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Abstract

Most of the development of the MCNPX/6 burnup capability focused on features that were applied to the
Boltzman transport or used to prepare coefficients for use in CINDER90, with little change to CINDER9S0
or the CINDER90 data. Though a scheme exists for best solving the coupled Boltzman and Bateman
equations, the most significant approximation is that the employed nuclear data are correct and
complete. The CINDER9O library file contains 60 different actinide fission yields encompassing 36
fissionable actinides (thermal, fast, high energy and spontaneous fission). Fission reaction data exists for
more than 60 actinides and as a result, fission yield data must be approximated for actinides that do not
possess fission yield information. Several types of approximations are used for estimating fission yields
for actinides which do not possess explicit fission yield data. The objective of this study is to test whether
or not certain approximations of fission yield selection have any impact on predictability of major actinides
and fission products. Further we assess which other fission products, available in MCNP6 Tier 3, result in
the largest difference in production. Because the CINDER9O library file is in ASCII format and therefore
easily amendable, we assess reasons for choosing, as well as compare actinide and major fission product
prediction for the H. B. Robinson benchmark for, three separate fission yield selection methods: (1) the
current CINDER9O library file method (Base); (2) the element method (Element); and (3) the isobar method
(Isobar). Results show that the three methods tested result in similar prediction of major actinides, Tc-99
and Cs-137; however, certain fission products resulted in significantly different production depending on
the method of choice.

Highlights

e Examining fission yield data provides methodology for selecting an appropriate fission yield for
actinides not explicitly possessing fission yield data.

e Based on fission yield data examination, the nearest element or nearest isobar seem to be
reasonable approximations for selecting a fission yield for an actinide not explicitly possessing
fission yield data.

e Results show that the three methods tested result in similar prediction of major actinides, Tc-99
and Cs-137; however, certain fission products result in significantly different production
depending on the method of choice.
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1. Introduction

The first MCNP based inline Monte Carlo depletion capability was released as MCNPX 2.6.0 [1]. This
technology used MCNPX for solving the spatially dependent Boltzman equation (using the Monte Carlo
method) in order to provide destruction and creation coefficients and normalization constants for
CINDER90 [2] for solving the time dependent Bateman equations. Several features were developed in
order to model typical reactor calculations, and the genesis of each feature as well as comparisons of the
code’s predictive capabilities to the H. B. Robinson fuel assembly benchmark were given in Ref 3. With
the later development of MCNP6 [4], simulation capabilities of MCNPX and MCNP5 were now integrated
into a single radiation transport code. The new MCNP6 burnup capability, using a new parallel
architecture, memory management scheme and improved physics, was later presented in 2014 [5]. Most
of the focus of the development of the MCNPX/6 burnup capability focused on features that were applied
to the transport or preparation of the coefficients for use in CINDER9O (i.e. supplying continuous energy
integrated collision densities, 63-group fluxes and normalization coefficients), with little change to
CINDER90 or the CINDER90 data (the only exception was an adjustment made to the (n,y) collision rate to
improve isomer branching).

The destruction and creation coefficients of the Bateman equations are composed of both decay and
absorption rates (fission and capture). Because the absorption rates depend upon the time dependent
flux, which depends upon the time dependent atom densities, the entire depletion process is nonlinear
and an approximation must be made to make the process solvable. The usual approximation is to solve
for the creation and destruction coefficients at a time step, using a Boltzman solver, and then send these
coefficients to a Bateman solver, where these coefficients are assumed constant, to progress the number
densities to a new time step, where the process then repeats. This approximation is reasonable if the
time step is not large “enough” such that the atom densities do not change “enough” to warrant a
“significant change” in the time dependent flux (hence allowing for an approximation of constant reaction
rate over a time step). Because power is proportional to the product of the flux and macroscopic fission
cross section, in order to maintain a constant power level over a time step, the flux must increase during
the time step to compensate for loss of fissionable material from burnup (this argument is complicated
by the buildup of absorbers and fission products as well as loss of possible burnable poisons and possible
breeder material). As a result, the flux can never be constant in a real reactor, but if the time step is small
“enough” then the flux can be assumed constant “enough”. Because the depletion process involves
marching through a series of time steps, making the time steps small “enough” may involve too many
time step calculations for reasonable computation. As a result, flux averaging techniques are employed
to lengthen the size of a “reasonable” time step. [6-8] MCNP6 employs a midpoint predictor corrector
scheme. [9]

Though a scheme exists for best solving the coupled Boltzman and Bateman equations, the most
significant approximation is that the employed nuclear data are correct and complete. Nuclear data in
the context of the Boltzman equation are transport cross sections and secondary particle production
information such as supplied by the Evaluated Nuclear Data Files (ENDF) [10] or similar evaluations from
other countries [11-14]. Nuclear Data in the context of the Bateman solver also includes transport cross
sections but is further extended to decay constants, branching ratios and fission yields. Not every nuclide
has a significant enough cross section to contribute to reactivity to further affect the magnitude and shape
of the flux; therefore using a subset of nuclides, in the Boltzman solver, to compute the magnitude and
shape of the flux is a “reasonable enough” approximation. MCNP useable neutron transport cross
sections only exist for ~400 nuclides; unfortunately, over a thousand nuclides can be produced from a
fission system.  Therefore at best MCNP can only currently use these ~400 nuclides to calculate a
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magnitude and shape of the flux (without adopting a method for creating fission product lumps to
approximate the ~1000 other nuclides created during the fission process). The Bateman solver must have
some type of approximation for the destruction and creation coefficients of the nuclides that do not
possess transport cross sections. For CINDER90, 63-group cross sections, for many reaction types, exist
for thousands of nuclides (~1/3 of the nuclides in the library file), and the user must provide a 63-group
fluxin order to energy integrate to a total collision rate for each reaction type. The 63 group cross sections
in the CINDER9O library file were computed from codes like GNASH [15] and EMPIRE [16]. The CINDER90O
library file also contains 60 different actinide fission yields encompassing 36 fissionable actinides (thermal,
fast, high energy and spontaneous fission). The available fission yields are given in Table 1. Each actinide
fission yield set contains production information for 1325 fission products. The fission yield sets in the
CINDER9O library file are normalized to 2.0 fission products per fission event; therefore tertiary fission
product emissions are not considered in this library. These fission yields are the yield data from ENDF/B
V1.0 and the chronology of where these data originated can be found in Ref 17.

Fission reaction data exists for more than 60 actinides and as a result, fission yield data must be
approximated for actinides that do not possessed fission yield information. In CINDER90, missing fission
yield data is approximated by using the Pu-239 fast fission yield or by using the available fission yield for
another impinging energy (use the fast yield if there is no thermal fission yield). The idea behind using
the fast fission yield if the thermal yield does not exist is that the actinide probably possesses a threshold
below which there exists no (or extremely minimal) fission cross section. Because, for some codes, the
user must select a single library or average fission energy for selecting a fission yield to use, implementing
the fast yield assumes that any fission that was tallied in a transport code, for the particular actinide, was
actually caused by fast fission regardless of whether or not the average fission energy of the system was
thermal. In other codes like ORIGEN2 (ORIGEN2 possesses fission yield data for 9 actinides), the total
fission rate from all actinides without explicit fission product yields is calculated, and the actinide with the
largest fission contribution is used to select a nearest available neighbor yield; and then the fission product
yield of the nearest neighbor is adjusted to account for the total number of fissions from actinides that do
not have explicit yields [18]. In ORIGEN-S [19], the successor to ORIGEN2, fission yield data exists for 30
actinides; however, actinides without explicit yields do not produce fission products during fission.
ORIGEN-S does provide the ability to energy interpolate fission yields based on the average neutron
energy causing fission for each fissionable nuclide [20]. Other point depletion codes around the world
have their own methods for treating missing fission yields, which either leverage a substitution concept
(like CINDER90), a nearest neighbor approach like ORIGEN2 or not producing fission products at all for
nuclides lacking yields. [21-23]

The objective of this study is to test whether or not certain approximations of fission yield selection have
any impact on predictability of major actinides and fission products. The motivation of this work is
therefore to understand how these approximations ultimately affect the prediction of actinides given in
typical spent fuel benchmark analysis. Unfortunately, measurement of minor fission products is not
necessarily covered in typical spent fuel benchmark analysis. This gap in analysis is usually due to
abundance, cost and/or relative importance to predicting aspects of the spent fuel with these fission
products (there are better markers for burnup, enrichment, etc.). Therefore though this study does also
assess which other fission products, available in MCNP6 Tier 3 (Tier 3 is the most inclusive set of fission
products that are tracked during the transport calculation), result in the largest difference in production,
we only choose to report the difference as the main focus of the work is connected to the prediction of
major actinides and fission products found in typical spent fuel benchmark analysis.
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One major advantage of the CINDER90 depletion package is that the CINDER9O library file is in ASCII text
readable format; and therefore can be easily altered to test various nuclear data approximations. Fission
yields that can be selected for a typical actinide are listed directly in the library file, and therefore can be
easily manipulated. Unfortunately, for neutron induced fission, CINDER90 can only currently use either
thermal, fast or high energy fission yields without further energy interpolation (a set of yields is pre-
selected). Modifying the CINDERSO0 code to interpolate yield information is not within the scope of this
study. Given that we cannot energy interpolate fission yields in CINDER90, we leverage the ASCII format
of the library file to compare, using the H. B. Robinson Benchmark, three strategies for selecting fission
product yields for actinides not explicitly containing fission yield data: (1) selecting the Pu-239 fast fission
yield or an available fast yield (default in CINDER90); (2) choosing the nearest neighbor element yield; and
(3) selecting the nearest available isobar yield. The H. B. Robinson reactor is a thermal reactor and hence
for this study we only test thermal fission yield choices for actinides used in CINDER90.

Table 1. Available CINDER9O fission product yield sets.

Actinide Thermal  Fast HE SF
Th-227 X

Th-229 X

Th-232 X X

Pa-231

U-232 X
U-233 X
U-234

U-235 X
U-236

uU-237

U-238

Np-237 X
Np-238
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242m
Am-243
Cm-242
Cm-243 X
Cm-244

Cm-245 X
Cm-246

Cm-248 X X
Cf-249 X

Cf-250 X

x
xX X X X

x
x

X X X X X X
X X X X X X X X X X X X X X

xX X X X

x
x
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Cf-251 X

Cf-252 X

Es-253 X

Es-254 X

Fm-254 X

Fm-255 X

Fm-256 X
2. Theory

Though the existence of positively charged protons would seem to break apart the nucleus through
electrostatic repulsion, the short range strong nuclear force dominates and holds the nucleus in a near
spherical configuration. When 6-8 MeV is supplied to the nucleus (either by binding energy of a neutron
or kinetic energy from a particle), the spherical shape is perturbed to an ellipse and then oscillates into an
“eight shape” (if considering binary fission). When the separation in the “eight shape” is past a critical
range, the electrostatic repulsion between the fragments dominates, and the nucleus fissions. The fission
of any actinide has a distribution of probable fission product pairs (if only considering binary fission),
where the distribution for a particular target actinide depends upon the energy of the incoming neutron
as well as the mass of the target actinide.

Figure 1 displays the normalized fission product chain yields of U-233, U-235 and Pu-239, for thermal
induced fission, where the yield of each isobar is summed for a particular mass number (as taken from
the CINDER9O library file). For thermal fission, the fission yield curve has a double hump shape, where
the double hump is shifted towards the higher mass if the mass of target actinide is greater. Shifting from
U-233 to U-235 represents a mass percent increase of only 0.86% while shifting from U-235 to Pu-239
represents a mass increase of 1.7%. When we visually inspect the curves it seems that the shift from U-
233 to U-235 is not half as large as the shift from U-235 to Pu-239; therefore one could hypothesize that
yields within an element may have similar structure.
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Figure 1. Normalized fission product yield of U-233, U-235 and Pu-239 thermal fission.
Figure 2 displays the normalized fission product chain yields for thermal, fast and high energy induced

fission of U-235 (“t” designates a thermal fission yield; “f” designates a fast fission yield; “h” designates a
high energy fission yield). As the impinging neutron energy increases, the dip in the center of the double
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hump is raised creating a more uniform probability of sampling a fission product within the double hump
range in a given fission event; however, between a thermal induced fission and a fast induced fission, the
raise in the dip is not as large as going from fast induced fission to high energy induced fission. In fact, for
A=115, the increase in thermal to fast fission yield is 1.69 times larger, while going from fast to high energy
fission, the increase is 31.22 times larger.

1.E+00
1E01
1.E02

-

= 1E03

= 1E04 3

S 1EQS »

s & A %

‘= LEO6 > Y

2 1p07 & q
. g [ Y

= A '\
LE08 4

L
1E09 — & &
1E10 L
50 80 100 120 140 160 180

Mass Number
e U-235t a U-235f =x U-235h

Figure 2. Normalized fission product yield for thermal, fast and high energy induced fission of U-235.

Figure 3 displays the normalized fission product chain yields for fast induced fission of U-238, Np-238 and
Pu-238. These particular fission chain yields were chosen because these targets share the common isobar
of A=238. Excluding the tails of the fission yield distribution, the fission product yields, summed over each
isobar line up on top of each other. Figure 4 displays normalized fission product chain yields for thermal
induced fission of Pu-239, Pu-240, Pu-241 and Am-241. With the exception of Pu-241’s greater than
A=160 wing, the distributions also lie almost on top of each other. Figure 5 displays ratios of the fission
yields for various common isobars and various common elements. For fission products of mass number
“A”, where 80<A<160, both methods look reasonable. Examining particularly 105<A<130, we see that the
isobar method for A=238 fast fission has a slightly larger ratio than for the listed element thermal fission
yields of plutonium; however, Am-241 thermal fission yield slightly better predicts Pu-241 thermal fission
than the other listed Pu isotopes for certain fission product mass numbers. Therefore, from these
particular comparisons, we can only conclude that the common isobar and common element methods
both look like reasonable approximations for fission yields that are not explicitly given; however, we
cannot yet conclude that one method is better than the other in terms of effect on a calculated results.
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Figure 3. Normalized fission product yields for fast induced fission of U-238, Np-238 and Pu-238.
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225
226 Figure 6 displays normalized fission product chain yields for thermal and fast induced fission of U-233, U-
227 235 and Pu-239. Figure 6 seems to show that selecting a fission yield within a common element of the
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same induced energy is better than selecting the yield of the same isotope at a different induced energy.
The arguments made for Figure 2, regarding the raise in the dip between the double humps of the mass
chain yield curve with increasing impinging neutron energy, further support this hypothesis. When
moving to a much higher mass number and different element, choosing the yield of the same isotope with
different induced energy is better than choosing the yield of a different element, with lower mass number,
at the same induced energy; this phenomenon is evident from the shift in the mass chain yield curve to
the right when comparing U-235 thermal fission to Pu-239 thermal fission. Though the dip between the
double humps of the mass chain yield curve is raised going from Pu-239 thermal to Pu-239 fast fission,
the shift right in mass chain yield from U-235 thermal fission to Pu-239 thermal fission is more
pronounced. Figures 6 also demonstrates that blindly choosing Pu-239 fast fission yield for every fission
yield not explicitly given by ENDF/B VI.0 is probably not the best approximation.

Figure 7 shows the distribution of yields of fission products A=135 for U-235, Pu-239, Pu-241 and Am-241
thermal fission yields and Pu-239 fast fission yield (metastable yields are excluded for simplicity). A=135
is chosen because Xe-135 is one of the larger reactivity contributors, and hence affects nuclides whose
production is dictated by the shape and magnitude of the thermal flux. The yield distributions between
isobars (PU-241/Am-241) do not behave as similar as the yield distributions amongst an element (Pu-
239/Pu-241); however, Pu-239 fast fission yield does seem to match Am-241 thermal yield better than
Pu-241 thermal yield. Therefore isobar summed fission mass chain yield plots can be a bit misleading as
summing over the isobar does mask independent yield (yield of a single isotope) information.
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Figure 7. Distribution of yields of fission products A=135 for Pu-239, Pu-241 and Am-241 thermal fission
yields and Pu-239 fast fission yield (metastable yields are excluded for simplicity).

The evidence above does suggests that a fission product yield selection method, for actinides not explicitly
containing a fission product yield, that is based on either nearest available element or available isobar
should improve prediction capability by providing a reasonable enough distribution of fission products.
However, will such a new fission yield selection method actually have any impact on actinide/ major fission
product prediction? Is one method better than another?

3. Method

For each fissionable species in the CINDER9O library file, the fission yield to use for thermal, fast and high
energy fission is given by the line “B, C, D = (n,f) yield sets” for each fissionable actinide in the data file;
where B, C and D are numbers associated with the fission yield. To associate a number with a particular
target and energy, the user can search on the word “Fission” in the CINDER90 library file; and then the
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user will be taken to a table associating each fission yield with a number (these numbers are used to
populate B, C and D for each fissionable actinide in the CINDER9O library file). We test three separate
fission yield selection methods: (1) the current CINDER90 library file method (Base); (2) the element
method (Element); and (3) the isobar method (Isobar).

The Base method uses the Pu-239 fast fission yield for all actinides not explicitly containing fission yield
data, except if a fission yield exists for another energy. For example, if the fast fission yield exists and the
thermal fission yield does not, then the fast fission yield is selected for thermal fission.

The Element method uses the explicit thermal fission yield if the respective explicit thermal fission yield
is given; otherwise, the yield is altered by: (1) selecting element A+1 (where A is the mass number), and if
the explicit thermal fission yield exists, the it is used; (2) if no explicit thermal fission yield is given for A+1,
then A-1is selected and if the explicit thermal fission yield exists, then it is used; and/or (3) the procedure
is repeated with (A+n) and (A-n) (where n starts as n=2 and is incremented as n=n+1) until the nearest
explicit thermal fission yield is reached (if no explicit thermal fission yield exists but a fast fission yield
exists, then the closest explicit fast fission yield is used). For example, since Pa-233 thermal fission yield
does not exist, then A+1 is searched. Since Pa-234 explicit thermal fission yield does not exist, A-1 is
searched, and the process is repeated for (A+n) and (A-n) until a Pa explicit thermal fission yield is
identified. Since no Pa isotope has an explicit thermal fission yield, Pa-231 fast yield is selected for Pa-233
thermal fission yield.

The Isobar method also uses the actual yield if given; otherwise, if no explicit yield is present then either:
(1) the isobar line is followed by looking at Z+1, and then Z-1 and if needed (Z+n) and (Z-n) (where n starts
as n=2 and is incremented as n=n+1) until a fission yield is found; or (2) if an actinide with a fission yield
on the isobar line does not exist, then if the element is below Th-227, use Th-227 for thermal fission yields;
otherwise, if the element is above Th-227, then first look at A+1 and A-1, and then go up one element as
well as going down one element and look for the nearest yield by going to A+1 and A-1. For example,
since Np-234 thermal fission yield does not exist, A=234 isobars are searched. Since no A=234 isobars
contain an explicit thermal fission yield, A=235 isobars are searched; and because U-235, which is an
isobar of Np-235, contains an explicit fission yield, U-235 thermal fission yield is used for Np-234 thermal
fission yield. Tables 2a-b contain the thermal fission yield choices for each of the three tested methods.



298  Table 2a. Thermal fission yield selection for each method.

Actinide Base Element Isobar

Rn-222 Pu-239f Th-227t Th-227t
Ra-223 Pu-239f Th-227t Th-227t
Ra-224 Pu-239f Th-227t Th-227t
Ra-225 Pu-239f Th-227t Th-227t
Ac-225 Pu-239f Th-227t Th-227t
Ra-226 Pu-239f Th-227t Th-227t
Ac-226 Pu-239f Th-227t Th-227t
Ac-227 Pu-239f Th-227t Th-227t
Th-227 Th-227t Th-227t Th-227t
Ra-228 Pu-239f Th-227t Th-229t
Th-228 Pu-239f Th-229t Th-229t
Pa-228 Pu-239f Pa-231f Th-229t
Th-229 Th-229t Th-229t Th-229t
Pa-229 Pu-239f Pa-231f Th-229t
Th-230 Pu-239f Th-229t Th-229t
Pa-230 Pu-239f Pa-231f Th-229t
U-230 Pu-239f U-232t Th-229t
Th-231 Pu-239f Th-232t U-232t
Pa-231 Pa-231f Pa-231f U-232t
U-231 Pu-239f U-232t U-232t
Th-232 Th-232f Th-229t U-232t
Pa-232 Pu-239f Pa-231f U-232t
U-232 U-232t U-232t U-232t
Pa-233 Pu-239f Pa-231f U-233t
U-233 U-233t U-233t U-233t
Th-234 Pu-239f Th-229t U-235t
U-234 U-234f U-235t U-235t
Np-234 Pu-239f Np-237t U-235t
U-235 U-235t U-235t U-235t
Np-235 Pu-239f Np-237t U-235t
U-236 U-236f U-235t Np-237t
Np-236 Pu-239f Np-237t Np-237t
Pu-236 Pu-239f Pu-239t Np-237t
U-237 U-237f U-235t Np-237t
Np-237 Np-237t Np-237t Np-237t
Pu-237 Pu-239f Pu-239t Np-237t

299
300 Table 2b. Thermal fission yield selection for each method.

Actinide Base Element Isobar
U-238 U-238f U-235t Np-237t
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Np-238 Np-238f  Np-237t  Pu-239t

Pu-238 Pu-238f Pu-239-t Pu-239t
Np-239 Pu-239f Np-237t Pu-239t
Pu-239 Pu-239t Pu-239t Pu-239t
Pu-240 Pu-240t Pu-240t Pu-240t
Am-240 Pu-239f Am-241t Pu-240t
Cm-240 Pu-239f Cm-243t Pu-240t
Pu-241 Pu-241t Pu-241t Pu-241t
Am-241 Am-241t Am-241t Am-241t
Cm-241 Pu-239f Cm-243t Am-241t
Pu-242 Pu-242t Pu-242t Pu-242t

Am-242 Pu-239f Am-242mt Am-242mt
Am-242m Am-242mt Am-242mt Am-242mt
Cm-242 Cm-242f Cm-243t Am-242mt
Pu-243 Pu-239f Pu-242t Cm-243t
Am-243 Am-243f  Am242mt Cm-243t
Cm-243 Cm-243t Cm-243t Cm-243t
Pu-244 Pu-239f Pu-242t Cm-245t
Cm-244 Cm-244f Cm-245t Cm-245t
Cm-245 Cm-245t Cm-245t Cm-245t
Pu-246 Pu-239f Pu-242t Cm-245t
Cm-246 Cm-246f Cm-245t Cm-245t
Cm-247 Cm-242s Cm-245t Cf-249t
Cm-248 Cm-248f Cm-245t Cf-249t

Bk-249 Pu-239f Cm-245t Cf-249t
Cf-249 CF-249t CF-249t CF-249t
Cf-250 Pu-239f Cf-251t Cf-251t
Cf-251 Cf-251t Cf-251t Cf-251t
Cf-252 Pu-239f Cf-251t Cf-251t
Cf-253 Pu-239f Cf-251t Es-254t

To test the accuracy of these fission yield choices in an actual burnup calculation, the H. B. Robinson
burnup benchmark was simulated. The geometry and specifications used for benchmark were taken from
Ref 24. The setup (i.e. time steps, boundary conditions, etc.) was taken from Ref 3 and Ref 5, with the
two exceptions: (1) the kcode particles per cycle were increased to reduce relative error of the reaction
rates (10,000 particles per cycle skipping 25 cycles for a total of 130 active cycles); and (2) the S(a,b)
kernels were interpolated to the exact water temperature using the makxsf utility [25]. The benchmark
is an infinitely reflected 15 by 15 UO; fueled, Zircaloy-4 clad subcooled fuel assembly. Figure 8 displays
an axial slice of the infinitely reflected fuel assembly. Table 3 lists the various parameters for setting up
the geometry. Table 4 details the average moderator temperature and density as well as average fuel
temperature. The benchmark provided results for four different burnups: 16.02 GWD/MTU, 23.8
GWD/MTU, 28.47 GWD/MTU and 31.66 GWD/MTU. Table 5 lists the parameters used for setting up the
burnup calculation. Because this benchmark only reported 2 fission products, this test served only to
understand the reactivity effect associated with a specific yield choice (as well as accuracy in prediction
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of Cs-137 and Tc-99) for an actinide not specifically possessing an explicit yield. This benchmark was
chosen because: (1) a model with reasonable MCNP6 predictive capability already existed; and (2) there
existed no complications with modelling Gd burnout, control rod motion and/or boundary conditions due
to shuffling sequence, which can be extremely complex to model and therefore complicate gauging the
effect of the new yield choice.
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Figure 8. Axial slice of the infinitely reflected H. B. Robinson fuel assembly geometry.

Table 3. Fuel assembly design data for the H. B. Robinson benchmark*.

Parameter Data

Assembly general data

Designer Westinghouse
Lattice 15x 15
Number of fuel rods 204
Number of guide tubes 8
Number of burnable poison rods 12
Number of instrument tubes 1

Assembly pitch 21.50 cm



Assembly fuel 443.7 kg U
Fuel rod data

Type of fuel pellet uo;
Enrichment: wt % U-235 2.561
wt % U-234 0.023
wt % U-236 0.013
Pellet density 9.944 g/cc
Rod Pitch 1.43 cm
Rod OD 1.0719 cm
Rod ID 0.9484 cm
Pellet diameter 0.9242 cm
Active fuel length 365.76 cm
Clad temperature 595 K
Clad material Zircaloy-4
Guide tube data
Inner radius 0.6502 cm
Outer radius 0.6934 cm
Material Zircaloy-4
Instrument tube data
Inner radius 0.6502 cm
Outer radius 0.6934 cm
Material Zircaloy-4
Burnable poison rod data
Air OD 0.5677 cm
S$S304 OD 0.6007 cm
Air OD 0.6172 cm
Borosilicate glass OD 1.0058 cm
Air OD 1.0173 cm
S§S304 OD 1.1151 cm
325 *Data taken from Ref 24.
326
327  Table 4. Average temperature and moderator density for H. B. Robinson fuel assembly.
Moderator Fuel
Burnup Moderator Density = Temperature
[GWD/MTU] Temperature [K] [a/cc] [K]
16.02 559 0.7544 743
23.81 559 0.7538 830
28.47 576 0.7208 883
31.66 579 0.7135 923
328
329

330
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Table 5. Burnup calculation setup for H. B. Robinson fuel assembly.

Cycle
Parameter 1 2 3 4
Operating interval
[days] 243.5 243.5 156 156
Interval time step 1, 15, 20,30, 1,15, 20, 30, 1, 15, 1, 15, 20,
Durations 37,44, 46, 37,44, 46, 20, 30, 30, 40,
[days] 50.5 50.5 40, 50 50*
Downtime
[days] 40 64 39 -k

Average soluble
boron concentration
[ppm] 625.5 247.5 652.5 247.5

* This value was set to 59 for the 16.02 GWD/MTU case.
** This value was set either to 3936 for the 16.02 and 23.8 GWD/MTU cases or 3637 for the 28.47
GWD/MTU and 31.66 GWD/MTU cases.

4, Results

Each benchmark calculation was run with the same cross section set as given in Ref 3 and Ref 5 (excluding
the exceptions given in the Methods section). This benchmark provided isotopic information for U-235,
U-236, U-238, Np-237, Pu-238, Pu-239, Pu-240, Pu-241, Tc-99 and Cs-137. Table 6-9 display the mass
percent difference [100*(C/E-1)] for each burnup. The prediction of the actinides and two major fission
products, provided by the benchmark, for all 3 methods deviated less than a fraction of a percent from
between each method at each burnup. At 16.02, 23.08 and 31.66 GWD/MTU, the uranium isotopes are
a little bit better predicted by the element method; however, at 16.02 GWD/MTU, the plutonium isotopes,
Np-237 and Tc-99 are not better predicted by the element method. MCNP6 burnup does not propagate
errors in the atom density predictions; however, the errors in the reaction rates are printed at the end of
each step. For these calculations, the errors of any particular reaction rate did not exceed 5% (for most
reactions of most isotopes the error in reaction rate was less than 3%).

Table 6. H. B. Robinson results at 16.02 GWD/MTU.
16.02 GWD/MTU

Isotope Base Element Isobar
U-235 3.16 3.12 3.21
U-236 -3.33 -3.29 -3.40
U-238 0.06 0.06 0.06
Pu-238 -3.71 -4.43 -4.27
Pu-239 8.79 9.12 9.29
Pu-240 0.81 1.18 1.87
Pu-241 4.88 4.63 3.75
Np-237 -2.64 -3.19 -3.13
Tc-99 8.39 8.49 9.05
Cs-137 -3.10 -2.90 -2.96

Mass percent difference [100*(C/E-1)]



353
354 Table 7. H. B. Robinson results at 23.8 GWD/MTU.

23.8 GWD/MTU

Isotope Base Element Isobar
U-235 3.07 2.86 2.93
U-236 -2.82 -2.62 -2.81
U-238 -0.60 -0.60 -0.60
Pu-238 -5.10 -5.68 -5.53
Pu-239 6.90 6.46 6.71
Pu-240 1.53 0.74 1.38
Pu-241 2.93 3.13 3.13
Np-237 -5.23 -5.79 -5.07
Tc-99 5.58 5.51 6.14
Cs-137 -3.01 -2.82 -2.82

355 Mass percent difference [100*(C/E-1)]
356
357 Table 8. H. B. Robinson results at 28.7 GWD/MTU.

28.47 GWD/MTU

Isotope Base Element Isobar
U-235 -4.50 -4.59 -4.42
U-236 2.20 2.22 2.11
U-238 0.47 0.47 0.47
Pu-238 -12.55 -12.15 -12.10
Pu-239 1.94 1.52 1.76
Pu-240 191 1.55 1.29
Pu-241 -5.75 -5.60 -6.05
Np-237 2.43 2.78 3.13
Tc-99 11.62 11.45 12.18
Cs-137 0.19 0.35 0.27

358 Mass percent difference [100*(C/E-1)]
359
360 Table 9. H. B. Robinson results at 31.66 GWD/MTU.

31.66 GWD/MTU

Isotope Base Element Isobar
U-235 -1.26 -1.15 -1.20
U-236 0.19 0.10 0.02
U-238 -0.79 -0.79 -0.73
Pu-238 -8.04 -8.19 -8.04
Pu-239 2.40 2.23 2.17
Pu-240 1.34 1.65 041
Pu-241 -3.00 -2.86 -3.08
Np-237 2.96 3.02 3.72

Tc-99 8.19 8.19 8.74
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Cs-137 -2.16 -1.95 -2.09

Mass percent difference [100*(C/E-1)]

The authors believe these results show that the three methods have similar reactivity impacts; therefore
the cumulated buildup of fission products from all actinides not explicitly containing a fission yield was
not significant enough to alter the flux enough to further affect the buildup of nuclides in the H.B.
Robinson benchmark. The major reactivity contributing fission products are Xe-135 (2.6E6 b thermal 1-
group (n,y)) and Sm-149 (40E3 b thermal 1-group (n,y)). Figure 7 does show that the direct yields for Xe-
135 from U-235, Pu-239, Pu-241 and Am-241 thermal fission and Pu-239 fast fission yield are slightly
different; however, most Xe-135 is produced from [-135 and Te-135 beta decay, and the yields for 1-135
and Te-135 are almost identical for all 5 targets. Figure 9 displays the thermal and fast fission yields for
various actinides for Te-135 and I-135. The thermal yields of I-135 and Te-135 are reasonably close (same
order of magnitude) for nearest element and isobar method. Sm-149 is produced by Ce-149 and Pr-149
beta decay. Figure 10 displays the thermal and fast fission yields for various actinides for Ce-149 and Pr-
149. Except for the Cm isotopes, the yields of Ce-149 or Pr-149 for a particular actinide are relatively close
for nearest element and isobar method. As a result of the yields being close for these major reactivity
contributors, and the fact that minor actinide fission makes up less than 1% of the fissions occurring in
the system, the flux shape was not significantly perturbed by the choice of fission yield method as the
reactivity (i.e. competition for capture) contribution from Xe-135 and Sm-149 was not significantly
different for each fission product yield method.



383 Figure 9. Selected thermal and fast fission product yields for Te-135 and I-135.
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Figure 10. Selected thermal and fast fission product yields for Ce-149 and Pr-149.
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Though no noticeable reactivity effect was realized from the difference in fission product buildup of the
three methods, the fission product buildups of the three methods were still different. Comparing the
percent difference of the isobar and element methods as compared to the base method, most fission
products were within 7%. Table 10 displays the fission products, from MCNP6 fission product Tier 3, which
contain larger than 7% relative difference as compared to the base method at 31.66 GWD/MTU. The
yields of these fission products are not particularly large for U-235, U-238, Pu-239 or Pu-241 (which make
up 99% of the fissions that occurred in the system).
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Table 10. Percent difference in Tier 3 fission product buildup at 31.66 GWD/MTU for fission products
containing larger than 7% relative difference as compared to the base method.

Element Isobar
Isotope Method Method
Ga-69 -46.22 -0.46
Ga-71 -13.81 0.54
Pd-102 -7.24 1.54
Pd-105 -7.47 2.54
Pd-106 -7.53 3.54
Ag-109 -2.81 7.54
Cd-108 -2.82 8.54
Cd-110 -2.87 9.54
Cd-116 -7.34 10.54
Sn-115 -7.41 11.54
Sn-116 -7.86 12.54
Sn-117 -7.48 13.54
Sn-118 -11.77 14.54
Sn-119 -9.45 15.54
Sn-120 -9.76 16.54
Sn-122 -7.36 17.54
Sb-121 -8.29 18.54
Sb-123 -8.11 19.54
Te-122 -8.94 20.54
Te-123 -9.85 21.54
Te-124 -8.51 22.54
Er-166 -10.64 23.54
Er-167 -23.21 24.54
Er-168 -38.72 25.54

5. Conclusions

A significant approximation in any depletion solver is that the employed nuclear data is correct and
complete. This study particularly focused on the treatment of fission yields for actinides not explicitly
possessing fission yield data (specifically focusing on fission yields for the CINDERO library file). Several
types of approximations are used for estimating fission yields for actinides which do not possess explicit
fission yield data. Based on examining fission yield data, three methods were tested for fission yield
selection for actinides not possessing explicit fission yields: (1) the current CINDER9O0 library file method
(Base); (2) the element method (Element); and (3) the isobar method (Isobar). The H. B. Robinson
benchmark was used to assess the predictive capabilities of each method because of availability and
simplicity of the model. Though this benchmark only contained major actinide data and 2 fission products,
the benchmark does serve to assess the reactivity impact on major actinide and fission product prediction
from minor actinide fission yield choice. Results do show that the three fission product selection methods
result in similar reactivity contributions for this particular benchmark. The results are due to the product
of the minor actinide fissions contributing less than 1% of total fissions and the fission yields of nuclides
beta decaying to Xe-135 and Sm-149 being very similar for each selection method.

Several fission products do have production that is significantly different depending on the method for
choosing a yield for actinides not possessing an explicit yield. Future applications may determine these
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fission products to be useful in fuel characterization; however, an easily computable benchmark containing
these measured fission products will be required to assess the accuracy in prediction. To completely assess
the specific minor actinides responsible for differences in Table 10 requires a dissection of every fissioning
actinide in CINDER90, regardless of whether or not it is tracked in MCNP6, as well as a method of
determining how the transport is modified due to slight changes in fission product buildup. Though the
fission rates sent to CINDER90 are accessible for each actinide tracked in MCNP6, those actinides not
tracked in MCNP6 (those actinides that apply a 63-group MCNP flux to an 63-group cross section set in
CINDER90 internally) are not yet as accessible for the typical code user. Furthermore, estimating the
contribution, of a particular minor actinide to fission product differences in Table 10, by way of examining
the minor actinide fission rates sent to CINDER90, further requires weighting with the independent yields
of each fission product from each minor actinide. Nonetheless, to first order, choices for Pu-238, Np-238,
Np-239, Am-243, Cm-241, Cm-242 and Cm-244 are driving some of the differences seen in Table 10. Figure
7 also shows that independent yields can vary by several orders of magnitude. Therefore, if these fission
products are deemed important for future applications, future work should focus on the origin of their
difference for various fission product selection methods.
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