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Abstract

A new software package, the Fission Induced Electromagnetic Response (FIER) code, has been developed
to analytically predict delayed v-ray spectra following fission. FIER uses evaluated nuclear data and solu-
tions to the Bateman equations to calculate the time-dependent populations of fission products and their
decay daughters resulting from irradiation of a fissionable isotope. These populations are then used in the
calculation of ~-ray emission rates to obtain the corresponding delayed 7-ray spectra. FIER output was
compared to experimental data obtained by irradiation of a 23°U sample in the Godiva critical assembly.
This investigation illuminated discrepancies in the input nuclear data libraries, showcasing the usefulness of
FIER as a tool to address nuclear data deficiencies through comparison with experimental data. FIER, pro-
vides traceability between ~-ray emissions and their contributing nuclear species, decay chains, and parent

fission fragments, yielding a new capability for the nuclear science community.

Keywords: delayed v rays, radiation simulation, nuclear data, fission products, nuclear forensics

1. Motivation

When a nucleus undergoes fission, the prod-
ucts emit both prompt and delayed characteristic
~ rays. Delayed ~-ray emission provides a signa-
ture for fissionable materials, with applications in
nuclear energy, nuclear forensics, and isotope pro-
duction. The Fission Induced Electromagnetic Re-
sponse (FIER) code was developed to meet the
need for a transparent, analytical tool to model
delayed ~-ray spectra. Building on the work of
Chivers, et al. [I], FIER implements analytical so-
lutions to the Bateman equations, a series of dif-
ferential equations describing the transmutation of
radioactive species [2 [3]. Given a nuclear data li-
brary composed of half-lives, decay modes, branch-
ing ratios, y-ray intensities, and independent fission
yields, FIER calculates fission product populations
and time-dependent delayed ~-ray spectra resulting
from a user-specified irradiation scheme.
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Simulation of delayed ~-ray spectra can be
performed with other software packages, includ-
ing MCNP6/CINDER [4, 5], Geant4 [6], and
SCALE/ORIGEN-S [7, [8]. These packages special-
ize in stochastic simulations that account for geo-
metric effects and particle transport. FIER com-
plements these tools with a 0-dimensional, analyti-
cal model that directly links the input nuclear data
with the delayed v-ray spectral output. Gamma-
ray emissions in FIER are quantified as discrete
peaks. Thus contributions to a specific energy
range can be traced to the relevant discrete v rays,
their emitters, the decay chains that produce each
emitter, and the originating fission fragments. This
inherent transparency in the model output aids the
investigation of discrepancies in evaluated nuclear
data libraries through comparison with experimen-
tal data, as demonstrated in Sec.[d] This capability
is an important feature of FIER as the need for
accurate decay data, vy-ray intensities, and fission
yields has been identified as a critical need of the
nuclear science community [9].

A mathematical description of the production
and decay of radioactive species is provided in



Sec. 2l The computational methodology of FIER is
outlined in Sec. [3] including a detailed description
of input parameters and output data and structure.
Model function implementation, uncertainty quan-
tification, options for interfacing with MCNP, and a
basic validation of FIER are also presented. A com-
parison of FIER output with experimental data is
given in Sec. ] highlighting the capability of FIER
to address nuclear data needs. Concluding remarks
are provided in Sec.

2. Analytical Transmutation Model

Gamma rays resulting from fission are classified
as prompt or delayed, based on the timescales of
the mechanisms governing their emission. Prompt
~ rays are emitted in the nuclear relaxation of the
resultant fission fragments less than a picosecond
after the fission event [I0] and are not simulated by
FIER. Delayed + rays, the focus of FIER, are emit-
ted through the population of excited nuclear states
that result from the decay of fission fragments and
their daughters. As these species have a wide range
of half-lives, the emission of delayed ~ rays occurs
on a timescale governed by the decay of fission prod-
ucts and their daughters.

The time-dependent transmutation of the popu-
lation of a radioactive decay chain is described by
a set of coupled differential equations termed the
Bateman equations [2| B]. The rate of change of
the population of the first species of a decay chain,
Ny (t), is given by its production rate less its decay

rate:
s R M), (1)
t

where 7; is the independent fission yield of the par-
ent of the decay chain, \; is the decay constant of
the parent, and R is a constant fission rate. The
rate of change of each subsequent species in the
decay chain, N;(t), is given by the growth of the
species from the activity of its parent less its decay

rate:
ON;
ot

= Bidi—1Ni—1 — ANy (1), (2)
where ); is the decay constant of the i** species and
f; is the branching ratio for decay of the (i — 1)"
species to the i*" species of the decay chain.

In the case where R = 0, an initially pure ra-
dioactive sample is allowed to decay. Sequential so-
lution of Egs. [[]and [2] with application of the initial

conditions N7 (0)
population of the **

= N? and N;1(0) = 0 yields the
member of the decay chain:
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Equation [3] is referred to as the batch decay solu-
tion, as it describes the decay of a “batch” of the
parent species.

In the complementary case, where R # 0, the
chain parent is continuously produced by an ex-
ternal process, such as nuclear fission. Sequential
solution of this series of differential equations with
the initial conditions N;(0) = 0 yields [3]:
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Equation {]is referred to as the continuous produc-
tion solution; it is used to calculate newly produced
populations and their simultaneous decay. Species
may be populated by more than one chain parent.
This scenario is addressed in FIER by implementing
individual decay chains and stems for each species,
as described in Sec. 3.2

Equation [4] becomes numerically unstable when
calculating the population of stable or very long-
lived species in a decay chain. When the decay
constant of a species j is zero (i.e., the species is sta-
ble), both the numerator and denominator inside of
the summation are zero yielding an indeterminate
result. Similarly, if a non-stable species has a very
small decay constant then the numerator inside of
the summation may appear to be zero due to the
finite bit resolution of the computer. To resolve this
issue, this species must be treated as stable and any
species in the decay chain following it will have no
population. To calculate the population of a stable
or very long-lived species n, the n" term inside of
the summation in Eq.[4is expanded using a Taylor
series, which evaluates to:
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Equations [3] and [] are also unstable when two
species in a decay chain, k& and j, have the same



decay constant. In this situation the denominator
inside of the summation is zero while the numera-
tor is finite, yielding a non-physical, infinite popula-
tion for species ¢. Solutions to this artifact include:
the decay constants of species j and k can be var-
ied slightly within their associated uncertainty to
achieve an approximate solution or the reciprocal
of the product in the denominator can be expanded
using a Taylor series approximation [II]. The for-
mer solution is implemented in FIER.

3. Methods

3.1. Input Data

The computational implementation of the Bate-
man solutions necessitates assembly of the decay
chains for each fission fragment and its daughters.
This requires the decay modes, associated branch-
ing ratios, and half-lives of the fission fragments
and their daughters as input data. Using empirical
independent fission yields and a user-specified irra-
diation scheme, FIER calculates the population of
fission fragments and their daughters at the end of
a specified irradiation. As Eq.[4]requires a constant
fission rate, the user-specified irradiation scheme is
composed of a series of time intervals, each with a
corresponding constant fission rate. Continuously
time-varying irradiation schemes can be simulated
by discretizing the irradiation using a series of con-
stant fission rates. FIER does not account for burn-
up of the fissioning material, so if depletion is a con-
cern, the user must decrease the fission rate with
time accordingly. The calculation of the resultant
time-dependent delayed ~-ray spectra requires the
~-ray energies and intensities for each species as
input data. The user specifies a counting scheme
composed of the desired time intervals to obtain
the resultant delayed ~-ray spectra. For each of
these time intervals, FIER calculates and outputs
the expected number of v rays emitted.

The sources for the input dataset used in this
work are summarized in Table [l The source of in-
dependent fission yields was the England and Rider
library [12]. The ~-ray energies and intensities, de-
cay modes and branching ratios, and half-lives were
taken from the ENDF Decay Sub-Library [13]. For
the experimental study presented in Sec. |4} the data
from the ENDF Decay Sub-Library were inspected
for accuracy against the community standard for
structure and decay data: ENSDF [I4] . For the
study in Sec. [d the FIER input data library was

updated to use the ENSDF values in those cases
where the ENDF and ENSDF library values dis-
agreed.

3.2. Implementation of the Bateman Solutions

At initialization, FIER generates a list of all pos-
sible decay chains for each fission fragment and its
daughters. As radioactive species can have mul-
tiple decay modes, a given species can appear in
multiple decay chains. Using these decay chains,
FIER identifies all decay paths that lead to each
species, termed decay stems. For example, consider
this representative radioactive decay chain:

182, _y 132] _ 132y,
It contains the following three decay stems:

132Te
132Te N 1321

132Te—>1321—> 132X€

Each species has a set of decay stems associated
with it and the total population of a species at time
t is the sum of the populations calculated for each
of its associated decay stems. For each decay stem,
the population of its associated species (i.e. the last
species in the stem) is calculated using Egs. |3| and
[ At ¢t = 0, the initial population of a species is
assumed to be zero if no initial population is spec-
ified by the user. To avoid double counting, only
the last species in a stem is counted. Performing
the calculations using decay stems allows the oth-
erwise complex and highly coupled system of decay
chains to be linearized. For example, the radioac-
tive species ¥2Sn is fed by the branched decay of
multiple parents. To illustrate how decay stems are
used to linearize decay chains, the decay stems of
13281 are shown:

1328n

132:[1,1 N 132Sn

133In N 1328n

132Cd N 132111 N 132Sn

133Cd*> 1331H*>132SI1

An example of the computational implementa-
tion of the continuous production and batch decay
solutions (i.e., Egs. [3|and [4]) is illustrated in Fig.
for a parent species. As it is not fed by the de-
cay of other species, a parent species will only grow



Parameters

Source(s)

Irradiation Scheme

Counting Scheme

Fission Yields

v Ray Energies and Intensities
Decay Modes and Branching Ratios
Half-lives/Decay Constants

User Specified

User Specified

England and Rider [12]

ENDF Decay Sub-Library [13], ENSDF [14]
ENDF Decay Sub-Library [13], ENSDF [14]
ENDF Decay Sub-Library [13]

Table 1: Sources of nuclear data for simulations presented in this study.

and decay by single exponentials. With an initial
population of zero, the population of the species
produced over the time interval tg to t; is calcu-
lated using the fission rate specified by the irradia-
tion scheme and Eq. [l For the next time interval
spanning t; to ts, the total population at time ¢y
is used as the initial population in the batch decay
solution given by Eq. [3] In this illustration, there
is no fission during this time interval, and thus the
total population at time t5 is the result of the batch
decay solution only.

For the next time interval spanning ¢y to ts, the
population of the species at time t5 is used as the
initial population in Eq. B Eq. [4]is used to calcu-
late the production and simultaneous decay of new
species based on the fission rate specified by the ir-
radiation scheme for this time interval. These two
populations are summed to give the total popula-
tion at the end of the time interval, t3. This process
continues for each time interval specified in the ir-
radiation scheme and the batch decay solution is
used to calculate populations for any time specified
after irradiation has ceased.

3.8. Calculation of Delayed v-Ray Spectra

The counting scheme begins following irradiation
and any user-specified cooling period. During the
cooling and counting period, the decay of the prod-
uct populations is calculated using Eq. To cal-
culate the number of -ray emissions as a function
of time, a user-specified set of time intervals is em-
ployed. For a time interval, ¢,, to ¢,,+1, the number
of emissions, C!™, of the m'" v ray of intensity, I,
from the i*" species of the decay chain is the in-
tegral of the time-dependent ~v-ray emission rate:

tn41

om = / L\ N;(t)dt. (6)

K2

tn

Irradiation
c
S 4 Scheme
[ =1
2
ic o
c ' 1 ' : .
2 ' 1 : . Continuous
] ' 1 ' 1 )
] ' ' '  Production
a /‘] /‘]
S ' '
o : ,
5 Batch
k]
3
Q|
o
o
S Total
kS
3
Q|
o
o

Figure 1: Illustration of the implementation of the Bate-
man solutions. The population calculated in the continuous
production solution at the end of each time step is added
to the initial population in the batch decay solution for the
subsequent time step.

Substituting the population given by the batch de-
cay solution in Eq. |3| and integrating yields:

i—1 i oAt tnt1
e = L dNY [T B Yo —————
=1 I=E A TT (A = Aj) 1t
=

(7)

3.4. Design and Output

FIER is a standalone C++ program with no ex-
ternal packages or dependencies. The FIER output
includes both fission product population data and
delayed ~-ray spectra in comma-separated-value
format. The former can be obtained for any spec-
ified point in time during or after irradiation and
the latter for any specified time interval after the
irradiation. In the output file, each column corre-
sponds to the time-dependent evolution of the pop-
ulation of a radioactive species and/or the time-
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Figure 2: Population distribution in integer bins of 23°U
fission products after 1 us of fission-spectrum neutron irra-
diation resulting in 102* fissions. Note the zero-suppressed
axes. There are non-zero populations for species with Z
ranging from 23 to 70. However, only the region displayed
has populations large enough to be seen on a linear color
map.

dependent evolution of a v ray emitted from a ra-
dioactive species. Header rows specify the Z, A,
excitation energy, and half-life for the species in
each column and/or the emitter Z, A, excitation
energy, half-life, and the emitted y-ray energy, re-
spectively. Each subsequent row corresponds to a
user-specified point in time. For mixed composi-
tion samples, the radionuclide populations and de-
layed v-ray spectra can be obtained through the
fission-cross-section-weighted superposition of pop-
ulation and spectral data for each component of
the mixture. Figures [2] and [3] show visualizations
of a representative FIER output for a 1 us fission-
spectrum neutron irradiation of an isotopically pure
235U sample resulting in 10%* fissions.

The «-ray emissions over the time interval 1000-
2000 s after 1 us of fission-spectrum neutron irradia-
tion of 225U and #*Pu are shown in 50.0 keV energy
bins in Figs. [dh and [b, respectively. These results
showcase the flexibility the user has over FIER out-
put in that y-ray emissions can be investigated as
a function of product mass number. The results in
Fig.[ are also suggestive of the nuclear forensics ap-
plications of FIER. Specifically, there are significant
differences in the delayed -ray emissions resulting
from identical irradiations of different fissile mate-
rials. The absolute value of the percent difference
between the binned spectra in Fig. [4] is shown in

1e22

0.8}

0.6f

0.4t

No. Emissions

0.2}

0.0 " M‘u L m.mJ ‘ ML |

0 1000 2000 3000 4000 5000 6000 7000
Energy (keV)

Figure 3: Discrete line plot of the delayed ~-ray spectrum
emitted between 1 and 2 s after a 1 us fission-spectrum neu-
tron irradiation of isotopically pure 23°U resulting in 1024
fissions.

Fig. [5l The mass regions associated with the heavy
and light fragment wings and the symmetric fission
valley of the fission yield distribution present re-
gions with significantly different emissions, owing
to the differences in product yields between 235U
and 23°Pu. These differences offer key information
that can be used to discriminate between samples
with different fissile material compositions.

Additionally, FIER can output a list of possible
decay chains and stems for each fission product.
Thus, population and v-ray emission data can be
traced back to the decay chains/stems and fission
products that contribute to them. The delayed ~-
ray spectra simulated by FIER can also be used
to generate source cards for use in Monte Carlo N-
Particle (MCNP) simulations. This allows FIER
outputs to be transported through a material ge-
ometry, providing the user with both transported
and original source delayed -ray spectra. This ca-
pability can offer powerful insight into experimen-
tally observed spectra, assisting nuclear power and
forensics applications.

3.5. Uncertainty Quantification

FIER utilizes empirical nuclear data as input and
the associated uncertainty on these nuclear data are
propagated in the FIER model. A Monte Carlo
method is used as a probabilistic approach to un-
certainty quantification. This approach has been
coded as an optional feature of FIER. The input
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Figure 4: ~-ray emissions in 50.0 keV energy bins over
the time interval 1000-2000 s after a 1 us of fission-spectrum
neutron irradiation of isotopically pure a) 235U and b) 239Pu.
Although difficult to see on a log-scale color map, there are
significant differences between these spectra shown in Fig.
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Figure 5: Absolute value of the percent difference between
the binned spectra of 235U and 23°Pu shown in Figs. |4k
and . White pixels represent regions where 235U had no
emissions but 239Pu did. Dark red represents regions with
percent difference greater than or equal to £300%.

nuclear data (i.e., the v ray intensities and ener-
gies, branching ratios, decay constants, and fission
yields) are statistically varied about a Gaussian dis-
tribution with a mean of the nominal value and a
standard deviation of the uncertainty on the pa-
rameter. The FIER calculations are repeated for
each randomly sampled input library to produce a
distribution of possible outcomes. The standard de-
viation in the model output is then calculated from
the standard deviation in the various trial results.
This allows for an assessment of the impact of the
uncertainty associated with individual nuclear data
parameters on the resulting population and spec-
tral data. Results from uncertainty quantification
in FIER are showcased in Sec. [

3.6. Model Validation

The population calculations were validated by
comparing FIER calculated chain yields to eval-
uated chain yields from England and Rider [12].
To maintain consistency, the beta-neutron emission
branching ratios in England and Rider were used
as input to FIER. Using thermal ?3°U independent
fission yields and a very short irradiation period of
10 ps at 107 fissions per second, 200 fission prod-
ucts were produced. The transmutation of these
nuclides was then assessed at 10% seconds after ir-
radiation, long after beta-neutron emission ceased.
The chain yields were then calculated by summing
the FIER-calculated populations for all species of
a given mass number. These were compared to the
England and Rider evaluated chain yields and all
107 chain yields (A = 66-172) agreed with the Eng-
land and Rider evaluation to within 2%, with 97
chain yields agreeing to within 0.25%. Moreover,
all of the chain yields agreed well within the uncer-
tainties listed in England and Rider.

The most discrepant chain yields were mass
chains either in the light fragment wing or the sym-
metric fission valley of the fission yield distribution.
This is expected as both of these regions have low
yields with large relative uncertainties. The small
discrepancies between the FIER chain yields and
the England and Rider chain yields are suspected
to arise from the evaluation process used by Eng-
land and Rider, specifically the variance-weighted
normalization method used to ensure the measured
chain yields summed to 200% [12].



4. Comparison with Experimental Data

Output from FIER was compared to delayed ~-
ray spectra from a 63-mg highly-enriched 23°U sam-
ple (>99 wt%) irradiated at the Godiva critical as-
sembly at the National Criticality Experiments Re-
search Center at the Nevada National Security Site
[15]. The emission data were collected using two
60% efficient (at 1.33 MeV relative to a 3" x3” Nal
detector) Canberra model BE6530 high-purity Ger-
manium (HPGe) detectors. The neutron irradia-
tion resulting from the Godiva assembly was a very
short pulse on the order of tens of microseconds.
Counting of the sample commenced 291 minutes
following irradiation and continued for one week.
Data from each HPGe detector were collected in
time-stamped, list-mode format with an event clock
timing resolution of 100 ns.

The ~-ray yield data were extracted from the
experimental spectra using the XGAM spectrum-
fitting code [16]. These measured y-ray yields were
corrected using the absolute detection efficiency of
the HPGe detectors and the data acquisition dead-
time to obtain the number of emissions. The abso-
lute detection efficiencies were obtained using well
characterized 2?Na, 5°Co, ¥7Cs, 33Ba, and °?Eu
calibration sources. The ~ emissions of these cali-
bration sources spanned the energy range from 50
keV to 1.4 MeV. The spectra from these calibra-
tion sources were used to determine an energy-
dependent efficiency for the detector of the func-
tional form:

{:‘(E»Y):PlE;P2+P37P467P5E"’, (8)

where e(E,) is the absolute detection efficiency for
a -y ray of energy E, and P; - Ps are fitting parame-
ters. The uncertainty of the detector efficiency was
on the order of a few percent throughout the entire
energy range studied and these uncertainties were
propagated in the XGAM analysis.

FIER was used to simulate the delayed v-ray
spectra resulting from fission of 23°U using the Eng-
land and Rider fission-spectrum neutron indepen-
dent yield library [12] and an irradiation scheme
matching that of the experiment. The number of
fissions in the experiment was determined to be
5.3x10'% using a witness foil and the FIER out-
put was normalized to match this [16]. A total
of 163 1-hour spectra were collected, from which
564 photopeaks were identified. The counts in each
photopeak were analyzed, efficiency corrected, and
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Figure 6: Comparison of FIER simulation to experimental
data [I6]. Plotted is a histogram with 5% bins of the figure-
of-merit defined by Eq. [J] calculated for each ~ ray observed.
Detectors 1 and 2 represent the numerical labels of the two
detectors used in the collection of the experimental data.

assigned to the emitting species using a ~-ray en-
ergy and half-life matching technique. These data
were then compared to the FIER model output us-
ing the following figure-of-merit, e:

Ya - Y;

e =100 v, (9)
where Y, is the observed ~y-ray yield, obtained from
the experimental data, and Y. is the expected ~-ray
yield predicted by FIER.

The figure-of-merit for each observed photopeak
is presented in a time-integrated histogram in
Fig. [6] The results show fair agreement with the
mean value of ¢ being -0.48% for Detector 1 and
-2.36% for Detector 2. However, it can be seen
there is still significant disagreement between the
FIER model output and the experimental yields;
the distribution for the two detectors have stan-
dard deviations of 32.46% and 31.33%, respectively.
Disagreements between FIER and the experimen-
tal data can be attributed to two possible sources:
uncertainties in the «-ray yields related to the ex-
perimental and/or analysis methods and discrepan-
cies in the evaluated nuclear data libraries. As the
model implemented in FIER uses evaluated nuclear
data as input, the accuracy of the FIER output
is dependent on the accuracy of the input nuclear
data. In particular, some of the independent fission
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Figure 7: Time-dependent evolution of the 664.6 keV ~-ray
emission from the decay of 143Ce in 1 hour time intervals
starting 291 minutes after the end of irradiation. The dashed
lines represent one standard deviation uncertainty bounds in
the FIER model output.

yields input to FIER have substantial uncertainties.
The average relative uncertainty in the indepen-
dent fission yields for the England and Rider 22U
fission-spectrum neutron library is 59.9%. This un-
certainty is reflected in the distributions shown in
Fig. [6] where 90% of the data for the distributions
of both detectors fall within bins +£55% from their
respective mean values of €.

Figures [7| and |g] illustrate comparisons between
the FIER output and observed individual ~-ray
transitions with energies of 664.6 keV and 667.7
keV, respectively. Figure [7] shows the time evolu-
tion of the 664.6 keV « ray emitted in the decay of
143Ce. The FIER model uncertainty was obtained
using the Monte Carlo method described in Sec.
with 3000 trials to provide a statistical uncertainty
of less than 2%. The FIER output exhibits good
agreement with the experimental data over the full
time range investigated, suggesting that the input
nuclear data associated with this ~«-ray emission
are accurate. Figure [§] shows the time evolution
of the 667.7 keV v rays emitted in the decays of
1321 132m1 132Cs and '27Sb after the end of ir-
radiation. Here, the FIER output is systemically
lower than the experimental data throughout the
observed time window.

The disagreement between the experimental data
and the FIER output shown in Fig. [§| could be
caused by inaccuracies in the fission yields of the
chain species or by inaccuracies in the y-ray inten-
sity and branching ratios. It is also possible that
the discrepancy is due to changes in the incident

neutron spectrum when comparing the empirical
and evaluated fission yields. The results in Fig. [0]
suggest that the incident neutron spectrum is rea-
sonably well-described by the England and Rider
500-keV fission spectrum, though the shoulders of
the double-humped fission product charge distribu-
tion are more sensitive to changes in the incident
neutron spectrum. Inspection of the relative con-
tributions to this emission by each of the species
was investigated as shown in Fig. [0} revealing that
132] dominates the emission by several orders of
magnitude. Thus, the discrepancy is driven by nu-
clear data discrepancies in 321 or its progenitors.
A discrepancy in the 7-ray intensity of the 667.7
keV transition from 321 is not suspected to be the
source of the disagreement as the y-ray intensity is
characterized with an uncertainty of less than 1%
[14]. Likewise, the branching ratios associated with
the species in the decay chains leading to 321 all
have either nominal uncertainty or belong to species
with very small yield and thus do not contribute
strongly to the propagated uncertainty.

In contrast, analysis of the decay stems leading to
132 shows that the independent fission yields of 1321
and its parents all have relatively large uncertainties
(>10%). Only the time-dependent decay contribu-
tions from 321 and its parents 32Te and '32™I are
observable, as only these species have half-lives long
enough to be observed after the 291 minute cooling
period. Examining the uncertainties on the cumu-
lative yields of these species gives insight into the
possible sources of the discrepancy. The cumulative
yield of 132Te is characterized with an uncertainty
of 2% [12] and the cumulative yield of 132 is rel-
atively small; thus neither of these are expected to
be the source of the discrepancy. The cumulative
yield of 1321 is large and has a relative uncertainty
of 64% [12] and is therefore suspected to be the
source of the discrepancy. This suggests that the
disagreement between the FIER output and the ex-
perimental data is due to the evaluated fission yields
associated with 321 and its parents. If delayed -
ray spectra had been collected sooner after irradia-
tion, it is possible specific independent fission yields
could have been identified as the source of the dis-
crepancy. This exercise showcases the use of FIER
in identifying nuclear data needs for applications.

A solution to this nuclear data discrepancy was
investigated by performing a chi-squared minimiza-
tion and varying the independent yield of a short-
lived precursor species of 1321, which is reflected in
the model output as an effective adjustment to the
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Figure 8: Time-dependent evolution of the 667.7 keV ~-ray
emission from the decays of 1321, 132 132Cg and 127Sb in
1 hour time intervals starting 291 minutes after the end of ir-
radiation. The dashed lines represent one standard deviation
uncertainty bounds in the FIER model output.

4.674+2.99% [12] cumulative fission yield of 321. It
was found that by increasing the cumulative yield
of 1321 by 0.72% (+0.240) to 5.39% the discrepancy
between the experimental data and the FIER model
output was resolved. This is shown in Fig. and
exemplifies how FIER can be used to inform nuclear
data evaluations in addition to identifying data dis-
crepancies.

5. Conclusions

Using the Bateman solutions, evaluated nuclear
data, and a specified irradiation scheme, FIER pro-
duces radioactive decay chains, time-dependent fis-
sion product population data, and delayed ~-ray
spectra following fission. FIER has the potential to
assist in the improvement of evaluated decay and
fission product yield data libraries. By identifying
discrepancies between experimental data and FIER
model output, experimental activities can be di-
rected to target various nuclear data properties, in-
cluding half-lives, decay mode branching ratios, -
ray intensities, and fission yields [9]. Beyond basic
science applications, FIER can be used to perform
calculations in support of various nuclear applica-
tions. Further, FIER provides a new capability to
improve fission theory and modeling by providing a
bridge between delayed gamma-ray measurements
and independent fission product yields. Though
FIER does not offer inherent transport and deple-
tion capabilities, it delivers a feature not available
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Figure 9: Time-dependent evolution of the 667.7 keV ~-ray
emission from the decays of 1321, 132m] 132Cg and 127Sb,
plotted in log scale in 1 hour time intervals starting 291
minutes after the end of irradiation. The contributions from
132my 132Cs and 127Sb are orders of magnitude smaller
than that of 1321
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Figure 10: FIER model output after the cumulative yield of
1321 was increased by 0.240 to 5.39%. This modest adjust-
ment resolves the disagreement between the experimental
data and FIER shown in Fig.



in existing transmutation code packages by speci-
fying the decay chains and nuclear data associated
with each individual y-ray transition in the output.
The capabilities introduced by FIER offer a new
tool for both the applied and basic nuclear science
communities.
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