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In this paper, we describe a computer program, iBEST (inverse Burnup ESTimator), that we
developed to accurately estimate the burnup histories of spent nuclear fuels based on
sample measurement data. The burnup history parameters include initial uranium
enrichment, burnup, cooling time after discharge from reactor, and reactor type. The
program uses algebraic equations derived using the simplified burnup chains of major
actinides for initial estimations of burnup and uranium enrichment, and it uses the
ORIGEN-S code to correct its initial estimations for improved accuracy. In addition, we
newly developed a stable bisection method coupled with ORIGEN-S to correct burnup and
enrichment values and implemented it in iBEST in order to fully take advantage of the new
capabilities of ORIGEN-S for improving accuracy. The iBEST program was tested using
several problems for verification and well-known realistic problems with measurement
data from spent fuel samples from the Mihama-3 reactor for validation. The test results
show that iBEST accurately estimates the burnup history parameters for the test problems
and gives an acceptable level of accuracy for the realistic Mihama-3 problems.

Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.

1. Introduction

effective tool for international nuclear safeguards. A similar
methodology can also identify the initial uranium enrichment

The danger is growing that international terrorist groups
could use nuclear materials from spent nuclear fuels rather
than a nuclear bomb because it would be difficult for a small
group of terrorists to manufacture a nuclear bomb [1-3].
Therefore, the ability to identify the perpetrators of such at-
tacks and the origin of any such nuclear material is critical.
The methodology, finding the burnup history and character-
istics of the original nuclear materials based on an analysis of
the postevent materials, is considered a necessary and
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and burnup of spent nuclear fuels.

The purpose of this work is to develop a computer pro-
gram that can accurately estimate the burnup histories of
spent nuclear fuels based on sample measurement data
within a reasonably short time. Gamma-ray isotopic analysis
gives relative isotopic ratios in spent fuel samples, and thus
the estimation of burnup history depends on the relative
isotopic ratios in the samples rather than on the absolute
isotopic masses. The burnup history parameters of spent
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fuels include initial uranium enrichment, discharge burnup,
cooling time after discharge from a nuclear reactor, and the
type of nuclear reactor in which the spent fuel was burnt.
Actually, the isotopic compositions of spent nuclear fuel in
nuclear fuel assemblies can be accurately calculated using
numerous lattice calculation codes, such as HELIOS [4],
CASMO [5], KARMA [6], and DeCART [7]. In those lattice
codes, the isotopic compositions of fuel regions after burnup
are determined by alternatively solving the neutron trans-
port equation and the Bateman equation describing the
change in isotopic composition over a specified number of
time steps. On modern computers, those codes typically
take several tens of minutes to complete the isotopic
composition determination for a single-fuel assembly model.
But the inverse problem, to determine the burnup history
parameters such as initial uranium enrichment and burnup,
can require many iterations. The use of the lattice codes for
this purpose can take a considerable amount of computing
time. Also, the lattice codes are typically applicable only for
Pressurized Water Reactor (PWR) because their cross-section
libraries were produced using the PWR spectrum. In 2005,
M.R. Scott [1] proposed a method that used simplified
depletion chains to derive simple algebraic equations to
estimate the initial uranium enrichment and burnup of
spent fuel from its isotopic ratios. He also devised a simple
iterative algorithm coupled with ORIGEN-2 [8] to correct the
initial estimation of the burnup history parameters. With his
methods, burnup could be found within 5% accuracy,
enrichment within 2.5% accuracy, and age within 10% ac-
curacy for the nine samples taken from the Mihama-3
reactor. However, he reported that the reactor type (i.e.,
PWR) could not be correctly predicted, and his application
was confirmed only by the Mihama-3 spent fuel problems.

We developed a program called iBEST [9,10] for the initial
estimation of burnup and uranium enrichment based on the
simple algebraic equations developed by M.R. Scott, but we
newly developed a stable bisection method to correct the
initial uranium enrichment and burnup because we found
that the simple correction method used by Scott [1] can be
unstable. Moreover, we used ORIGEN-S [11] rather than
ORIGEN-2 in our program to fully take advantage of the
burnup-dependent cross-section libraries of ORIGEN-S for
improving accuracy and developed a graphic user interface
(GUI) for input and output visualizations, whereas the previ-
ous work presented by Scott [1] used the old ORIGEN2 code
combined with a simple correction method. For verification of
iBEST, we devised benchmark problems using ORIGEN-S for
several different types of reactor, and the results of iBEST that
were obtained with the input parameters extracted from
ORIGEN-S outputs were compared with the initial conditions
of ORIGEN-S. Then, we tested the iBEST program using the
well-known realistic Mihama-3 problems [12], which have
measurement data from spent fuel assays, for validation. In
Section 2, we review the methodologies for the initial esti-
mation of burnup and enrichment and describe the stable
bisection method developed in this work. Section 2 also gives
the correction methods for uranium and burnup, as well as
the computational procedure used in iBEST. The verification
and validation of iBEST are given in Section 3. Section 4 gives
the summary and conclusions.

2. Theory and computational method
2.1. Initial estimations of uranium enrichment and
burnup

In this section, we first review the method and formulations
for the initial estimation of burnup and enrichment. The
equation that can estimate the burnup of spent fuel is derived
by considering that the initial atom number density of ura-
nium is equal to the sum of the remaining atom number
densities of uranium isotopes and all of the uranium reactions
undergone during irradiation at the measurement time. The
following equation gives the balance relation [1]:

T
Ng — NUZSS(T) 4 NUZSS(T) + U}JZSS / NU235 (t)(p(t)dt
0

T T

—I—O'EBS/NUZBS(t)(p(t)dt+U[f’]238/NUQZS(t)(p(t)dt
0 0
T
ol [ NPttt M

0

where T is the measurement time of the spent fuel sample,
0P?* is the microscopic one-group effective fission cross sec-
tion, ¢U?* is the microscopic one-group effective capture cross
section, Ny is the number density of the initial uranium
atoms, and N*(T) is the number density of atoms of nuclide X
at measurement time T. Eq. (1) also assumes that the neutron
spectrum does not change over time. The capture terms of Eq.
(1) can be decomposed into the capture and fission rates of the
corresponding capture products. With those decompositions,
Eqg. (1) can be rewritten as:

NI(.)J — NU235 (T) 4 NU238 (T) + NU236 (T) + NPu239 (T) 4 NPu24O (T) 4o
T T
+0_It:1235 /NU235(t)<p(t)dt+a}J238 /NU238(t)(p(t)dt

0 0
T T
+ 0'?236/NU236(t)(p(t)dt+ U]F:u239/NPu239(t)(p(t)dt+
0 0

)
where the delayed production of ?**Pu from the decay of 2*°U
and ***Npisignored. At this point, the burnup monitor nuclides
are considered to estimate the burnup. Actually, any fission
product produced directly proportional to the burnup can be
used as a burnup monitor, and it is known that burnup can be
measured within a one percent accuracy coupled with mass
spectrometry. For our problems, however, the reactor type is
not given before the problem is solved, and so burnup monitors
that are produced at the same rate regardless of reactor type
should be chosen. Also, fission products that have a constant
fission yield across reactor types and a long half-life are
desirable for burnup monitoring, to simplify the formulation.
For a good burnup monitor, the following equation is satisfied:
dNE

E — YB NU235 (t)ﬁyns(p(t) + NPu239 (t)Ef“Bg(p(t) + } , (3)

where the cumulative yield (Yg) for the burnup monitor is
assumed to be the same for all fissionable nuclides and to be
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independent of the incident neutron energy. In Eq. (3), the
right-hand side should include all of the fissions contributed
from all the fissionable nuclides, and the radioactive decay of
the burnup monitor is neglected by considering its long half-
life. Also, in Eq. (3), production from radioactive decay and
the radiative capture of the preceding nuclides are not
considered. The integration of Eq. (3) over time gives:

T
NB(T) = YB/ dt {NUBS(UE}JZSS(P([.) i NP“239(t)EfP“239<p(t) " }
0

o
= &> YaBU(T), (4)
R

where pf is the initial density of uranium in the fuel, BU(T) is
the burnup of the fuel, and Ey is the average recoverable en-
ergy per fission. The substitution of Eq. (4) into Eq. (1) gives:

NIOJ — NU (T) + NPuZSS (T) + NPu239 (T) + NPu240 (T) 4o

NYMy (5)

BU(T),
e BU(T),

where N, and My are Avogadro's number and the atomic
weight of uranium, respectively. The division of Eq. (5) by
NY%¥(T) after solving for Ny gives the equation relating the
measured quantities with burnup as follows:

NU (T) NPu238 (T) NPu298 (T)
NUY NU238 N T Nommy T
5 _ NUZS(T) T NUPE(T) | NUZH(T) ©
NU238(T) - B My
1 N.Ex BU(T)

In this equation, all the quantities in the numerator can be
known from the measurements of a spent fuel sample, but the
quantity on the left-hand side is not measurable. Therefore,
we need one additional equation to determine the burnup.
Dividing Eq. (4) by the initial uranium atomic number density
gives the additional equation needed for burnup estimation:

NB(T) NY2(T) EgN,

BUT) = Noms(r) NG Yoy @

In Eq. (7), the first term on the right-hand side is a
measured quantity and so, Egs. (6) and (7) can be used to es-
timate the burnup.

Next, the equation for the estimation of initial uranium
enrichment is derived by considering the balance of the initial
atomic density of 2**U. The balance equation is given by:

NU235 _ NU235
0 =

—U235/NU235 dt+aU235/NU23S ) (t)dt
®)

In deriving the equation for initial uranium enrichment
estimation, it was assumed that ***Np and 2*°U decay
instantaneously to **Pu. The decay of all fissionable nuclides
was neglected for simplicity because the initial uranium
enrichment will be improved by using the correction step. The
capture term of Eq. (8) is replaced with the atomic number
density of 2*°U if the fission of 2**U is neglected, which gives:

T
Ng235 — NU235 (T) + NU236 (T) 4 ?}1235 /NU235 (t)(p(t)dt (9)
0
Then, Eq. (4) is used to eliminate the fission term from Eq.
(9), which gives:

U
NU235 — NU235(T) 4 NU236(T) + 270 BU(T)

T
_ |:U238/NU238 dt+O'Pu239/NPU239(t)(ﬂ(t)dt+ :| .
0

(10)

Dividing Eq. (10) by the initial uranium atomic number
density gives the following equation:

Ng235 NU235 (T) NU236 (T) pldl

ey = =
°T Ny NI TN NUE

BU(T)

T T
_ |:(7?238/(p(t)NUZSS(t)dt+UEUZS9/(p(t)NPUZ39(t)dt+

0 0

(11)

The next step is to use the depletion equation without
consideration of radioactive decay for the actinides that
appear in the last term of Eq. (11). For example, the depletion
equation for 2*8U is given by:

dNU238

it — 702238(p(t)NU238 (t)
T (12)
_NUZSS(T) +NU238
U238
- / dto(ON2() = —— e —.
0
This equation can then be substituted into Eq. (11), and a

similar procedure can be successively done for the other ac-
tinides that appear in the last term of Eq. (11). This procedure
gives the following equation for the determination of the
initial uranium enrichment of the spent fuel:

U235 U235 U236
eO:NOU _N U(T) + N U(T) 5 BU( )
g NU NU ERN
1 6}}238
= NU238 _ NU238 T
Ng EEZSS[ 0 ( )
GPu239
+ 71f>1_m39 [NgU239 _ NPu239 (T) + FUZBS} (13)
Ta

E?uZ‘lO
PU240
+ NS

Pu240 Pu239
ZPu240 — NPU20(T)  FPu29)
a

6Pu241

f Pu241
+ —puza [N 0
oa

_ NPu241 (T) + FPuZ‘lO} .

In Eq. (13), the following definitions for F were used:

EUZBS

puzs _ Tr[NUZB _ NUB8(T)],
a
puzss _ Oy [ngpuzis _ aquzs U238
F = P [Ng™®® =N (T) + FU%], (14)
a
pato _ Ty o pusto P20 Pu239
F = FPu2®0 [Ng"#* —N (T) + F2%].
a

If we assume that initial plutonium isotope masses are
zero, Eq. (14) can be simplified to:

NU238 (T) NU235 (T)
N})J NU238 (T)
_ QU238 _

U236 U
N D]+ M gy
NU238(T) N.Ex (15)

Pu240 Pu241
GPu240 _ GPu241

€y =

GPu239 _

where
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—pu240 [ Pu240 U238 FPu239 —pu239
GPu2so _ Tt _ NPT NTTR(T) 1 gruz3o’y a

61;11240 NU238 (T) Ng E§u239 6?u239 )

GEu241 [ NPU241(T) Nuzss(T) gru240 GPu240
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Eqg. (16) contains the ratio NU2¥(T)/NJ, and this quantity
was already determined during the estimation of burnup. Our
program uses an iterative algorithm to solve Egs. (15) and (16),
and we found that the algorithm is always rapidly convergent.

2.2. Correction of uranium enrichment and burnup

The methods for the initial estimation of uranium enrichment
and burnup described in Section 2.1 are relatively simple and
computationally efficient. However, the estimated values
found using Egs. (6), (7), (15), and (16) are generally inaccurate.
In particular, the estimated value of initial uranium enrich-
mentis much less accurate than the estimated burnup, and so
correction of those initial estimations is required to improve
the accuracy. For this purpose, a correction method coupled
with the ORIGEN-2 forward depletion calculation was sug-
gested by Scott [1] for both burnup and initial uranium
enrichment. However, ORIGEN-2 is a very old code, and the
accuracy of its depletion calculations is limited by its burnup-
independent cross-section libraries. Furthermore, we have
found that the algorithm given by Scott [1] to correct the
uranium enrichment can be unstable. In this work, we newly
developed a stable bisection algorithm to correct the initial
uranium enrichment and burnup. In addition, we used
ORIGEN-S rather than ORIGEN-2 to improve the accuracy
because ORIGEN-S provides several new capabilities,
including a burnup-dependent cross-section library.

Next, we describe enrichment correction using the bisec-
tion method. The bisection method starts with the initial
estimation of uranium enrichment by setting:

X =XL=XR = e, (17)

Then, our program automatically prepares an ORIGEN-S
input file using the initial uranium enrichment and burnup
estimations. At present, the ORIGEN-S input assumes an
initial uranium mass of 1,000 kg and a specific power of 40 W/
g. Next, our program executes ORIGEN-S to perform depletion
calculation up to the initially estimated burnup and then
calculates the following function value using the results of the
ORIGEN-S output:

FX) = RmAGys™ (X) — AGss (X), (18)

where X represents uranium enrichment. In Eq. (18), Ry, is the
ratio of the number of ?**U atoms to the number of ***U atoms
obtained from sample measurement, and AJNSEN is the
number of ?*U atoms from the ORIGEN-S output at the
burnup. We hope that the function given by Eq. (18) is nearly
zero when the enrichment correction is completed because

the function f(X) indicates the difference between the
numbers of 2°U atoms obtained from the ORIGEN-S calcula-
tion and from the measurement ratio R, multiplied by the
number of 2*®U atoms estimated by ORIGEN-S. Thus, if the
function f(X) is positive, then XL is increased by a specified
value A until f(XL) becomes negative. The last XL value at
which the function is negative is then set to XR. By contrast, if
the function f(X) is negative, then XR is decreased by a speci-
fied value 4 until f(XR) becomes positive. The last XR value at
which the function is positive is then set to XL. Once the initial
values of XL and XR at which the function has different signs
are determined, the conventional bisection method is used as
follows:

(1) Xoua = XL or XR depending on the initial sign of f(eo)
(2) X = (XL + XR)/2.0,

X — Xold
Xold
else (19)

Xoa =X

if f(X)*f(XR)<0=XR =X
else XL = X,

Go To (2)

(3) if‘ <e=STOP

In the first step of the above algorithm, if the initial sign of
fleo) is positive, XR is set to X4 and otherwise, XL is set to Xq4.
In Eq. (19), ¢ is a convergence criterion. The above enrichment
corrections are done for all of the candidate reactor types that
have a corresponding one-group cross-section library. After
the correction of uranium enrichment, a similar procedure
using the bisection method is applied to correct the burnup. In
the correction of burnup, the function given in Eq. (18) is
replaced with:

f(X) = RmpmAfpss (X) — Agy ™ (X), (20)

where Ry, gy is the ratio of the number of burnup monitor
atoms to the number of 2*U atoms, ASKGEN is the number of
burnup monitor atoms calculated with ORIGEN-S at the
measurement time, and X is the burnup. These sequential
corrections of enrichment and burnup are actually performed
two or three times in our program.

2.3. Determination of cooling time and reactor type

After the enrichment corrections are completed, the cooling
time after discharge from the reactor is estimated. In general,
fission products with a half-life value similar to the cooling
time are desirable as the age monitors, but the cooling time is
unknown before the problem is solved. Generally, fission
products with half-lives of 1-30 years are recommended as
age monitors. ORIGEN-S calculations are performed again for
each type of reactor, and then the atomic number densities of
the age monitor nuclides at 30 days after discharge are
extracted from the ORIGEN-S outputs to wait the decay out of
the short-lived fission products that lead to the age monitor.
Those values are set to N§ ;. If the age monitor nuclides are not
produced from the decay of other nuclides, their atomic
number densities at cooling time T¢ after discharge are given

by:
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Input File XX_ratio guess & Initial Initial
&XS F!le Initial Burnup [ Enrichment Enrichment &
Processing Estimation Estimation Burnup
Repeat until ORIGEN-S
Reactor Type Repeat tvt:o it converges ;-
Determination or three times Adjust
¥ Enrichment
Age
Determination
¥ Repeat until ORIGEN-S
it converges
Burnup & Enrichment
Undate Adjust
1 Burnup
Final |
Enrichment & Burnup

Fig. 1 — Calculation procedure in iBEST (invest Burnup Estimator).

__Tipiy (NE(Te)
Tc—ln(2)1n< N ) (1)

where % and Ty/,,; are the decay constant and half-life of the
ith age monitor, respectively. To use measurable quantities,
Eqg. (21) is changed into:

Ty

Te = ")

N, /N (T) )

NF(TC)/NUB%T)}

In Eq. (22), the denominator is calculated from the ORIGEN-
S calculations, and the numerator is from the measurements.
When several age monitors are used, some monitors can give
larger errors in cooling time than others; therefore, the final
cooling time should be carefully determined. We first calcu-
late the average of the cooling times for all the age monitors
and select the two values closest to the average value. Then,
we select the average value of those two values as the cooling
time for each reactor type. Finally, 30 days should be added to
the cooling time determined by Eq. (22) to give the final cooling
time because the atomic number densities at 30 days after
discharge were used in Eq. (22).

The estimation of the reactor type in which the spent fuel
was burnt is also done using ORIGEN-S calculations. The
reactor type monitor nuclides should be chosen such that
their depletion characteristics are distinctly different for
different types of reactors. Also, to avoid the complication of
decay, stable or long-lived isotopes are desirable as reactor
type monitors. The method for determining reactor type also
depends on the accuracy of the depletion calculations, which
diminishes as the decay chain becomes more complicated. In
particular, it is difficult to accurately determine the reactor
type for spent fuels with low burnup. The discrimination be-
tween PWR and Boiling Water Reactor (BWR) at low burnup is
much more difficult than in other cases. To determine the
reactor type, ORIGEN-S inputs are automatically prepared for
all reactor type candidates using the previously estimated
uranium enrichments, burnups, and cooling times. Then, the
ORIGEN-S depletion calculations are done with all the inputs

for all the candidate reactor types. After the depletion calcu-
lations, the atomic number density ratios of the reactor type
monitors to ?*®U are calculated using the results of the
depletion calculations at the measurement time. Then, the
differences between those ratios and their measured values
are calculated, and the reactor type with the minimum dif-
ference is selected.

2.4. Computational procedure in iBEST

We developed a computer program called iBEST using the
methodologies described in the previous sections to estimate
the burnup history of spent fuel. We wrote this program using
C++ and developed a GUI program for user convenience. The
computational procedure using the methodologies given in
Sections 2.1, 2.2, and 2.3 is shown in Fig. 1. First, the program
estimates the burnup and xx_ratio(=NY/NY23%¥(T))by itera-
tively solving Egs. (6) and (7). Note that only the fission yield
values for the burnup monitors and their isotopic ratios to 2*4U
are required to solve those equations. Then, uranium
enrichment is estimated by iteratively solving Egs. (15) and
(16). Solving these two equations requires the effective one-
group fission, absorption, and capture cross sections for the
actinides. Therefore, iBEST requires an “xs.file” that contains
the effective one-group cross sections of the actinides for all of
the candidate reactor types. Uranium enrichment estimation
is done for each of the candidate reactor types.

Uranium enrichment and burnup correction are followed
by the bisection method described in Section 2.2. The uranium
enrichment and burnup corrections are repeated two or three
times in iBEST for all candidate reactor types. The next step is
to estimate the cooling times for all the candidate reactor
types using Eq. (22), and 30 days are added to the cooling
times, as explained in Section 2.3. Finally, the reactor type is
determined after the ORIGEN-S depletion calculations for all
the candidate reactor types using their burnup, uranium
enrichment, and cooling time estimates. Users can prepare
the input file for iBEST using the GUI, which also provides
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&/ IBEST (Inverse Burnup ESTimator) @
Run Information
Import Input Data [I
No Input Data Count
Card1 (BurnupEstimators) n Card1 (BumupEstimators) 8
2 Card2 (BurnupMonitors) 1
Card2 (BurnupMonitors) 3 Card3 (EnrichmentMonitors) 6
- Card4 (ReactorTypeCandidates) 8
5 CardS (ReactorTypeMonitors) 3
Card3 (EnrichmentMonitors) §
6 Cardé (AgeTypeMonitors) 4
7 Card7 (Graph Monitors) 4
Card4 (ReactorTypeCandidates)
Card5 (ReactorTypeMonitors) Summary Of Final Results [ Load Output Fie H Show Output File ] [ Depletion Graph H DecayGraph
(

Card6 (AgeTypeMonitors) heEesc el Rk lsn EWRUBURK

The burnup (MWd/kg) of the sample material is 4.62508e+001
Enrichment of the sample is 4.08798e-002
Age (Yrs) of the sample is 9.80364e+000

Card7 (GraphMonitors)

Save Input File

Open Input File

Fig. 2 — Main window of iBEST (invest Burnup Estimator) graphic user interface.

output visualization. Fig. 2 shows the main window of the was to show whether iBEST gave the correct estimations of
iBEST GUI. burnup history parameters. In these test problems, the
burnup history parameters are initially specified, and the
input parameters for iBEST were prepared by extracting the
atomic number densities of the monitor nuclides from the

3. Numerical verification ORIGEN-S output files. We considered four different types of
test problems: (1) PWR test problems, (2) BWR test problems,
3.1.  Numerical tests with ORIGEN-S (3) CANDU (Canada Deuterium Uranium) test problems, and
(4) MAGNOX test problems. The PWR tests were based on the
For verification, we first applied iBEST to several test problems Mihama-3 problems [12], which model nine spent fuel sam-

prepared using ORIGEN-S. The purpose of these test problems  ples from the Mihama-3 reactor. Table 1 specifies the atomic

Table 1 — Atomic number density ratios of the monitor nuclides for the Mihama-3 PWR test problems.

Monitor type  Nuclides Problem no.
1 2 3 4 5 6 7 8 9
Burnup 148Nd 31 57E-04 1.31E-04 4.01E-04 2.89E—04 2.76E—04 5.59E—04 6.14E—04 6.41E—04 6.49E—04
Enrichment =By 32.44E—02 2.57E-02 148E—02 1.87E-02 1.92E-02 1.04E—02 9.15E-03 8.57E—03  8.42E—03
26y 1.62E—03  1.53E—03 3.45E—03 2.78E—03 2.69E—03 4.14E—03 4.32E—03 4.40E—03 4.42E—03
238y 1.00E400  1.00E4+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00  1.00E+00  1.00E+-00  1.00E+00
27Np 6.23E—05 5.29E-05 2.59E—04 1.64E—04 1.54E-04 4.02E-04 451E-04 4.75E-04 4.81E-04
239py 3.30E-03  2.92E-03 5.27E-03  4.64E—03 4.54E-03 5.70E—03 5.79E—03 5.83E—03  5.84E—03
240py 462E-04  350E-04 1.56E-03 1.06E—03 1.00E-03 2.20E—03 2.39E-03 2.48E—03 2.51E—03
241py 1.27E-04  844E—05 6.59E—04 4.06E—04 3.75E-04 9.73E—04 1.07E-03 1.11E-03 1.12E-03
242py 1.17E—05 6.33E—06 1.84E—04 7.62E-05 6.67E—05 4.11E-04 5.06E—04 5.56E—04 5.70E—04
Reactor type 132 Y1.24E-07 1.00E-07 3.51E-07 245E—07 2.33E-07 5.03E-07 5.55E-07 5.81E-07 5.88E—07
148Nd 1.00E+00  1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00  1.00E+00  1.00E+00
Age 10Ru 32.73E—06 2.16E—06 8.73E—06 5.89E—06 5.56E—06  1.28E—05 1.41E—05 1.48E—05 1.50E—05
125gp 1.08E-06  8.83E—07 3.02E-06 2.12E-06 2.02E-06 4.26E-06 4.68E-06 4.88E—06  4.94E—06
G 2.94E—06  2.02E-06 1.81E—05 9.79E—06 8.95E—06 3.30E—05 3.88E—05 4.18E—05 4.27E—05
5@ 5.07E-04  4.22E-04 1.29E-03 9.34E-04 892E-04 1.80E-03 1.98E-03 2.06E-03  2.09E—03

PWR, Pressurized Water Reactor.
2 Atomic density ratio to 2*U.
> Atomic density ratio to *48Nd.
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Table 2 — Test results for the Mihama-3 PWR test problems.

Problem No. RT* Burnup (MWD/kg) Enrichment (%) Cooling time (y)
Reference Predicted Reference Predicted Reference Predicted
1 Yes 8.3 8.31°/0.11¢ 3.208 3.21/°0.19 5.0 35.06/°1.17
2 Yes 6.9 6.91/0.17 3.208 3.22/0.26 5.0 5.07/1.39
3 Yes 21.2 21.15/0.22 3.203 3.20/0.05 5.0 5.05/0.94
4 Yes 15.3 15.28/0.11 3.203 3.20/0.01 5.0 5.04/0.84
5 Yes 14.6 14.58/0.16 3.203 3.21/0.08 5.0 5.04/0.81
6 Yes 29.44 29.47/0.11 3.210 3.21/0.14 5.0 5.03/0.59
7 Yes 32.3 32.32/0.06 3.210 3.20/0.24 5.0 5.02/0.44
8 Yes 33.7 33.71/0.02 3.210 3.20/0.17 5.0 5.02/0.34
9 Yes 34.1 34.11/0.02 3.210 3.21/0.14 5.0 5.02/0.31

PWR, Pressurized Water Reactor; RT: Reactor Type.

# Is reactor type predicted correctly?

b predicted value.

¢ Discrepancy between the predicted and reference values (%).

number density ratios of the monitor nuclides calculated
using the atomic number densities from the ORIGEN-S out-
puts for these test problems. Table 2 summarizes the test re-
sults and the specifications of burnups, uranium enrichments,
and cooling times denoted as the reference values for the nine
test problems. As shown in Table 2, these nine test problems
cover a burnup range from 8.3 MWD/kg to 34.1 MWD/kg. The
considered cooling time is 5.0 years. Three enrichments of
3.208%, 3.203%, and 3.210% are considered for these problems.

The reactor type monitors used in the PWR tests were
132B3 and *#Nd, and PWR and BWR were the two candidate
reactor types considered. The cross-section libraries for PWR
and BWR provided by SCALE6.1 [13] for ORIGEN-S are
“w15x15” and “ge7x7-0,” respectively. Our test problems were
prepared using ORIGEN-S calculations with the “w15x15” li-
brary. As shown in Table 2, iBEST correctly identified the
reactor type as PWR in all cases. In general, discrimination
between PWR and BWR is quite difficult for small burnup
values. The maximum errors in uranium enrichment,

burnup, and cooling time were 0.26%, 0.22%, and 1.39%,
respectively. The results of these tests show that iBEST quite
accurately predicted the specified burnups, uranium enrich-
ments, and cooling times.

The test problems for BWR were prepared based on the
Cooper reactor, a BWR in the United States [14]. This reactor
uses a 7 x 7 fuel assembly. The spent fuel isotopic data ob-
tained through postirradiation examination (PIE) of this
reactor are given by the Organisation for Economic Co-
operation and Development/Nuclear Energy Agency (OECD/
NEA) [14]. For this reactor, six sample datasets are available.
Unfortunately, the isotopic data of the spent fuel for this
reactor are insufficient to be used in the validation of iBEST;
however, we prepared the six test problems corresponding to
the six samples using ORIGEN-S depletion calculations with
the “ge7x7-0” library. Table 3 specifies the atomic number
density ratios for the monitor nuclides. Table 4 shows the test
results and the specifications of the burnups, uranium en-
richments, and cooling times denoted as reference values.

Table 3 — Atomic density ratios of the monitor nuclides for the Cooper BWR test problems.

Monitor type Nuclides Problem no.
1 2 3 4 5 6
Burnup 148Nd 6.41E—04" 6.26E—04 3.58E—04 5.86E—04 5.51E—04 3.35E—04
Enrichment 2R 5.03E—03% 5.34E—03 1.30E—02 6.21E—03 7.02E—03 1.38E—02
) 4.14E-03 4.10E-03 3.00E—03 3.99E-03 3.88E—03 2.86E—03
28y 1.00E+00 1.00E+00 1.00E-++00 1.00E+00 1.00E-++00 1.00E+00
27Np 3.55E—04 3.45E—04 1.66E—04 3.18E—04 2.95E—04 1.50E—04
23%py 3.91E-03 3.91E-03 3.81E—03 3.92E—03 3.92E—03 3.72E—03
240py 2.41E-03 2.37E-03 1.35E-03 2.24E—03 2.12E-03 1.24E—03
241py 7.53E—04 7.40E—04 4.15E—04 7.06E—04 6.71E—04 3.76E—04
242py 5.94E—04 5.62E—04 1.34E—04 4 80E—04 4.14E—04 1.12E—04
Reactor type 132 4.67E—07° 4.56E—07 2.54E—07 4.25E-07 3.99E—07 2.35E—07
148N d 1.00E+00 1.00E+00 1.00E++00 1.00E+00 1.00E-+00 1.00E+00
Age 106Ru 1.15E—05% 1.12E-05 5.75E—06 1.09E—05 1.01E—-05 5.55E—06
125gp 4.43E—06 4.32E—06 2.40E—06 4.11E—06 3.86E—06 2.28E—06
134¢g 3.45E—05 3.30E—05 1.16E—05 2.99E—05 2.67E—05 1.04E—05
57Gs 2.05E—03 2.00E—03 1.15E-03 1.88E—03 1.77E—03 1.08E—03

BWR, Boiling Water Reactor.
2 Atomic density ratio to 2*®U.
b Atomic density ratio to *48Nd.
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Table 4 — Test results for the Cooper BWR test problems.

Problem No. RT? Burnup (MWD/kg) Enrichment (%) Cooling time (y)
Reference Predicted Reference Predicted Reference Predicted
1 Yes 33.94 33.9%/0.12° 2.93 2.91/°0.69 5.35 35.38/°0.56
2 Yes 33.07 33.1/0.09 2.93 2.92/0.34 5.35 5.38/0.56
3 Yes 18.96 18.98/0.11 2.93 2.95/0.68 5.35 5.40/0.93
4 Yes 31.04 30.97/0.23 2.93 2.92/0.34 5.28 5.31/0.56
5 Yes 29.23 29.22/0.03 2.93 2.94/0.34 5.28 5.31/0.56
6 Yes 17.84 17.78/0.34 2.93 2.95/0.68 5.28 5.34/1.12

BWR, Boiling Water Reactor.

& Is reactor type predicted correctly?

® Predicted value.

¢ Discrepancy between the predicted and reference values (%).

The enrichment for these six cases is 2.93%, and the consid-
ered cooling times are 5.35 years and 5.28 years. The burnups
range from 17.8 MWD/kg to 33.9 MWD/kg.

For these test problems, PWR and BWR were also used as the
reactor type candidates to see whether iBEST can correctly
discriminate between PWR and BWR. Table 4 shows that iBEST
accurately estimated the burnups and enrichments, with
maximum errors of 0.34% and 0.69%, respectively, for all the
cases. The maximum error for the cooling time was 1.12%,
which was larger than those of the burnup and enrichment.
However, this level of maximum error is still small and
acceptable. Also, using **?Ba and *®Nd as reactor type monitors,
iBEST correctly identified the reactor type as BWR in all cases.

The next test problems modeled CANDU reactors. We
prepared six test problems using depletion calculations with
the “candu37” library provided by SCALE6.1 for ORIGEN-S.
Table 5 describes the atomic number density ratios for the
monitor nuclides prepared using the ORIGEN-S outputs with
the “candu37” library after the depletion calculations. Table 6
summarizes the test results and the specifications of burnups,
uranium enrichments, and cooling times for these CANDU
test problems. In general, the discharge burnup of the CANDU

fuels is much lower than that of PWR fuels, about 6.5—7.5
MWD/kg. Also, CANDU fuel uses natural uranium, in which
only 0.711% of the total uranium is >>*U. As shown in Table 5,
the burnups range from 1.5MWD/kg to 10.0MWD/kg. The
cooling times include 5 years and two extremely short cases of
0.1 and 0.3 years.

In these test problems, we considered a larger number of
candidate reactor types than in the PWR and BWR test cases:
PWR, BWR, CANDU, and MAGNOX, whose libraries (provided
by SCALE6.1 for ORIGEN-S) are “wi15x15,” ”ge7x7-0,”
“candu37,” and “magnox,” respectively. The monitors for the
reactor type are 2*°Pu, *¥Nd, and **3*Nd for these test prob-
lems. Table 6 shows that iBEST correctly identified the reactor
type as CANDU in all cases, even the very low burnup cases.
The burnups were quite accurately predicted, within 0.7%,
and the uranium enrichment error was within 1.4%. The
uranium enrichment errors are larger than those in the BWR
and PWR cases because of the much lower ?*°U content than
in the previous cases. The cooling times were also accurately
predicted, within 1.8%, but the errors for the two extreme
cases with very short cooling times were large, up to 16.7%.
The difficulty in predicting the short cooling time is because

Table 5 — Atomic density ratios of the monitor nuclides for the CANDU test problems.

Monitor type Nuclides Problem no.
1 2 3 4 5 6
Burnup 148Nd 2.85E—05" 9.58E—05 1.53E—04 1.92E-04 1.92E-04 1.92E-04
Enrichment 25y 5.70E—03? 3.34E—03 2.08E—03 1.50E—03 1.50E—03 1.50E—03
2 2.73E—04 6.36E—04 8.25E—04 9.10E—04 9.09E—04 9.09E—04
28y 1.00E+00 1.00E-++00 1.00E+00 1.00E-++00 1.00E+00 1.00E+00
239py 1.16E—03 2.35E—03 2.71E-03 2.82E—03 2.82E—03 2.82E-03
240py 8.95E—05 6.08E—04 1.11E-03 1.41E-03 1.41E-03 1.41E-03
241py 5.98E—06 8.80E—05 1.87E—04 2.51E—04 3.18E—04 3.14E—04
242py 3.20E—07 1.85E—05 7.04E—05 1.26E—-04 1.26E—04 1.26E-04
Reactor type 143Nd 3.09E-+00° 2.57E+00 2.23E+00 2.02E+00 1.99E+00 2.02E+00
148Nd 1.00E+00 1.00E+00 1.00E+00 1.00E-++00 1.00E+00 1.00E+00
240py 3.14E+00 6.35E4-00 7.21E+00 7.37E+00 7.37E+00 7.37E+00
Age 105Ru 5.06E—07° 2.82E—06 5.33E—06 7.11E-06 2.00E—04 1.75E—04
125gp 1.80E—07 7.99E—07 1.42E—06 1.84E—06 6.39E—06 6.08E—06
134¢cg 1.02E—07 1.44E—06 3.68E—06 5.67E—06 2.94E—05 2.75E—05
57Gs 9.01E—05 3.02E—04 4 85E—04 6.07E—04 6.79E—04 6.76E—04

CANDU, Canada Deuterium Uranium.
2 Atomic density ratio to 2*U.
> Atomic density ratio to *48Nd.
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Table 6 — Test results for the CANDU test problems.

Problem no. RT® Burnup (MWD/kg) Enrichment (%) Cooling time (y)
Reference Predicted Reference Predicted Reference Predicted
1 Yes 1.5 1.502°/0.13¢ 0.711 0.719/°1.11 5 35,09/°1.77
2 Yes 5.0 5.03/0.60 0.711 0.719/1.11 5 5.09/1.77
3 Yes 8.0 8.01/0.12 0.711 0.720/1.25 5 5.05/0.99
4 Yes 10.0 9.93/0.70 0.711 0.720/1.25 5 5.05/0.99
5 Yes 10.0 9.93/0.70 0.711 0.721/1.39 0.1 0.12/16.67
6 Yes 10.0 9.93/0.70 0.711 0.720/1.25 0.3 0.32/6.25

CANDU, Canada Deuterium Uranium; RT, Reactor Type.

& Is reactor type predicted correctly?

® Predicted value.

¢ Discrepancy between the predicted and reference values (%).

the predicted cooling time can be significantly influenced by
the contribution of the preceding fission products to the for-
mation of age monitors.

The last test problems modeled MAGNOX type reactors
[15], which are gas (CO,)-cooled reactors with graphite mod-
erators. The fuel is natural uranium in metallic form, canned
with a magnesium alloy called Magnox. In MAGNOX reactors,
the fuel burnup is typically low because they use natural
uranium, as in CANDU. So, we considered four different
burnup cases of 2 MWD/kg, 3 MWD/kg, 4 MWD/kg, and 8
MWD/kg. The considered cooling time was 5 years, and a very
short cooling time of 0.1 years was also considered. Table 7
describes the atomic number density ratios for the monitor
nuclides prepared using ORIGEN-S depletion calculations
from the “magnox” library. The test results and specifications
of the burnups, uranium enrichments, and cooling times for
these problems are summarized in Table 8. We used the same
reactor type candidates and their corresponding cross section
libraries for ORIGEN-S as in the CANDU test problems. As
shown in Table 8, iBEST correctly predicted the reactor type as
MAGNOX in all cases except for the one with 0.1 years of
cooling time. Also, the program accurately estimated the

burnups and uranium enrichments within 0.4% and 1.1%,
respectively. The cooling time had slightly larger errors than
the burnup and uranium enrichment, and the short cooling
time (0.1 year) could not be accurately predicted, as in the
CANDU cases.

3.2 Mihama-3 test problems with PIE data

For this section, we applied iBEST to the nine samples from
the Mihama-3 reactor. To our knowledge, these nine cases are
the only available problems with sufficient PIE measurement
data for the validation of iBEST. The Post Irradiation Exami-
nation (PIE) were conducted in JAERI. Nine samples were taken
from three fuel assemblies irradiated in the Mihama Unit 3
PWR reactors. Table 9 describes the atomic number density
ratios for the monitor nuclides calculated using the data given
by the OECD/NEA [12]. Table 10 summarizes the test results
and the specifications, such as the burnups, uranium enrich-
ments, and cooling times, which are exactly the same as those
in Table 1. For these nine samples, we used **®Nd as the
burnup monitor and considered #**U, #*°U, 236U, 238y, 2*py,
24%py, and ?*'Pu as the enrichment monitors. The reactor type

Table 7 — Atomic ratios of the monitor nuclides for the MAGNOX test problems.

Monitor type Nuclides Problem no.
1 2 3 4 5
Burnup 148Nd 1.45E—04° 7.26E—05 5.46E—05 3.64E—05 7.26E—05
Enrichment 2 2.43E—03? 4.13E-03 4.71E-03 5.39E—03 4.13E-03
236y 8.01E—04 5.38E—04 4.45E—04 3.35E—04 5.38E—04
22 1.00E-+00 1.00E-+00 1.00E+00 1.00E+00 1.00E+00
23%py 2.45E—03 1.98E—03 1.74E—03 1.39E-03 1.98E—03
240py 1.25E-03 5.44E—04 3.65E—04 1.98E—04 5.44E—04
241py 2.27E—04 8.07E—05 4.81E—05 2.12E—05 1.02E—04
242py 9.15E—05 1.50E—05 6.52E—06 1.86E—06 1.50E—05
Reactor type 143Nd 2.41E+00° 2.83E+00 2.96E+00 3.10E+00 2.73E+00
148N d 1.00E-+00 1.00E-+00 1.00E+00 1.00E+00 1.00E+00
240py 8.64E-+00 7.49E-+00 6.70E+00 5.44E+00 7.49E+00
Age 10¢Ru 35.62E—06 2.29E—06 1.55E—-06 8.82E—07 6.45E—05
125sh 1.45E—06 6.40E—07 4.51E—07 2.74E—07 2.21E-06
B @S 4.42E—06 1.11E-06 6.10E—07 2.51E-07 5.78E—06
137¢s 4 84E—04 2.41E—04 1.81E-04 1.20E—04 2.70E—04

2 Atomic density ratio to 2*®U.
b Atomic density ratio to *48Nd.
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Table 8 — Test results for the MAGNOX test problems.

Problem no. RT® Burnup (MWD/kg) Enrichment (%) Cooling time (y)
Reference Predicted Reference Predicted Reference Predicted
1 Yes 8 8.020°/0.25¢ 0.711 20.715/°0.56 5 35.06/°1.19
2 Yes 4 4.016/0.40 0.711 0.719/1.11 5 5.09/1.77
3 Yes 3 3.004/0.13 0.711 0.717/0.84 5 5.05/0.99
4 Yes 2 2.002/0.10 0.711 0.718/0.97 5 5.04/0.79
5 No 4 4.016/0.25 0.711 0.719/1.11 0.1 0.17/41.18

RT, Reactor Type.

& Is reactor type predicted correctly?

b predicted value.

¢ Discrepancy between the predicted and reference values (%).

Table 9 — Atomic number density ratios of the monitor nuclides for the Mihama-3 problems with PIE sample measurement

data.

Monitor type  Nuclides Problem no.
1 2 3 4 5 6 7 8 9
Burnup 148Nd 1.50E—04* 1.25E-04 3.88E—04 2.79E—04 2.65E—04 542E-04 592E-04 6.20E-04 6.31E-04
Enrichment By 2.55E-02° 2.68E—02 1.58E—02 2.00E—02 1.99E—02 1.08E—02 9.92E—03 8.67E—03  8.96E—03
22 1.51E-03 1.31E-03  3.34E-03 2.68E—03 2.69E—03 3.73E—03 3.88E—03 4.09E—03  4.14E—03
5y 1.00E400  1.00E+00  1.00E+00  1.00E+00 1.00E+00 1.00E+00 1.00E+00  1.00E+00  1.00E+00
2’Np 7.01E-05  5.78E-05 — 1.65E—04 1.65E—04 — — — 4.98E—04
23%py 3.13E-03  2.93E-03 5.31E—03 4.84E—03 4.93E—03 5.57E—03 5.79E—03 5.26E—03 5.62E—03
240py 435E—-04  3.54E—04 1.55E—03 1.08E—03 1.10E-03 220E—03 240E—-03 246E—03 2.56E—03
241py 1.12E-04  850E-05 6.75E—04 4.21E-04 4.39E-04 9.96E—04 1.12E-03 1.04E—03 1.13E-03
242py 9.71E-06  6.17E—06 1.82E-04 7.60E—05 7.72E—05 4.24E-04 5.19E-04 5.67E—04 5.94E—04
Reactor type 143Nd 3.10E+00° 3.14E4+00 2.60E+00 2.82E+00 2.83E4+00 2.37E+00 2.30E+00 2.21E4+00  2.20E+00
148Nd 1.00E+00  1.00E+00  1.00E+00  1.00E+00 1.00E+00 1.00E+00 1.00E+00  1.00E+00  1.00E+00
240py 2.91E+00  2.82E4+00 3.99E+00 3.86E+00 4.14E+00 4.06E+00 4.02E+00 3.93E4+00  4.05E+00
Age 106Ru 2.61E-06° 2.07E-06 7.85E-06 5.80E-06 5.77E—06 1.09E—05 1.27E-05 1.23E-05  1.27E—05
125gp 9.48E—07  9.02E-07 2.54E-06 1.79E—06 1.77E—06 3.06E—06 3.59E—06 3.59E—06  3.59E—06
ESGS 3.08E—06 2.21E-06 1.98E-05 1.10E—05 1.11E—05 3.34E—05 4.02E—05 4.05E-05  4.28E—05
(G 486E—04  3.91E-04 1.28E—03 893E—04 888E—04 173E—03 1.93E-03 2.01E-03 2.03E—03

PIE, Post Irradiation Examination; RT, Reactor Type.
@ Atomic density ratio to 2*%U.
b Atomic density ratio to *48Nd.

Table 10 — Test results for the Mihama-3 problems with PIE sample measurement data (without burnup correction).

Problem No. RT® Burnup (MWD/kg) Enrichment (%) Cooling time (y)
Reference Predicted Reference Predicted Reference Predicted
1 Yes 8.3 8.11%/2.36° 3.208 3.30%/2.90¢ 5.0 5.25/4.69¢
2 Yes 6.9 6.80/1.46 3.208 3.32/3.28 5.0 4.96/0.71
3 Yes 21.2 20.82/1.80 3.203 3.31/3.34 5.0 4.97/0.52
4 Yes 15.3 15.03/1.80 3.203 3.34/4.01 5.0 5.31/5.85
5 Yes 14.6 14.32/1.99 3.203 3.26/1.88 5.0 4.69/6.67
6 Yes 29.44 28.90/1.87 3.210 3.22/0.46 5.0 5.58/10.42
7 Yes 32.3 31.51/2.52 3.210 3.29/2.31 5.0 5.00/0.01
8 Yes 33.7 32.99/2.16 3.210 3.16/1.74 5.0 5.22/4.13
9 Yes 34.1 33.52/1.74 3.210 3.25/1.34 5.0 5.32/6.03

PIE, Post Irradiation Examination; RT, Reactor Type.

& Is reactor type predicted correctly?

b predicted value.

¢ Discrepancy between predicted and reference values (%).



http://dx.doi.org/10.1016/j.net.2015.05.002
http://dx.doi.org/10.1016/j.net.2015.05.002

606 Nucl Eng Technol 47 (2015) 596607

monitors were 3Nd, *8Nd, and ?*°Pu, exactly the same as
those given by Scott [1], and we used *°Ru, **°Sb, **Cs, and
137Cs as age monitors. The results given in Table 10 were ob-
tained without burnup correction (only enrichment correc-
tion) to see the effects of burnup correction coupled with
enrichment correction.

In this test, we first considered only two reactor type can-
didates, PWR and BWR. Their corresponding ORIGEN-S li-
braries are “PWR_W15x15” and “BWR_GE7x7-0,” respectively.
For all the cases, iBEST correctly identified the reactor type as
PWR, whereas M.R. Scott reported that his program, NEMA-
SYS, predicted PWR correctly only twice out of the nine
samples. We attribute our better performance in predicting
the reactor type to our use of ORIGEN-S and its burnup-
dependent libraries rather than ORIGEN-2. Table 10 shows
that iBEST accurately predicted uranium enrichment within
4.01% and burnup within 2.5%. However, the cooling time was
predicted with larger errors (maximum error of 10.42% for the
sixth sample). This larger error does not reflect the inability of
iBEST, but it might stem from measurement uncertainties in
the monitors because it gave quite accurate predictions for all
the test problems in Section 3.1. For the first and second
samples of the nine, we tested again with four reactor can-
didates (PWR, BWR, CANDU, MAGNOZX) to show iBEST's ability
to correctly predict the reactor type. iBEST again correctly
identified the reactor type as PWR. We considered only the
first two samples, which have low burnups, because the
CANDU and MAGNOX libraries do not contain cross section
data for higher burnups.

Next, we tested the samples with corrections for both
uranium enrichment and burnup, with results given in
Table 11. A comparison of the results in Tables 10 and 11
shows that with the corrections, iBEST returned larger dis-
crepancies between the predicted and reported values of
burnups than without corrections. The burnups predicted
with the corrections are within 5.0%, and that error is
considered acceptable for forensic applications. By contrast,
as shown in Table 11, the discrepancies of uranium enrich-
ment and cooling time predicted with the corrections are
reduced compared with the no correction cases. Table 11 also
reports the predicted values from Scott [1] for comparison

with our results. This comparison shows that iBEST predicted
the burnups and cooling times with similar discrepancies to
those reported by Scott [1], whereas the discrepancies for
uranium enrichments predicted by iBEST are slightly larger
than those given by Scott [1], but they remain within 3.4%.

4, Conclusions

We successfully developed a program called iBEST to predict
burnup history parameters, such as uranium enrichment,
burnup, and cooling time, using isotopic measurement data
from spent nuclear fuel. This program uses simple algebraic
equations for the initial estimation and burnup to reduce
computing time. Then, it corrects those initial estimations
using a newly developed stable bisection method coupled
with ORIGEN-S depletion calculations to improve the accu-
racy. The use of ORIGEN-S, with its burnup-dependent li-
braries, rather than ORIGEN-2, provides flexibility in the
applicable reactor types and improves the accuracy. The
validation of iBEST was done using a two-step procedure. In
the first step, we tested iBEST with various test problems for
different reactor types: PWR, BWR, CANDU, and MAGNOX.
The test problems were prepared by extracting the atomic
number densities of the monitor nuclides from ORIGEN-S
output files following depletion calculations with the given
burnups, uranium enrichments, and cooling times. The
extracted atomic number densities were then used as input
files for iBEST. The results show that iBEST correctly predicted
the reactor types in all cases except for one MAGNOX case
with an extremely short cooling time. iBEST also estimated
the given burnups, uranium enrichments, and cooling times
quite accurately for all test cases. In the second step, iBEST
was applied to the nine samples of spent fuel from the
Mihama-3 reactor with PIE isotopic measurement data. With
those realistic problems, iBEST estimated the burnups, ura-
nium enrichments, and cooling times within 5.1%, 3.4%, and
10.3%, respectively. In the results of test problems with known
solutions, discrepancies between the values iBEST estimated
and the measured values are partially caused by uncertainties

Table 11 — Test results for the Mihama-3 problems with PIE sample measurement data (with the burnup correction).

Problem no. RT® Burnup (MWD/kg) Enrichment (%) Cooling time (y)
Reference Discrepancy® Reference Discrepancy® Reference Discrepancy®

1 Yes 8.3 4.38/5.03¢ 3.208 0.37/2.28° 5.0 3.092.37¢
2 Yes 6.9 3.32/4.19 3.208 1.90/2.66 5.0 3.95/2.27
3 Yes 21.2 3.93/3.48 3.203 0.09/2.44 5.0 6.38/3.14
4 Yes 15.3 4.37/4.01 3.203 2.05/3.40 5.0 4.60/3.37
5 Yes 14.6 3.97/4.03 3.203 0.09/0.96 5.0 10.62/10.21
6 Yes 29.44 3.68/3.21 3.210 0.00/0.49 5.0 0.60/5.55
7 Yes 323 4.43/3.63 3.210 2.43/1.40 5.0 3.09/1.53
8 Yes 337 4.11/3.22 3.210 0.31/2.42 5.0 1.38/2.69
9 Yes 34.1 3.58/2.78 3.210 0.00/0.70 5.0 0.20/2.20

iBEST, inverse Burnup ESTimator; PIE, Post Irradiation Examination; RT, Reactor Type.

@ Is reactor type predicted correctly?

Y Discrepancy between the predicted and reference values (%).
¢ Texas A&M University.

< {BEST.
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in the measurements of the spent fuel samples. The results of
the test problems and realistic Mihama-3 samples show that
iBEST can successfully estimate burnup history parameters
and be applied to spent nuclear fuels from various nuclear
reactor types.
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