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Abstract — Delayed neutron precursor (DNP) group data are important for modeling reactor dynamics.
Although the data for individual DNPs have been developed over time, the DNP group data present in the
Evaluated Nuclear Data Files (ENDF) have not been updated in the past 20 years. In this work, we use
SCALE to recreate the Godiva experiment that was used to generate the original DNP group structure for
fast fission of *°U. However, each DNP is modeled using up-to-date data, and the results are then
converted into a newly updated group structure. This conversion uses an iterative linear least squares
solver to minimize chi-squared. The approaches used in this work also enable energy spectrum generation
and uncertainty tracking. The method used in this paper for fast *>’U fission DNP group structure updating
can be applied to different energies and fissile nuclides. Demonstration of the uncertainty tracking in
reactor kinetics and dynamics simulations is shown using point reactor kinetics simulations. Results show
that there are data discrepancies between the International Atomic Energy Agency database and data used
in ORIGEN, which are currently being fixed. Results also show that the proposed method for group spectra
generation performs well.

Keywords — Delayed neutron precursors, ORIGEN, SCALE, ENDF, group parameters.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION
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This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.
org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is
properly cited. The terms on which this article has been published
allow the posting of the Accepted Manuscript in a repository by the
author(s) or with their consent.

Delayed neutron precursors (DNPs) are fission pro-
ducts that are beta emitting and have sufficient energy to
concurrently emit a neutron. DNPs are important, as they
make reactor control possible. This is because of the time
delay that occurs before a delayed neutron is emitted.
Thus, the time delay is based on the half-life of the beta
emission. Additionally, some isotopes have sufficient
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energy to emit multiple neutrons, each of which has
different probabilities of occurring.

For many reactor kinetics and dynamics simulations,
the DNPs are not all explicitly modeled. Instead, it is
computationally practical to divide the DNPs into six to
eight groups per fissile isotope. Each of these groups has
both a half-life and a yield. The half-life of the group is
based on the half-lives of the constituent DNPs in that
group, while the yield is based on the amount of DNPs in
that group and the average number of neutrons they emit.
The differences in group half-lives and yields between
different fissile nuclides are caused by fission yield dif-
ferences. These yield differences affect the specific DNP
concentrations, thus affecting the DNP group parameters
that are calculated.

The International Atomic Energy Agency (IAEA)
maintains a database of DNP data, which has updated
data as recent as 2020 and was last updated in 2022."
Although these more recent IAEA data exist, the DNP
group data used in the Evaluated Nuclear Data File
(ENDF)/B-VIIL.O library have not been updated since
ENDF/B-VL8,")  approximately 20 years ago.l’)
Additionally, the spectral data have not been updated in
~30 years.**! This work reconstructs the DNP groups
using recent data to evaluate the group yield and decay
parameters, as well as the group spectra. Comparisons are
made between datasets as well as with different methods
for generating the group spectra.

Il. METHODS

Delayed neutron precursor group data have histori-
cally been generated either experimentally, referred to as
the macroscopic approach, or computationally, referred to
as the microscopic approach, by counting the delayed
neutrons after irradiation.*>'®! For the macroscopic
approach, a fissile sample is irradiated, and the delayed
neutron counts are collected. For the microscopic
approach, data on individual DNPs are used to simulate
a delayed neutron count curve. In this work, the micro-
scopic approach is used. Following the generation of
delayed neutron counts over time, both approaches then
use the same methodologies to generate DNP group
parameters.

In this work, the primary difference in the generated
DNP group parameters comes from the data used for the
individual DNPs, as discussed in Sec. II.A. This work
proposes a new method for generation of DNP group
spectral fits in Sec. I1.B, as the DNP group parameter
fitting methodology employed in this work enables
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spectrum fitting as a straightforward extension. The pre-
vious approaches for generating these DNP group spectra
are improved by allowing DNP group spectra to contri-
bute to every DNP group rather than only two
groups.> "' This work also shows how the DNP
group parameters from different data compare when
used in a point kinetics model, discussed in Sec. II.C.
Section II.D discusses the specifics for the tools and
models used to generate the results. The uncertainties
are tracked throughout, discussed in Sec. IL.LE, as the
more recent individual DNP data have uncertainties that
can be propagated.

ILLA. Group Parameter Generation

Generation of the DNP group parameters requires
generation of the group yield v4, and group decay con-
stant A, for each group. To generate these parameters, this
work uses an iterative least squares approach. For a pulse
irradiation with » DNP groups and m time nodes, Eqs. (2)
through (5) show how the iterative least squares problem
is configured for Eq. (1). The explicitly formatted pulse
irradiation least squares problem is given as

na(t) m eFy Y | Vaghge ™', (1)
g=1

which is generalizable to a format one may recall from
linear algebra as

AX~ b. (2)

The v;, values are the group yield values. These
represent the number of delayed neutrons per fission;
when summed, they provide the total delayed neutron
yield per fission. The Fy value is the total number of
fission events that take place within the sample, and ¢
is the detector efficiency. The efficiency of the neutron
detector in this work ¢ is set so that the Keepin et al.
delayed neutron count rate, when using their group
yields and decay constants, aligns with the count rate
they measured.!” The total number of delayed neutrons
is calculated by integrating the delayed neutron rate
curve. The number of fissions and the efficiency term
are known as well. The unknowns are the decay con-
stants for each group A, and the group yields v;,. For
a given set of group decay constants, the problem can
be formatted as follows:
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where the solution for the group yields with the given set
of group constants is then calculated using the Scipy
package’s NonNegative Least Squares method.!'>'¢]
The 2-norm condition number of A calculated using the
singular value decomposition approach in NumPy is gen-
erally approximately 200.

An iterative process is used to modify the group
decay constants. The iteration process goes through
Egs. (2) through (5) for every combination of values in
L, an example of which is shown in Eq. (6) for a case
with three decay constant nodes per DNP group:

(I=wh M (1M
(1= X (1+uh

L= : : : (6)
(1 _ﬂ)}‘n )Vn (1 +,u)7‘n

The values of A4 are linearly spaced from (1 — u)A, to
(1 + u)Ag. The number of iterations for a given value of
1 is equal to the number of decay constant nodes to the
power of the number of groups. For six DNP groups,
this means that to find the optimal set of decay con-
stants, 729 iterations are required for three nodes, while
15 625 iterations would be required for five nodes.

Following an iteration for a given value of u, the
values of A, are set to the values that minimize chi-
squared, as shown in Eq. (7):
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where
m = number of time nodes
n = number of precursor groups
na;j = delayed neutron count rate at time

Any(t;) = uncertainty in delayed neutron count rate
attimej.

Once a new solution is found that has a smaller value for chi-
squared, the iteration goes back to the largest value of u. For
example, the values of u in this work are set to 10%, 5%, 4%,
3%, 2%, 1%, and finally 0.5% to have decay constants
resolved to within 0.5%. Starting with smaller values of u
means that the values of A, may take a long time to resolve or
fail to find the best fit if the initial guess is far from the global
chi-squared minimum. The convergence criteria used to stop
is when the smallest value of u no longer improves the fit.

The uncertainty in the delayed neutron count rate is
discussed in Sec. ILE.

I1.B. Group Spectrum Generation

Least-squares techniques are used for the yield and decay
constants, but there is also a desire to have group spectra .
This is referred to in this work as generating a spectral fit. In
the past, the spectral fits were generated by allowing each
isotope to contribute some fraction of its spectrum to its
closest groups, sorted by group half-life>'""'?! or based on
nuclide half-life.!'*'* This work refers to such approaches as
fractional fitting least squares. Alternatively, using an iterative
least squares technique allows for a more optimal set of group
spectra such that isotopes can contribute to more than two
groups. This method also requires no individualized spectral
data for the isotopes, yielding no potential error from erro-
neous spectral data within the fitting method. This method is
referred to as iterative least squares in this work.

To determine the energy spectrum of neutrons emitted by
each precursor group, the delayed neutron emission rate as

a function of time and energy n4(E, t) can be either collected
from the ORIGEN output or generated from the IAEA data-
base using Eq. (8):

7
ha’(Ea t) - 8ZXi(E)>ViANi(t)Pni ) (8>

where [ is the total number of DNPs.
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Once the two-dimensional (2D) set of values for

rid(E, t) is collected, the group spectra are generated
using iterative least squares. This method iterates
through each possible energy bin while solving the
least squares problem for every time node, thus opti-
mizing every j’th energy bin for all times.
Equations (9) through (12) show the formulation for
the solve, while Eq. (13) shows the residual solved for
the nonlinear least squares solvel'”-'8]:

n

na(E,t) = eFy Y yg(E)hgVage ', ©)
g=1
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argminy

Ax — b|?
b

.,
This form of the residual normalizes the problem such
that the larger count rates at earlier times do not dom-
inate the solve. Without this normalization, the problem
would be dominated by the early timescales, leading to

a poor fit at longer timescales where the count rate is
much smaller.

I1.C. Point Reactor Kinetics

Using the point reactor kinetics equations enables an
understanding of how the group parameters will affect the

@ANS

reactor systems we are modeling. The time rate of change
of neutrons in the system is given by

dn _p—p

dt

n(t) + 26: heCe(t) (14)
where

p = reactivity
B = delayed neutron fraction
A = neutron generation time.

The time rate of change of the group g precursor con-
centration is given by

dcC,
Ttg:i—gn(t) — A Cy(2) (15)

where f3, is the delayed neutron fraction of group g.
The initial conditions for Eqgs. (14) and (15) are

no =1
—1
C, :ﬁgno(xg/\) )

The B, values are calculated using the group yields vy,

and average neutron emission per fission event v as
shown in Eq. (16):

Be

(16)

v

In this work, the equations were solved using the forward
Euler method, shown in Eqs. (17) and (18):

dn(m=1)

n(m = pm=1 4 ndt At, (17)
dc(m—l)

G =+ =LA, (18)

The forward Euler method is used in this work because
generating and providing results that demonstrate the
differences yielded from each data set are simple using
this approach. Because the purpose of the point reactor
kinetics here is to demonstrate a general trend caused by
differences between the DNP group parameters, a more
advanced method would introduce more complexity than
desired.

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2025



DELAYED NEUTRON PRECURSOR GROUP PARAMETER AND SPECTRA - SEIFERT et al. &

11.D. Tools and Modeling

To use the microscopic approach, it is necessary to
simulate the irradiation of a sample. The tools used in this
work are in-house Python scripts and SCALE 6.3, within
which TRITON and ORIGEN were used for most of the
analysis.["”) TRITON is a reactor physics and depletion
sequence, and ORIGEN 1is a depletion and decay
solver.’®)  Specifically, the “T6-DEPL” TRITON
sequence was used with the ENDF/B-VIIL.1 252-group
neutron library. The T6-DEPL TRITON sequence enables
TRITON to run with KENO-VI as neutron transport.
These tools combined allow a reactor to be modeled,
within which a sample can be irradiated. The composition
of the sample can then be extracted and allowed to decay
over time. POLARIS, which handles light water reactor
lattice physics, was used for comparing the different DNP
group parameters after the results were generated.

The primary model of interest in this work is Godiva,
auniform sphere of 2*°U with a diameter of 6 % in. and density

of 19 g/cm? 2 Godiva is selected as the model of interest to
replicate the experimental approach used by Keepin et al.l
An additional model considered is a generic Westinghouse
17 x 17 pressurized water reactor (PWR), analyzed in
Sec. IIL.LE. The PWR model is used to understand the impact
of the uncertainties and altered DNP group parameters. The
TRITON input deck generated a Godiva geometry and
imparted a 0.25-ms pulse irradiation with roughly 10'¢ fission
events. The Godiva sphere does not deplete, but rather
a 3-g sample within Godiva is irradiated, the same as in the
Keepin et al. experiment.'® The irradiation was then followed
by a 330-s decay of the sample using logarithmically spaced
time nodes to capture the short-lived DNPs’ response in
ORIGEN. This method replicated the one used by Keepin
et al. so that the results could be directly compared.[® In the
Keepin et al. experiment, the data of interest used for analysis
are the delayed neutron count over time.

Using data from the Godiva simulation and recently
published experimental data, the delayed neutron count
can be constructed. Equation (19) shows how the data

come together to form the delayed neutron count ny:

ng(t) = EZI: P, LNi(2). (19)

Equation (19) sums over all DNPs /, which can vary based
on the dataset, and calculates the time-dependent delayed
neutron count from each. This contribution from each
DNP is then multiplied by the efficiency of the neutron
detector ¢. The detector efficiency term is set to 3.75 x

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2025

10~% to scale the delayed neutron count profile to the
results from Keepin et al.l®! Adjusting the efficiency term
changes the delayed neutron count rate scaling but does
not affect the generated group parameters themselves.

The concentration of each DNP in atoms N;(¢) can be
retrieved from the ORIGEN binary concentration file.
The concentration of each DNP i can then be combined
with the emission probability P,; and decay constant A;
for that DNP from the TAEA database to generate the
neutron emission rate as a function of time. This can then
be multiplied by the detector efficiency term ¢ to generate
the delayed neutron count.

The delayed neutron count rate 74(¢) can be determined
in two different ways using the previously described metho-
dology. The first, called IAEA—ORIGEN in subsequent sec-
tions, is using ORIGEN to calculate N;(¢) and IAEA emission
probabilities P, and decay constants A; to calculate rid(l).
The second, called Pure ORIGEN in subsequent sections, is
by reading ny(7) directly from the ORIGEN output, where
ORIGEN uses a modified ENDF/B-VIL.O dataset for emis-
sion probabilities and decay constants. More specifically, the
Pure ORIGEN delayed neutron count rate uses SCALE 6.2.4
neutron emission, which uses an embedded version of
SOURCESA4C, a code system that determines neutron pro-
duction rates and spectra, combined with a modified ENDF/
B-VILO dataset.”” In some cases, IAEA~ORIGEN may
require data to supplement the IAEA database. When this
occurs, the IAEA—ORIGEN approach obtains data from the
Evaluated Nuclear Structure Data File (ENSDF) and
ENDF/B-VIILO to fill in gaps between the datasets.!**!

I.LE. Uncertainty Tracking

An important consideration for the methods dis-
cussed are the uncertainties in the data used. The DNP
group parameter uncertainties have contributions from
decay constants, delayed neutron emission count rate,
and fissions.”*! These uncertainties can be propagated
to the DNP group parameters and spectra, which can
then be propagated again to the models that use that
data. In this work, these uncertainties are propagated
through to the point reactor kinetics analysis.

The uncertainty in the delayed neutron emission
count rate from ORIGEN can be determined based on
Eq. (19), rewritten as follows:

1
na(t) =&y PyAiNoe ™,
i=1

by using Egs. (20) through (23):
@ANS
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aﬁd(t)

sp = loe ™, (20)
Ony(t
’;L?\(») = P"iNOi(l - X,'t)e_)”’t, (21)
%ﬁkfﬂﬂ”v (22)
" ng(t) (om0 o\
An3(t) = gz;<a;’,n APn,) +< a%» M,)
B 2
and(t)
(%)
(23)

Equation (19) does not account for decay parents of the
DNPs, instead treating the concentration of each as
a decay over time from the initial concentration. The
partial derivative is taken for each variable with uncer-
tainty, which are the emission probability for DNP i
P,,, the initial concentration of DNP i before measuring
the delayed neutron count rate Ny, and the decay con-
stant for DNP i A;. These partial derivatives are then
used in the uncertainty calculation in the delayed neu-
tron count from each individual DNP as shown in
Eq. (23).

This uncertainty is then used in Eqs. (24) through
(27) to calculate the uncertainty for the entire right-hand
side of the least squares problem given in Eq. (2),
repeated here:

AX~b .

The uncertainty in the emission probabilities AP,
comes from the IAEA data; the uncertainty in
concentration ANy, comes from Sampler, a SCALE
tool that stochastically computes and propagates
uncertainties'*’); and the uncertainty in the decay con-
stants AA; comes from the IAEA data for the
ORIGEN delayed neutron count rate and is based on
the mesh for the group parameters. Sampler is used
with 500 samples, with perturbations in each non-meta-
stable nuclide of cross sections, yields, and decay
constants.

With the uncertainty in the delayed neutron count
rate calculated, the uncertainty in the DNP group para-
meters is one step closer to being calculated. The next
step is to propagate this uncertainty to the linear algebra
equation that is used to find the DNP group parameters.

@ANS

Equation (24) is the right-hand side vector at a point in
time m used when fitting the group constants:

- I:ld(tm)
m = . 24
b oF. (24)

Partial derivatives are taken with respect to the delayed
neutron count rate and the number of fissions from
Eq. (24), shown in Egs. (25) and (26):

n__ L (25)
and(tm) eF
Oby _ _ na(tn) (26)

OF, eF?

These partial derivatives are then used to generate the
uncertainty at that time, shown in Eq. (27):

- 2 - 2
_ by, by
Aby = — . Ang(ty) | + | =2 AF, | .
: <6nd(tm) « )> (an )

(27)

The uncertainty in the delayed neutron emission count
rate from the group parameters can be found using Eq. (1)
and the partial derivatives in Egs. (28) and (29), yielding
the result in Eq. (30):

and Aot
— = ¢ 28
avdﬁg ge ’ ( )
and _ _
o = Taall = hee (29)

. n Gnd _ 2 and 2
An (t) = 8]73 <_ AVa'7 > + < Al ) .
¢ ; avd,g € a?ug €

(30)

The uncertainty in the group yield values Avy, was
calculated stochastically. The least squares problem
used to solve for vy, was iterated upon with random
variations within uncertainties for the various terms until
the point at which a normal distribution formed and the
standard deviation could be directly extracted. An exam-
ple of this approach is shown Fig. 1, in which the sixth
group yield is (4.3 £0.3) x 10~* delayed neutrons per
fission.
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Fig. 1. Five thousand stochastic uncertainty simulations
of the Keepin et al. sixth precursor group yield using a u
value of 0.5%.

Following the group parameter generation is the
point reactor kinetics uncertainties that use the for-
ward  Euler method. The decay constant
uncertainty comes from the group parameter genera-
tion; the initial uncertainties in both the number of
neutrons at the current time Az and the number of
precursors in the i’th group ACg") are zero; and the
group and total delayed neutron fraction uncertainties
AB; and Ap, respectively, are given in Egs. (31)
and (32):

1 2 Vig ,_ 2
AB; = “Avag | + |4V,
v v

(31)

(32)

The uncertainty in 2 from Eq. (17), rewritten with the
fully expanded derivative in Eq. (33), is given in Eq. (39),
with the components given in Egs. (34) through (38). In
these equations, At is the time step used in the forward
Euler method:

n(m) e n(m_l) +p%ﬁn(m_l)At
+ 3 (€l ar 4+ a2 22l VAR,
i=1
(33)
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where the partial derivatives are taken with respect to
the previous time step’s number of neutrons (=1,
decay constant for each group A, delayed neutron
fraction , delayed neutron fraction for each group f,,

and the previous time step’s precursor concentration

for each group Cémil). The partial derivatives are
given as
on'™ p—p - 'Bg 2
o = | +TAz+;Xngz , (34)
0™ _ cm1 s 4 P pim1 a2
Ohg o A
— 20, C" VAL (35)
onm  _pm=1) Ay
=, (36)
op A
ontm (m=1)3 A
=, (37)
0B, A
on(m
= M AL — WAL (38)
acémfl) g g

The partial derivatives are then used to calculate the
uncertainty in the number of neutrons at iteration m:

2 2
)\ 2 " ( On(t — on(t
(An™)" = 3 <an(»g)1)A”( 1)> + <a75g) Mg)

() - ()

(39)

The uncertainty in C, from Eq. (18), rewritten with the
fully expanded derivative in Eq. (40), is given by
Eq. (45), incorporating the components given by
Egs. (41) through (44):

cm = ¢y +ﬁ—gn(’"*1>m — dgALCL Y

b 4 (40)

where the partial derivatives are taken with respect to the
same variables as the equation for the number of
neutrons:

@ANS
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(m)
a((j{l) =1— At (41)
0C,"
(m) (m—1)
0Cg’ n At (42)
B, A

acy" Bt

onn D = A “)
ai’ =—C" VAL (44)
g

The partial derivatives are then used to calculate the
uncertainty in each precursor group concentration at
iteration m:

. (m) 2 (m) 2
(m)\? _ an (m—1) 6Cg
()’ = £ (ko) + (S

i=1

oct O\ (o )
(45)

Finally, the uncertainty of group spectra constructed
using the iterative linear least squares procedure is
shown in Eq. (46):

na(E, 1) = na(t) Y 1,(E)- (46)

This uncertainty is fairly straightforward to calculate

because the delayed neutron count term n4(f) comes
from the six group parameters for which the uncertainty
is given in Eq. (30). The uncertainty for the energy-
dependent neutron emission count rate is shown in
Eq. (47), where the uncertainty in the spectra Ay, (E) is
calculated stochastically, in the same manner as the group
yield uncertainties:

ARX(E, 1) = (Aﬁd(t) ng(E)>

+ ((n’ ) (%(E))z). (47)

g
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I1l. RESULTS AND ANALYSIS

IIl.LA. ORIGEN Data Compared with IAEA Data

Because the group parameters are fit to the delayed
neutron count data, it is important to understand how the
data compare. The two different datasets compared are the
previously discussed IAEA-ORIGEN and the Pure
ORIGEN datasets. For analysis of the delayed neutron
emission count rate, the three components that can change
from the datasets are the time-dependent compositions
term, the decay constants term, and the emission probabil-
ities term, all of which were first presented in Eq. (19).

The composition as a function of time depends on the
incident fission neutron energy, the fission yield, the decay
constant of the target isotope, and that same data for any
isotopes that decay into the target isotope. In this work, the
ORIGEN- and TAEA-based data comparisons use the com-
positions generated by KENO-VI and decayed in ORIGEN.

We can conduct a sensitivity study of the decay constants
A and emission probabilities (or branching fractions) P, by
comparing the results of the Pure ORIGEN dataset simulated
in ORIGEN with the IAEA dataset in ORIGEN. Specifically,
we can adjust the data such that only decay constants, only
emission probabilities, or both are swapped from the Pure
ORIGEN dataset values to the IAEA dataset values.

Figure 2 shows the net count rate for the Pure ORIGEN
and for the IAEA—ORIGEN data sets in which the percent
difference of the Pure ORIGEN to the IAEA—ORIGEN count
rate appears to be close. The percent difference between the
count rates initially starts at ~1.5%, peaks at a 14% differ-
ence shortly thereafter, and then drops again. Figures 3, 4, and
5 provide more information on the short-lived and longer-
lived isotopes that lead to this percent difference. These
figures are generated by comparing count rate differences
from decay constants, emission probabilities, and both at the
same time. The plots show the difference of the Pure
ORIGEN count rate with the IAEA—ORIGEN count rate
subtracted away. The negative count rate differences are
represented as dashed lines, while the positive count rate
differences are solid lines. The nuclides are selected by
tracking whichever nuclides have the largest absolute differ-
ence at each time step, as the shorter-lived nuclides will have
a smaller absolute difference as they decay away. Figure 3
shows that the peak decay constant difference causes around
1.2 million counts per second, while the difference drops
rapidly during later times. The count rate difference is larger
because of the emission probability difference than the decay
constant difference. This can be seen by comparing the
differences in Figs. 3 and 4 at various times.
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Table I lists the isotopes that have the most significant
effect on the decay constant and emission probability data
differences. Figures 4 and 5 show the impact these nuclides
have on the delayed neutron count rate. From Table I, it can
be seen that the emission probabilities affect the majority of
the nuclides with the largest differences. These emission
probability differences drive differences in the net yield as
well. Table II shows the net yields from various data sets
and shows that changing the decay constants does not
largely impact the net yield. However, changing emission
probabilities has a nonnegligible impact of approximately
200 pem. This is because the net yield measures the total
number of delayed neutrons, which means the time at
which they are emitted is less important than the net num-
ber that are emitted.

Figure 6 shows how the initial spectrum of the
ORIGEN output compares to the IAEA—ORIGEN spec-
trum, with uncertainties, immediately after irradiation.
Although these results account for only one time step,
the spectral differences become smaller over time, as
shown in Fig. 7. While Fig. 6 shows the energy spectra
at a single time step, Fig. 7 shows the difference of the
average of the energy spectra at each time step.

Figure 7 shows that the IAEA—-ORIGEN data
yield a larger average energy than the Pure ORIGEN
data at every time step, which is demonstrated in
Fig. 6. This discrepancy between the energy spectra
shortly after irradiation aligns with the previously
discussed results. Additionally, because the main dif-
ferences occur in the first 2 s, the problematic iso-
topes can be determined directly. The results shown in
Figs. 3, 4, and 5 indicate that those isotopes that differ
most significantly within the first 2 s are °'Br, $As,
86As, 1371, and 3L

10777
= -=- |AEA-ORIGEN
% 108+ Pure ORIGEN
= ‘
*g 10°-y
o N\
5§ 10%- .
2 .
Z10% P
[
z o
g 102 M o
1 1 1 1
0 100 200 300
Time [s]

(a) Pure ORIGEN and TAEA-ORIGEN count
rate over time

l11.B. Six Group Parameters

The DNP six groups can be calculated using the
generated delayed neutron count rate data and iterative
least squares method. Recall from Sec. II that a detector
efficiency ¢ of 3.75E-8 is used in all results to reflect the
experimental results from Keepin et al.l®]

Table II lists the net yield variance observed between
the IAEA data and ORIGEN library data calculated by
summing the group yields. Additionally, net yields from
other works are shown for fast 2>°U irradiation. Overall,
it can be seen that the calculated yields generally agree
with the range of values from the literature. The top four
of the table shows that there is a large difference between
the yields based on the emission probability data. This is
because a shift in the decay constant data minimally
affects the net yield.

Tables III and V contain the group half-life and
yield parameters, which were identified using the itera-
tive least squares approach and the group parameters
taken from Brady and England, referenced here since
they are the parameters used in ENDF, and from
Keepin et al.l'?! The results from Keepin et al. are
directly compared with this work since their experi-
mental setup is replicated. The results from Brady and
England, which use the microscopic approach, use
preliminary data from ENDF/B-VL!*! Although the
methods are similar to the methods in this work, dif-
ferences can be expected with the Brady and England
results because of the difference in the data used. The
uncertainties for the group parameters are given in
Tables IV and VI. An interesting note is that the
IAEA group parameters are all smaller than all the
other fits, which means that the delayed neutrons will

10.0-

5.01

2.5r

0.0

Delayed Neutron Count Difference [%]

200 300
Time [s]

(b) Pure ORIGEN and TAEA-ORIGEN count

rate difference over time normalized by the IAEA—

ORIGEN count rate

0 100

Fig. 2. Comparison of delayed neutron count rate for Pure ORIGEN and IAEA—ORIGEN data after fast-pulse irradiation of **°U.
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Fig. 3. The decay constant-based difference between
Pure ORIGEN count rates and Pure ORIGEN with
IAEA decay constants for **°U fast-pulse irradiation
over time. The dotted lines represent a negative count
rate difference, meaning the IAEA decay constants
increase the count rate for those nuclides.
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Fig. 4. The emission probability (i.e., branching frac-
tion)-based difference between the Pure ORIGEN count
rates and Pure ORIGEN with IAEA decay constants for
25U fast-pulse irradiation over time. The dotted lines
represent a negative count rate difference, meaning the
IAEA emission probabilities increase the count rate for
those nuclides.

overall be emitted more rapidly compared to the other
fits.

For the group yields, the IAEA fit showed greater
weight on the longer-lived groups, which is noticeable
when comparing the longest- and shortest-lived group
yields. A comparison of the fits is shown in Fig. 8; this
comparison indicates that the DNP group parameters in
the current work are similar to other group parameters.
The comparison also reveals discrepancies among the
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Fig. 5. The combined decay constant and emission prob-
ability—based difference between Pure ORIGEN count
rates and ITAEA—ORIGEN count rates for *°U fast-
pulse irradiation over time. The dotted lines represent
a negative count rate difference, meaning the combined
IAEA decay constants and emission probabilities
increase the count rate for those nuclides.

other referenced fits, although all of the fits shown are
for the same fissile isotope and fast energy spectrum.

The discrepancies could be the result of differences
in energy spectra causing fission, uncertainty in the num-
ber of fission events, uncertainty in the experimental data
collected by Keepin et al. (which were fitted), or uncer-
tainty in the nuclear data used in the codes in this work
and in Brady and England’s work.

lI.C. Six Group Spectra

Using the six group parameters generated, as well as
the energy-dependent count rate from ORIGEN and the
constructed data from the IAEA database, the spectral
profiles associated with each group can be generated, as
shown in Eq. (9). Figure 9 compares the discrepancy
between the historical fractional fitting approach and the
proposed iterative least squares approach. The iterative
least squares provides a visually better fit than that of the
fractional fitting method. This is shown specifically at
330 s, where the longest-lived groups dominate the
spectra.

111.D. Point Reactor Kinetics Reactivity Insertion

To observe the effect of altering the group para-
meters, the response to a reactivity step insertion can be
modeled using point reactor kinetics. In this problem, we
use the following parameters: a neutron generation time
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TABLE I
Decay and Emission Data for Isotopes with the Largest Count Rate Discrepancies
Isotope Maga (s—1) Xoricen (s—1) Al (s—1) Praga Porigen AP
1By 1.27 1.28 0.01 0.304 0.109 0.195
85As 0.343 0.343 0.00 0.625 0.22 0.405
86 As 0.734 0.733 0.001 0.345 0.105 0.240
1371 0.028 0.028 0.00 0.076 0.072 0.004
1381 0.111 0.111 0.00 0.053 0.026 0.027
8Ge 3.12 7.30 4.18 0.45 0.22 0.23
By 0.299 0.347 0.048 0.034 0.034 0.00
1401 1.17 0.806 0.364 0.079 0.22 0.141
Yy 0.185 0.185 0.00 5.8E-4 0.003 0.00242
TABLE 11
Net Delayed Neutron Yields from Various Sources of Data for Fast 23°U*
A P, Yield
IAEA IAEA 0.0191
ORIGEN IAEA 0.0193
IAEA ORIGEN 0.0172
ORIGEN ORIGEN 0.0172
Keepin et al.l) Keepin et al.[¥) 0.0165
Brady and England!'?! Brady and England!'?! 0.0206
Tuttle**) Tuttle!**) 0.0167
ENDF/B-V?7] ENDF/B-V??"! 0.0167
England et al.**! England et al.**! 0.0198
England and Rider!*! England and Rider*”! 0.0206
ENDF/B-VILO0P" ENDF/B-VILO0P" 0.0162
JEFF-2.281 JEFF-2.281 0.0191
JEFF-3.1.183% JEFF-3.1.153% 0.0170

*Partially recreated from Refs. [12] and [25].

of 0.1 i s, an average number of total neutrons per fission
of 2.6, and the DNP group parameters from Sec. IIL.B.
Figure 10 shows the neutron density response to
a reactivity step insertion into a reactor with these
parameters.

Figure 10 shows that the Keepin et al. response was
slightly lower than that of the current work.'”! The
responses began closely aligned and diverged further
apart as the effect of the DNPs becomes more significant.
In the later times, the IAEA—ORIGEN neutron density
was slightly lower than the Pure ORIGEN neutron den-
sity. This is because the group parameters of Pure
ORIGEN have higher yield values for five and six
groups, the yield values of which dominate during the
early times. This effect was counteracted slightly by the
slightly longer lives of five and six groups that Pure
ORIGEN also has, but the net effect was still an increased

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2025

response compared with that of the TAEA—ORIGEN
group parameters. Following this logic, the Keepin et al.
group parameters have small yields for five and six
groups while also having fairly long half-lives for each

group.
lIL.LE. Westinghouse 17x17 PWR

Additional macroscopic analysis was conducted
using SCALE/Polaris. SCALE/Polaris is a tool used
to perform 2D lattice physics that provides six group
kinetics parameters as an output. These outputs are
importance weighted, nuclide integrated, and assem-
bly  homogenized. Because these kinetics
parameters are used by other codes to perform transi-
ent analyses, it is important to determine the differ-
ence using the default kinetic parameters used as an
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Fig. 6. Normalized difference in emission spectra of

Pure ORIGEN and TAEA-ORIGEN for ***U fast-pulse
irradiation at 0 s with uncertainty tracked for the IAEA—
ORIGEN results.
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Fig. 7. Difference in average delayed neutron energy of
Pure ORIGEN and IAEA-ORIGEN for 2*°U fast-pulse
irradiation over time where Pure ORIGEN is subtracted

input compared with the six group parameters gener-
ated in this work.

For this analysis, only the fast spectrum kinetics
parameters were altered for *°U. This adjustment was
performed to provide a conservative estimate for the
magnitude of difference, which can be expected because
of the heavily thermal spectrum.

The default values used for the kinetic parameter
inputs are those from Keepin et al.!! The IAEA and
Pure ORIGEN six group parameters presented in this
work were then used. The resulting kinetics parameter
outputs for each set of group parameters were com-
pared, with the absolute percent differences shown in
Fig. 11.

These absolute percent differences from the Keepin
et al. data show that the largest difference in IAEA
yield and half-life values was observed in the third
precursor group; the greatest difference in those values
for Pure ORIGEN was observed in the sixth precursor
group. This result corresponds directly to the differ-
ences in the six group parameters shown in Tables III
and V. In particular, the IAEA-ORIGEN third precursor
group has a yield of 0.670, which is almost double the
Pure ORIGEN third precursor group yield of 0.244.
Even though fast fission of 2*°U in the Westinghouse
PWR is not the primary mode of fission, the large
difference in the group yield data still leads to
a difference of approximately 8% in the net group 3
yields.

IV. CONCLUSIONS AND FUTURE WORK

This work demonstrates generation of DNP group
parameters from a simulated irradiation combined with
data from the IAEA and from ORIGEN.!"! These group
parameters use recent experimental data and propagated

from IAEA_ORIGEN. uncertainties to investigate the effects on reactor
TABLE III
Six Group Half-Lives Given in Seconds
Fit T, T, 15 T, Ts Ts
Brady and England!'?! 52.1 21.2 5.74 2.29 0.816 0.243
Keepin et al.[! 54.5 21.8 6.00 223 0.496 0.179
IAEA-ORIGEN 49.0 19.2 3.64 1.28 0.320 0.098
Pure ORIGEN 513 20.7 6.04 2.19 0.505 0.115

@ANS
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TABLE IV
Six Group Half-Lives’ Uncertainties Given in Seconds
Fit AT, AT, AT AT, AT AT
Keepin et al.t) 0.94 0.54 0.17 0.06 0.03 0.02
IAEA-ORIGEN 0.245 0.096 0.018 0.006 0.002 0.001
Pure ORIGEN 0.256 0.104 0.030 0.011 0.003 0.001
TABLE V
Six Group Yields in Delayed Neutrons per Fission Multiplied by 100
Fit Va1 Vap Va3 Va4 Va5 Va6
Brady and England"?* 0.072 0.372 0.355 0.797 0.327 0.137
Keepin et al.[%) 0.063 0.351 0.310 0.672 0.211 0.043
IAEA-ORIGEN 0.083 0.350 0.670 0.566 0.187 0.054
Pure ORIGEN 0.071 0.308 0.244 0.711 0.300 0.091
TABLE VI
Six Group Yields’ Uncertainties in Delayed Neutrons per Fission Multiplied by 100
Fit Avd, 1 A‘_/d,2 Avd‘ 3 Avd,zt A\_/d’ 5 Avdﬁ
Keepin et al.l”) 0.005 0.011 0.028 0.023 0.015 0.005
IAEA-ORIGEN 0.009 0.009 0.008 0.003 0.003 0.001
Pure ORIGEN 0.014 0.018 0.012 0.007 0.002 0.001

behavior. The results showed that some of the DNP data
used in ORIGEN differ with the data from the IAEA
database.

1.81 —— Keepin [6]
" Brady/England [11]
‘g’ 1.6 Pure ORIGEN
S —— |AEA-ORIGEN
$ l4f
&
£
1.2+
4
£
% l 0 .|
% M
102 1071 109 101 102
Time [s]

Fig. 8. A comparison of the different fast fission irradia-
tion DNP six group parameters of >>°U normalized to the
Keepin et al. six group count rate with uncertainties.[®
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Specifically, a few particular nuclides have large differ-
ences between the IAEA database and in ORIGEN. The
nuclides with the largest impact on the delayed neutron
count rate following fast spectrum pulse irradiation of
23U from data discrepancies include °'Br, ¥ As, 3¢As, 1371,
1381, 86Ge, ®my, 1401, and °7Y. These discrepancies result in
a 200 pcm difference in the total delayed neutron yield, as
well as differences in the rate at which the delayed neutrons
are emitted. The two sets of group parameters generated from
these differing data in a point reactor kinetics model showed
that the resulting neutron density responses are similar over
a relatively short time period after large reactivity insertions.
Discrepancies among the data between SOURCES4C and
ENDF are currently being dealt with by relying more on
ENDF and less on SOURCES4C where possible in SCALE.

The group spectrum generation was also investigated
in this work. The proposed method, which allows each
DNP to contribute to every DNP group, showed promis-
ing results, providing a better fit than the fractional fitting
method. The iterative least squares method proposed is
more computationally expensive, but it is worthwhile
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Fig. 10. Point reactor kinetic neutron density response to
reactivity step insertion for different six group
parameters.

provided the group spectra do not need to be regenerated
frequently.

There are many different possible extensions that
can further this work. Updates could be made to the
group parameters by implementing updated data and
propagating uncertainty. The group spectra could also
be updated with uncertainty propagation and methods
for fitting optimal group spectra. A more thorough ana-
lysis of various group parameter fitting methods for
yields and spectra could include using nonlinear least
squares or other least squares methods, calculating
uncertainty when the decay constant mesh is refined to
the furthest extent possible, and determining whether
other methods would alter how many groups are needed
for a fit within a given margin.

Analysis of additional data sources, such as the
Joint Evaluated Fission and Fusion library or using the

@ANS

Fig. 11. The absolute percent difference of IAEA and
Pure ORIGEN six group parameters to the Keepin et al.
parameters of fast spectrum 2**U in a Westinghouse 17 x
17 fuel assembly.

General Description of Fission Observables (GEF)
model code, could similarly identify additional iso-
topes causing discrepancies.>*! Also of interest are
comparisons with kinetics benchmarks by investigat-
ing other energy spectra, fissile nuclides, and kinetics
methodologies.** %1 A tool such as Moltres can
incorporate these group parameters to simulate three-
dimensional kinetics benchmark problems.?”~#]
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