flux Loop 
drop-in experiment was provided by Idaho National 
Laboratory (INL). A cross section of this model (see Figure 
2) was taken and slightly modified to capture the most 
relevant geometry for neutronic analysis. The central test 
section was replaced with sodium. The model is composed 



 

 

of the following sub-assemblies: flux trap, booster fuel 
plates, inner pressure tube, and outer pressure tube. 
 

 
Fig. 2. The regions of interest in the CAD model. 
 

The diameter of the original model was 13.6 cm (5.34 
inches). However, this did not match the 12.7 cm (5 inches) 
diameter of the Large-I position in the ATR. Therefore, the 
full cross-sectional sketch was reduced in scale such that 
the inner diameter of the outer aluminum sheath was 
defined as 12.7 cm. The sketch was extruded to account for 
the full length of the fuel (127 cm, 50 inches). Along with 
the volume scaling of the fuel and hafnium layers from the 
dimensions recommended for the NW/NE lobe in the 
BFFL report, the flow areas for heat removal from these 
areas were also reduced in scale.  
 
II.A Attila® Transport Code 
 

Attila is a discrete ordinates transport code maintained 
and developed by Varex Imaging.4 The CAD model 
provided by INL was exported in Parasolid format and 
used as an input file for Attila. The Attila software meshes 
the CAD model into regions composed of unstructured 
tetrahedra. This mesh can be used directly in Attila to 
produce a numerical solution for all spatial positions or 
with MCNP through the generation of Abaqus and MCNP 
input files. 

Since curved surfaces are more difficult to mesh 
accurately, specific regions like the filter and half-moon 
water channels were refined into more cells to preserve the 
volume between the CAD model and the mesh (see Table 
I). 
 
 
 
 
 
 
 
 

TABLE I. Comparison of model volumes. 

 
 

Meshing options were varied to provide a range of 
cells generated, between 60,000 and 1,800,000. Initial 
Attila solution times can exceed 20 wall-clock-hours for 
even a mesh of 105 cells. Meshing of the test section in the 
z-direction is performed by the extrusion meshing feature 
to minimize the total number of cells. Typical test runs 
would target ~105 cells for a balance between accurate 
volume resolution and computational cost. 
 
II.B MCNP 
 

MCNP is a Monte Carlo code that tracks particle 
populations from creation to absorption or loss.5 Sufficient 
particles are required to ensure calculated quantities 
(neutron fluence) have sufficiently small statistical errors. 
MCNP 6.1.1 and MCNP 6.2 were used in this project. 
 
II.C In-core test loop description 
 

The aluminum sheath provides the outer structure for 
the test train (see Figure 3). Its dimensions are based on the 
scaled-down GTL design. The OD is 13.89 cm and 
thickness is 0.595 cm. Its composition is aluminum-6061. 
The aluminum support tube has an OD of 9.52 cm. The 
Inconel envelope tube has an OD of 8.80 cm. The helium 
gas gap has an OD of 7.90 cm and the Inconel pressure tube 
has an OD of 7.35 cm (ID 6.27 cm). 
 

 
Fig. 3. The dimensions of the CAD model. 
 
 



 

 

II.C.1 Booster fuel plates 
 

The booster fuel plate assembly is configured to fit 
between the aluminum sheath and aluminum support tube. 
The dimensions are based on the GTL design and the clad 
is aluminum-6061. The fuel is aluminum (58.5 weight %) 
dispersed uranium silicide U2Si3 and is 20% enriched. At 
4.8 g U/cc, the total uranium content is approximately 5 kg 
(1 kg U-235). 
 
II.C.2 Thermal neutron filter 
 

To achieve the desired fast-to-thermal neutron flux 
ratio, there must be a thermal neutron filter between the 
fuel plates and test sample to harden the spectrum. 
Attractive candidate thermal neutron filter materials will 
have a high thermal absorption: gadolinium, enriched 
boron, cadmium or hafnium. While the thermal neutron 
cross section varies, other considerations such as toxicity, 
water solubility, and burn-up rate are factors to consider. 
While cadmium is highly toxic, it is also an effective 
thermal neutron filter, so it was analyzed for the sake of 
spectrum comparison (though not seriously considered for 
implementation). Hafnium has a significant cross section 
for all six of its stable isotopes and has a slower burn-up 
rate than other materials.6 

Each filter material was tested for the model with a test 
section filled only with sodium. Inconel was selected as a 
“no filter” stand-in, as it is already present in the adjacent 
envelope tube. The materials (and associated densities) of 
each of these filter candidates are summarized in Table II. 
The thickness of the filter was 0.95 mm in all cases. 
 
TABLE II. Densities of filter candidates. 

 
 
II.C.3 Sample test section 
 

The actual test region of the Fast Loop was varied to 
give an idea of flux for different plausible test vehicles. 
First, a solid stainless steel rod was analyzed as a non-
nuclear test specimen. Second, a single HT9 Sodium Fast 
Reactor (SFR) fuel rod was modeled. Two more realistic 
cases were also modeled, that better reflect actual heat 
removal: a trio of SFR fuel rods, and finally a trio of SFR 
fuel rods within a sodium “u-loop.” In all cases, the test 
specimen was idealized to a full-length uniform sample, an 
assumption that provides a limiting case for heat removal 
calculations. 

III. METHODS 
 
For the majority of the following results, Attila was 

used to mesh the CAD geometry and write the input files 
(geometry and materials) for MCNP. The MCNP 
calculation provided the fluence solutions used for 
comparison. All MCNP calculations except the SFR 
reference spectrum (see section III.B) used 107 particles in 
fixed source mode. The relative error was less than 0.1 for 
all plotted results (see error bars) and only approach 0.1 for 
the low fluence, thermal region ~0.01 eV. 
 
III.A Fixed neutron source from ATR 
 

For the initial MCNP model, there were two known 
sources - the incoming flux from the ATR and penetrating 
the experimental port, and the neutrons generated from the 
booster fuel plates. 

The incoming flux from the ATR core is used as the 
driving source. Neutrons are “generated” in the aluminum 
sheath and travel until escaping the model, being absorbed, 
or causing a fission in the aluminum-dispersed uranium 
silicide booster fuel plates. The Large-I position spectrum 
for the volume source was provided by INL as 70-group 
flux data from their full-core Serpent model (see Figure 4). 
The source flux is highly thermal due to the distance from 
the core and the presence of control cylinders between the 
core region and the I-positions. The energy structure is the 
CASMO 70-group structure.7 This flux profile was 
generated with a prescribed reactor power of 110 MW, 
which approximates the normal operating power for the 
ATR. 
 

 
Fig. 4. The average Large-I position spectrum from INL’s 
full core Serpent model. 
 

This flux profile serves as the source for the outer 
pressure boundary of the Fast Loop. This is considered the 
maximum possible source flux. Radial distortion of the 



 

 

flux at different locations within the Large-I position was 
not considered; thus, for the sake of feasibility, this flux 
profile represents the best-case scenario for input flux 
values. 

 
III.B SFR reference spectrum 

 
For the sake of comparison to the spectrum of a typical 

sodium cooled fast reactor (SFR), a single SFR assembly 
was created in MCNP. This flux profile serves as a test case 
for the spectrum that would be produced within the core of 
a fast neutron test reactor, such as the VTR. The assembly 
was fueled with 271 uranium-zirconium fuel rods with an 
enrichment of 19.75-wt% U-235. The remainder of the 
assembly consisted of a lower reflector, plenum and upper 
reflector. Reflecting boundaries were placed on all radial 
sides of the assembly to simulate adjacent fuel assemblies. 
The calculation used 105 particles for 200 active cycles in 
the k-eigenvalue mode. The flux profile developed by this 
model is presented in Figure 5. 
 

 
Fig. 5. An approximation of a fast reactor spectrum created 
by modeling a reflected hexagonal assembly. 
 
III.C Attila multigroup libraries 

 
For Attila to produce a deterministic solution, a multi-

group cross section library is required. A thermal library 
that comes with the Attila software was compared to a fast 
reactor library generated using the MC**2-2 software8 
developed by Argonne National Lab. This software 
generates a library that must be converted to a format that 
Attila can use. 

PyNE,9 a Python-based nuclear engineering toolkit 
contains a tool that can parse an ISOTXS file produced by 
MC**2. This tool was used in conjunction with a Python 
program developed by the authors to translate this info into 
a DTF cross-section input file for use in Attila 
deterministic calculations. 
 
IV. RESULTS 

 
IV.A Thermal neutron filter comparisons 

We first compare the candidate materials for thermal 
neutron filtration and the mock VTR flux profile; these 
results are provided in Figure 6. While the cadmium filter 
performs better in the thermal region, the hafnium filter 
does provide better epithermal absorption. Both the 
cadmium and hafnium models yield fluxes that are orders 
of magnitude too high in the thermal region, so a thicker 
filter region is explored in section IV.C. The filtered fast 
region is hardened compared to the mock VTR fast region. 
This may be an advantage for fuels testing since higher 
dislocation rates may be possible. 
 

 
Fig. 6. A comparison of the spectrum in the test region for 
different filter materials. 
 

The heat generating ability of the fuel plates and test 
section display similar trends along the length of the test 
train. The top and bottom 2.5 cm experience a nearly 20% 
reduction in neutron fluence, but this calculation is 
performed with vacuum boundary conditions and a coarse 
axial mesh. This 20% reduction is also closely tied to the 
uniformity of the source throughout the entire height of the 
test train. A better comparison of power and flux 
distributions would require an axially varying source flux. 
Figure 7 shows the comparison of heat generation rates 
within the regions of interest. Adequate cooling for around 
900 kW of heat generation is necessary for implementation 
of the test loop. 
 

 
Fig. 7. Heat generation in the fuel plates dominate the 
cooling needs of the loop. 



 

 

All filters reduced the flux below 1 eV while 
preserving the flux above 1 keV. Hafnium was chosen in 
the BFFL report because it has good corrosion properties, 
long life and easy accessibility. While hafnium is a very 
effective thermal neutron filter because of the many 
sequential absorption reactions it undergoes, other filter 
materials were evaluated. 

There are specific guidelines as to material limitations 
in the ATR. Potential designs should be screened against 
materials acceptance criteria to be sure that no design 
would compromise ATR operational safety. The use of 
hafnium to harden the neutron spectrum for the Gas Test 
Loop also presented some challenges in order to provide 
adequate cooling. Solid hafnium has a high power density 
and appeared to be difficult to cool with the gas coolant 
previously designed into the GTL. 
 
IV.B Test specimen comparisons 
 

Various test samples were compared. The first case 
looks at the spectrum within a non-fissile sample (OD 2.54 
cm). Stainless steel was chosen since it is often used as a 
test sample capsule material. Figure 8 shows the 
comparison between the open sodium channel and the 
stainless steel specimen placed in the center of the sodium 
channel. With the stainless sample, both the thermal and 
fast flux are slightly reduced compared to the full sodium 
region. This result is likely due to a small loss of neutrons 
as they travel to the center of the sodium region and into 
the sample. 
 

 
Fig. 8. The spectrum comparison of the full sodium region 
versus a stainless steel sample. 
 

The next case shows a single SFR fuel pin (Figure 9). 
The pin has OD 0.584 cm and the model includes both the 
U-10Zr fuel (20% enriched) which has OD 0.439 cm and 
the sodium bond region OD 0.5154 cm. Fuel density was 
15.47 g/cc and HT9 was used as the cladding material. A 
further decrease of thermal neutrons compared to the 
stainless case is expected due to attenuation as the neutrons 
travel towards the centerline, but the pin also has more fast 
neutrons because some are being generated in the pin itself. 

The fuel pin generates approximate 3.6 kW, however this 
case is modeling the pin as 127 cm long so real test samples 
would generate substantially less heat. 
 

 
Fig. 9. The spectrum comparison of a single SFR fuel pin 
versus a stainless steel sample. 
 

With three fuel pins, the fast flux is nearly identical to 
the one pin case, but the thermal flux is further reduced 
(Figure 10). The three pins together generate 9.6 kW, but 
again this is a limiting case for heat removal since the full 
length of the sample pins would not be fueled. 
 

 
 
Fig. 10. The spectrum comparison of the 1 SFR fuel pin 
and the 3 SFR fuel pin cases. 
 

The U-tube moves the three pins to one quadrant and 
places sodium only in two HT-9 tubes surrounded by argon 
(see Figure 3). This spectrum remains very close to the 
centralized three-pin case, but since the sodium region is 
much smaller higher temperatures are possible (Figure 11). 
 



 

 

Fig. 11. The flux comparison of the U-tube (with three SFR 
fuel pins) and the previous three SFR fuel pin case. 
 

Figure 12 shows the progression of the flux from 
baffle to test region in the U-loop configuration. The 
spectrum starts very thermal and the thermal flux decreases 
as neutrons penetrate through the fuel plates and then 
through the filter. The fast flux is 2.1x1013 n/cm2 s (total 
flux is 4.9x1013 n/cm2 s) which is approximately 50 times 
lower than targeted in the Boosted Fast Loop Report. The 
fast-to-thermal ratio in the pins is approximately 7.9 
(compared to the target 15). 
 

 
Fig. 12. The spectrum changes as the u-loop test region is 
approached. 
 
IV.C Filter, structure, and software comparisons 

 
Several other aspects of this design problem were 

analyzed. First, we considered the impact of doubling the 
filter thickness. In these cases, the hafnium layer generated 
only 13 Watts, so the filter-cooling water channels were 
removed and the filter was expanded inwards to a thickness 
of 2 mm (up from 0.95 mm). Figure 13 shows a comparison 

of the flux spectrum. There is a 23% reduction in thermal 
flux and additional reduction in the epithermal range. Total 
flux is 6% lower. Further expanding the thickness of the 
filter would improve the fast-to-thermal ratio. 

 
Fig. 13. The spectrum comparison of the two filter 
thicknesses. 
 

Inconel was used for the pressure tubes in the previous 
calculations, but may become brittle over long exposures. 
Stainless steel is a plausible alternative and Figure 14 
shows the comparison between these two materials. The 
pressure tube and envelope tube were switched from 
Inconel to stainless steel. There is approximately 14% 
more flux in the thermal region with the stainless steel 
structure and there are some differences in the epithermal 
range, but the magnitude of the fast flux remains the same. 
 

 
Fig. 14. The spectrum comparison Inconel and stainless 
steel for the structural materials of the loop. 
 

Finally, we looked at the utility of Attila multi-group 
deterministic transport solutions in comparison with 
continuous energy MCNP calculations. Using the thermal 
multigroup library distributed with Attila, the deterministic 
transport calculations of the group fluxes in the Fast Loop 
geometry differ as much as ±50% from the results of the 
MCNP calculations (see Figure 15). 



 

 

Using MC**2 and PyNE to develop a fast cross 
section library more consistent with a fast spectrum 
application, reduced these differences to ±15%. Further 
work could explore the specifics of the two routes to multi-
group cross section library generation given that this loop 
is has both thermal and fast reactor characteristics. 
 

 
Fig. 15. The spectrum comparison between MCNP and 
Attila. The 22-group values vary by up to ±50%. 
 
V. CONCLUSION 

 
Test runs were completed using a prototypical input 

flux from the ATR core, as provided by INL. Heat 
generation rates were also tracked to facilitate cooling 
assessments. The thermal neutron filter of choice is 
hafnium, due to its availability, relative ease of handling, 
and previous vetting in other fast neutron spectrum 
research programs. Attila’s cross-platform meshing 
capability was useful, but deterministic solutions require 
judicious use of cross section libraries. 

An assessment of the spectrum produced by the 
booster fuel plates was performed, and the results are 
strongly dependent on the driver flux provided by the core. 
At such a distant location from the central core, the flux 
profile is highly skewed towards thermal energies, but 
enough power is produced even in the Large-I position to 
induce the production of a substantial fast neutron flux. 

The current configuration does not meet the minimum 
criteria put forward for fast reactor testing, but increases in 
fuel plate and filter thicknesses may lead to a viable fast 
spectrum experimental loop. 
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