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HARDENING NEUTRON SPECTRUM FOR ADVANCED
ACTINIDE TRANSMUTATION EXPERIMENTS IN THE ATR

G. S. Chang” and R. G. Ambrosek
Idaho National Engineering and Environmental Laboratory, P.O. Box 1625, Idaho Falls.
ID 83415-3885, USA

The most effective method for transmuting long-lived isotopes contained in spent nuclear fuel into shorter-lived fission
products is in a fast neutron spectrum reactor. In the absence of a fast test reactor in the United States, initial irradiation
testing of candidate fuels can be performed in a thermal test reactor that has been modified to produce a test region with a
hardened neutron spectrum. Such a test facility, with a spectrum similar but somewhat softer than that of the liquid-metal fast
breeder reactor (LMFBR), has been constructed in the INEEL’s Advanced Test Reactor (ATR). The radial fission power
distribution of the actinide fuel pin, which is an important parameter in fission gas release modelling, needs to he accurately
predicted and the hardened neutron spectrum in the ATR and the LMFBR fast neutron spectrum is compared. The
comparison analyses in this study are performed using MCWQ, a well-developed tool that couples the Monte Carlo transport
code MCNP with the isotope depletion and build-up code ORIGEN-2. MCWO analysis yields time-dependent and neutron-
spectrum-dependent minor actinide and Pu concentrations and detailed radial fission power profile calculations for a typical
fast reactor (LMFBR) neutron spectrum and the hardened nentron spectrum test region in the ATR. The MCWOQ-caleulated
results indicate that the cadmium basket used in the advanced fuel test assembly in the ATR can effectively depress the linear

heat generation rate in the experimental fuels and harden the neutron spectrum in the test region.

INTRODUCTION

In nuclear power generation, the treatment of spent
tuel produced during the operation of commercial
power plants is one of the most important issues
not only to the nuclear community but also to the
general public. One of the viable options of long-
term geological disposal of spent fuel is to extract
plutonium, the minor actinides (MAs) and
potentially long-lived fission products from the
spent fuel and transmute them into short-lived or
stable radionuclides in a reactor appropriate for the
reduction of the radiological toxicity of the nuclear
waste stream. An important component of that tech-
nology will be a non-fertile actinide transmutation
fuel form containing the plutonium, uneptunium,
americiim and (possibly) curiumn isotopes to be
transmuted. The advanced fuel forms, especially
ones enriched in the long-life MA (LLMA) elements
(i.e. Np. Am and Cm). have few irradiation per-
formance data available from which to establish a
transmutation fuel form design. Thus. preliminary
irradiation tests on a variety of candidate fuel forms
are needed. Recognising these needs, an Advanced
Fuel Cycle test series-1 (AFC-1) irradiation test
on a variety of candidate fuel forms is now being
conducted at the Advanced Test Reactor (ATR),
Idaho National Engineering and Environmental
Laboratory (INEEL) with the advanced fuel sup-
plied by Los Alamos National Laboratory (LANL)
and Argonne National Laboratory-West (ANL-W),
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There is no domestic fast spectrum test reactor
and the complications associated with international
shipinents of nuclear materials are costly and for-
midable. Furthermore, many fuel performance
issues are primarily functions of temperature and/
or power and dependent upon neutron spectrum
only as a lower order effect. Testing of transinuta-
tion fuels is expected to produce useful data regard-
ing such fuel performance issues as irradiation
growth and swelling. helium production. gas release,
fission product and fuel constituent migration, and
fuel phase equilibria.

Currently, two low-fertile candidate fuel forms are
under consideration by the AFCI tor use in fast-
spectrum applications: nitride and metallic fuels. A
series of low-fertile fuel tests are being conducted in
the ATR. For simplicity in comparing the detailed
radial fission power profiles, actinide depletion and
build-up and important neutron cross sections vs.
effective full power days (EFPDs), an AFC-1F
rodlet-4 (U-29Pu-4Am-2Np-30Zr) with density ==
11.42 g cm ™, was chosen as the reference advanced
fuel specimen in this paper. Note that the metallic
alloy compositions are expressed in wt%. The 2*°U
enrichment in the tuel test rodiet is 78 wt%a,

METHODOILOGY: MCWO

Important neutronics paramcters, such as, detailed
radial fission power profile, linear heat generation
rate (LFIGR) and burnup are needed for the fuel
performance and fission gas release  analyses.
The major source of uncertainty in the fuel burnup
calculation comes from burnup-dependent cross
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sections (XS)'"', resonance treatment of neutron
spectrum vs. fuel enrichment and minor long-life
actinide XS. A UNIX BASH (Bourne Again Shell)
script MCWO has been developed at INEEL to
couple the Monte Carlo transport code MCNP'?
with the depletion and buildup code ORIGEN2™,
MCWO™ is a fully automated tool that links the
Monte Carlo transport code MCNP with the radio-
active decay and burnup code ORIGEN2. MCWO
can handle a large number of fuel burnup and mater-
ial-loading specifications, ATR powers and irradi-
ation time intervals. The program processes input
from the user that specities the systen1 geometry,
initial material compositions, feed/removal specifica-
tions and other code-specific parameters. Calculated
results from the MCNP, ORIGEN2 and data pro-
cess module calculations are then output successively
as the code runs. The principal [unction of MCWQO
1$ to transfer one-group cross section and flux values
from MCNP 1o ORIGEN2 and then transfer the
resulting material compositions (after irradiation
and/or decay) from ORIGEN2 back to the MCNP
in a repeated, cyclic fashion. Verification of MCWO
was made by comparing the MCWOQ-calculated con-
centration profiles with post-irradiation examination
data®®,

MCWO was also used to calculate cadmium (Cd)
isotopic concentrations and compositions, and
effective cross section ve. burnup. At the beginning
of irradiation, the peak LHGR of the metal fuel
rodlet-4 (U-29Pu-4Am-2Np-30Zr) with and without
the absorber filter are 237 and 2174 W e ™, respect-
ively'”. Owing to the depletion of '*Cd during irra-
diation, to hold down the linear heat and to maintain
a hardened neutron spectrum, we have to replace the
Cd and Al shroud every cycle (~-48 EFPDs) in this
study.

ATR AND LMF LATTICE MODELS

The ATR core consists of a serpentine and rotation-
ally symnietric fuel zone about the z-axis of the core
centre, with the core divided into five major power
lobes-~NW, NE. Centre, SW and SE. The major
components of the model are the fuel elements, the
outer shim control cylinders, neck shims and major
experiment facilities. The MCNP ATR full core
model cross-sectional view is shown in Figure 5 of
Ref. (4).

All fast reactors have a similar neutron-flux spec-
trum. For convenience and availability of data to the
anthors, we chose the liquid-metal fast breeder
reactor (LLMTFBR) lattice model as our reference
model to generate the fast neutron-flux spectrum.
LMFBR has a hexagonal shape fuel assembly
arrangement. The pitch (centre-to-centre) of the
hexagonal fuel channel is 13.78 ¢m. Fuel element
outer diameter (OD) and pitch is 0.65 and 0.795 ¢m,
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respectively. For the detailed description of the
LMFBR model see Ref. (8). The LMFBR lattice
model was used to generate the neutron spectrum
for the actinide burnup analysis.

We have chosen the following three cases for the
advanced fuel neutronics burnup characteristics
comparison study.

Case I: ATR neutron spectrum—the fuel test
asseinbly with Cd-filter (see the next sub-
section for the Cd-filter description).

Cuse 22 ATR neutron spectrum---the fuel test
assembly with Al-basket (no Cd-filter).

Case 3: LMFBR neutron spectrum—the fuel test

assembly with stainless steel (SST)-basket.

For the ATR full core model and the LMFBR
fattice model, MCNP was used to generate the
needed neutron-flux spectra. The comparison of the
MCNP-calculated Cd-filter, Al-basket in the ATR
and the EMFBR unit lattice neutron-flux spectra
with SST-basket is plotted in Figure I. It clearly
shows that Case 2 with Al-basket has the softest
neutron spectrum. and the LMFBR has the hardest
neutron spectrum.
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Figure 1. Comparison of the Cd-filier. Al-basket in ATR
and the LMFBR unit fattice with SST-basket neutron-flux
spectra.




NEUTRONICS ANALYSIS FOR PARTICLE FUEL TESTING IN THE ATR

Table 1. AFC-1F: low-fertile, metallic-fuelled experiment fuel column constituent densities (g cm .

.A E‘C— l }_ 2*7‘p 238 l.] 238(} 218pu ZS‘?})U

Rodlet | 0.27 3.16 0.89 0.00 283
Rodlet 2 027 1.84 3.42 0.00 371
Rodlet 3 0.20 3.04 0.23 0.00 2.21
Rodlet 4 0.24 3.10 0.88 0.00 2.68
Rodlet 5 0.02 3.72 0.28 0.00 2.70
Rodlet 6 0.22 2.84 0.21 0.00 2.16

*0py Zpy “2py 2Am Zr Total density
0.56 0.02 0.01 0.43 346 11.62
0.73 0.02 0.02 0.54 2.56 13.10
0.44 0.01 0.01 0.23 429 10.68
0.53 0.02 0.01 0.41 3.57 11.42
0.54 0.02 0.01 0.61 3.48 11.38
0.43 0.01 0.01 0.29 4.26 10.43

Advanced fuel test assembly model description

The current test train for AFC-1 fuel testing in the
ATR consists of six variants of transuranic-based
fuels containing Am and Np. Each miniature fuel
pin is 6 inch in total length and all pins are externally
identical.

The fundamental component, which contains the
fuel specimen, is termed a rodlet. The irradiation
vehicle will contain six rodlets, designated as rodlet
1 to rodlet 6. The radial and axial views of the fuel
test assembly at the ATR East flux trap position®”
(Figure 1). The rodlet-4 of the metallic fuelled AFC-
IF experiment evaluated in this paper has a fuel slug
diameter of 0.4013 ¢cm and 3.81 cm length. Table 1
provides the detailed fuel composition for the chosen
reference rodlet-4 in the AFC-1F test assembly.

The passive absorber-type filter, in the form of a
Cd-filter basket with a 0.114 cm (0.045 nchy Cd
thickness and 121.92 cin (48 inch) length, is currently
used in the actinide-fuel capsule design for the East
flux trap position in the ATR to depress the LHGR
in the experimental fuels and to harden the neutron
spectrum.

Isolated fuel test assembly model description

To improve ihe efficiency in the MCNP when tally-
ing over a very small rodlet cell and detailed radially
divided rodlet sub-cell, we developed an MCNP isol-
ated fuel pin model with a spherical neutron source
surrounding the fuel test assembly to compute the
detailed power profile within the fuel pins in the
ATR. First, a detailed MCNP ATR core model
was used to generate the neutron-flux spectrum in
the test assembly with the Al-Cd-filter basket. Then,
the generated spectrum was used as the isolated fuel
pin model’s outer spherical surface source to calcu-
late the detailed radial fission power profiles in the
fuel pins. The outer spherical surface boundary is
set to be 230 ¢m. which is large enough to contain
the whole-advanced fuel test assembly. An inward-
directed neutron source with the MCNP-calculated
neutron spectrum will bombard the fuel rodlet
model. The inward-directed source with the unbiased

cosine distribution will generate a spectrum-depend-
ent uniform neutron-flux field'”, As a result,
MCWO can be used to calculate the detailed fluxes
and neutron reaction rates in the fuel rodlet sub-
divided cells.

For the fuel test assembly at the East flux trap
position, MCNP (Fixed-Source mode with four
tasks, nps = § x 10%) calculations were performed,
where each time step run requires 160 min of DELL.-
650 XEON-2-CPU 3.06 GHz workstation computer
time to achieve 1 SD (1g) < 0.6% in the sub-cell
fission 1tallies.

RESULTS AND DISCUSSION

MCWO was used to calculate neutron-Hux spectra,
isotopic concentrations and compositions, and
fission power vs. burnup. For a typical ATR cycle,
the lobe power splits are: 18 MW (NW), 18 MW
(NE). 23 MW (C). 25 MW (SW) and 25 MW (SE),
which represent an E-lobe power-(NE + C -+ SE)/3
of 22 MW. MCWO-calculated results are normal-
ised to an ATR E-lobe power of 22 MW. Owing
to the depletion of ""*Cd during irradiation, we
have to replace the Cd and Al shroud every cycle
(~48 EFPDs) to hold dowu the linear heat and
maintain the neutron hard spectrum.

The average power density in the fuel rodlet is
assumed to be 2400 W em™ in this study, which
represents an LHGR of 303.6 W cm™'. The
MCWO calculations have each depletion time inter-
val set to be 16 EFPDs. The MCWO-calculated
results, for U, Np, Am and Pu isotope concentra-
tions, **’Pu/Pu ratio vs. EFPDs and detailed radial
fuel kernel fission power profile vs. fuel compact’s
fraction of radius (r/ry) at different burnups are
presented and discussed.

Comparison of the actinide neutron cross
sections at the beginning of life

The neutron-spectrum-averaged one-group neutron

cross sections for Cases 1, 2 and 3 at the beginning of

life (BOL) irradiation are tabulated in Table 2. For

-]
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‘Table 2. MCNP-calculated one group cross sections of AFC-1F advanced fuel rodlet with Cd-filter at the beginning of
irradiation life in ATR East-flux trap position.

(n,y) barns (n-2n) barns (n-3n) barns (n,f) barns
=20 922320 1.684E+01 2.223E-03 0.00E+00 1.917E+01
230 922330 6.872E+00 1.334E--03 0.00E+00 3.399E+01
28 922340 2.30E401 4.276E 04 0.00E~+00 4. 81SE--0)
B3y 922330 4.456E+00 2.967E-03 3.633E-010 1.O31E+01
By 922360 1.129E+401 2.282E-03 8.361E-~06 3.517E-01
Wy 922370 1.228E+01 5.932E--03 3.986E--05 5.352E- 01
Y 922380 4.799E-+00 3.773E-03 4.811E--06 8.958E-02
“"TNp 932370 2.658E-+01 8.345E-04 0.00E-+00 4.871E--01
“Np 932380 8.210E-+00 2.228E- 0.00E+00 3. 65‘)E -01
2¥py 942380 8.041E+00 1.232E 0.00E+00
29py 942390 $.545E400 1.3 0.00E+00
20py 942400 4.764E 401 6.779E--04 0.00E+00
Zpy 942410 7.835E400 SA21E~-03 3.457E-06
TPy 942420 4812E+01 £.730E-03 6.893E—07 :
Yam 952410 3.836E401 1.902E—04 : 6.821F - 01
2Am 952424 6.946E+00 5.287E--03 5.773E+01
MAm 952430 7.284E+01 2.042E--04 . ; 4.602E 01
2420m 962420 4.293E+00 5.227E--03 0.00E-+-00 3.298E 01
243Cm 962430 LLI1SE+0! 2.794E-03 0.00E+00 8.964F+01
Hiem 962440 2.731E401 1.085E--03 0.00E+00 1.089E +00
Note: Because the occurrences of (n-3n) reaction are very small. the tallies of (n-3n) are not reliable. Thc (n-3n) cross sections
tabulated here are only for velerence purpose
the constanl source power density, the total neutron b k
fluxes of the Cases 1-3 are 4.56 x 10'%, 1.15 » 10** I i ,
and 2.92 x 10 nem 257, respectively. Case 3has 2% 7 CFfler & Abbusket o LMEBK .
the lowest U and Pu fission cross sections, which 5 1 ?
means, for a constant power density, the total neut- & %7 a "
ron flux should be higher than the thermalised cases. & i w
The total neutron fluxes are very different between 5 'S%1
the thermal and fast spectrum environments; & 1 o
however, since the cladding material 1o be employed E_ 10% 1 .
in the fast spectrum transmutation system will be a = Lastt '
SST alloy traditionally used in the fast reactors, its 5% TP
irradiation performance is already well established EEETT N NP
and need not be demonstrated by the AFCI. W g—Ar—— T T T T T T T T T T

0 a0 80 1200 60 0 240 280 20
20 60 100 140 180 20 260 300
Comparison of the fuel isotopes concentration and Etfective full power days
actinides isotopic ratio vs. EFPD Figure 2. Comparison of the *’Np fraction depletion

The MCWO-calculated sum of “*U and **Pu
isotopes average atom density (10** atom per cmn’ =
atom per b-cm) vs. EFPDs have about the same
(**U +**Pu) depletion at the end of 304 EFPDs
for the same power density in threc study cases.
The higher transmutation of the *Np through
”‘Np b(,ld decay (half-life 2.117 d) to **Pu,
2*pu and **'Pu in Case 1. make\ a lictle less deple-
tion in the sum of 2*°U and *’pu.

The MCWO-calculated *'Np deplctlon Vvs.
EFPDs is plotted in Figure 2 The “"Np depletion
rate 1s a function of the = 'Np absorption-XS (g, =
o.+ay) and target fission power. In our three case
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(atom%) vs. EFPDs.

studies with a constant mutron ﬁm field, the fission
power is proportional (0 *Pu-g;. The ratio
of ZNp-a, to “Pu-a;, which is an index of

Np depletion rate, for Cases 1-3 are 2.45, 0.45
and 1.14, respectively. Note that 'Np XS has
a high resonance over the neutron energy range
0.7-100 eV. The Cd-filter modifies the neutron
spectrum such that all the thermal neutrons are elim-
inated, while still keeping the intermediate neutrou
spectrum. For this reason, Case 1 has the highest



NEUTRONICS ANAL

28
A
AR = Cd-fiker & Al-basket v LMFBR A
st
g
3 P v v v
S 1 o 5 &
035 T
A L
B s R A At
¢ 01 02 03 04 0S 06 07 035 09 |
Reuxlius fraction (/)
Figure 3. Comparison of the radial fission power profiles

at the BOL.

ratio of *’Np-g, to 23"[’1_1-@; As a result, Case | also
has highest depletion in **’Np atom% at the end of
304 EFPDs.

An important issue of burning actinide fuel is that
the discharged fuel shall meet the spent fuel stand-
ard™?. The isotopic compositions of the discharged
actinide fuel should be about the same as the LWR
UO- spent fuel, particularly, the Pu/Pu ratio
should be >25%. The MCWO-calculated ***Pu/Pu
ratio at the end of 304 EFPDs, for Cases 1-3 are
14.1, 23.6 and 20.9%, respectively.

Comparison of the detailed radial fuel rodlet
fission power profiles vs. EFPDs

Rodlet fission heat generated will transfer radially.
The radial profiles are needed for tuning the import-
ant fission gas release modelling. The detailed radial
mesh in this study contained 25 subdivided equal
volume sub-cells in the fuel rodlet. The results of
the fuel rodlet burnup analysis performed provide
the detailed relative radial fission power profile vs.
EFPDs. The neutronics analysis of the detailed rel-
ative radial fission power profiles at the BOIL. and
304 EFPDs in ATR Cases | and 2, and LMFBR
Case 3 were calculated and are compared.

The MCWO-calculated (each depletion time inter-
val was set to 16 EFPDs) relative radial fission power
profiles of the fuel rodlet are shown in Figures 3
and 4. Because of the spatial and spectral seli-
shielding effects, especially in the thermalied neutron
field, the fission power density is higher in the fuel
outer shell for Cases | and 2. The MCWO-calculated
radial power profiles indicate that the softest neutron
spectrum, Case 2 has the highest rim-effect, which
represents a peak local fission power to an average
ratio of 2.34. However, {or Cd-filter Case 1, the peak
local fission power to average ratio at outinost shell
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Figure 4. Comparison of the radial fission power profiles

at 304 EFPDs.

only reaches 1.22, which is closer to the Case 3
fission power profile, because the hardest neutron
spectrum does not have any significant neutron
self-shielding effect. Owing to the depletion of the
fissile materials *°U and **°Pu, the fission XS
increase for Cases | and 2 towards the end of
irradiation. For the hard neutron spectrum in
Case 3, the **U and *¥Pu fission XS do not show
any significant variation over irradiation time. As a
result, there is no significant rim-effect observed in
the Case 3 radial fission power profiles vs. EFPDs.
From Figures 3 and 4, the radial fission power pro-
files for all three cases did not show large variations
over time.

CONCLUSIONS

The ability to accurately predict the advanced fuel
pellet radial power profile, burnup. and burmup-
dependent XS is essential in the advanced fuel per-
formance evaluation. This paper demonstrated that
the MCWO method could provide the needed accur-
ate neutronics parameters. We show that the fission
power profile differences between the three cases
studied are quite significant. The ratio of fission
power in the outermost rodlet shell for Cases 1-3
are 1.22, 2.34 and 1.01, respectively.

The MCWO-calculated burnup and fission heat
rate distributions, and Cd-filter depletion of the pro-
posed AFC-1 vs. EFPDs shows that the Cd-filter can
harden the neutren spectrum and effectively reduce
the LHGR of the advanced fuel rodlet to meet the
AFC-1 experiment needs. In addition, the Cd-filter
can also reduce the rim-effect in the radial fission
power profile.

The developed MCWO method is being uvsed
to perform the neutronics analysis for particle fuel
testing in the ATR, The MCWO method can also be
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used in a wide variety of other applications,
including advanced high-temperature gas-cooled
reactor (both fast and thermal neutron-flux
Gen-1V reactors) fuel cycle performance analysis,
LLMA rtransmutation, strong absorber depletion
analysis, actinide fuel design and reactor materials
test assembly design.
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