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ABSTRACT

Fission product yields play an important role for nuclear reactor fuel cycle, nuclear reactor
decay heat, and nuclear reactor waste inventory. Multiple techniques have been used to determine
fission product yields for many decades to support reactor design. For our purposes, we will be
performing ~y-ray spectroscopy on [-decaying fission products following a prompt fission neutron
spectrum irradiation. Previous work has been performed using the Godiva-IV critical assembly to
determine fission product yields starting 1 hour after irradiation and data was recorded for 7 days.
In order to observe shorter-lived fission products, a new rabbit system and ~-ray counting setup is
being developed by Lawrence Livermore National Laboratory (LLNL) and Oregon State University
(OSU) for use in a campaign of measurements on 23¥U at the OSU TRIGA reactor. The counting
setup will consist of four BGO Compton-suppressed HPGe clover detectors connected to a new
VME-based digital data acquisition system. Data will be recorded in list-mode to analyze time-
dependant behavior of the y-spectra. The clover detectors have relative efficiency of 150% (to 3x3
in. Nal(T1) crystal at 1.33 MeV) and the solid angle coverage of four detectors is approximately
6% for the array. The 23%U samples will be delivered in front of the detectors directly from the
reactor core via the rabbit facility. One complication with rabbit systems is that there may exist
trace elements that will undergo neutron capture reactions and introduce extraneous <-rays in the
time scale of interest. This prompted a study of different pure polyethylene sample materials from
various suppliers at the OSU TRIGA reactor and the development of a new rabbit. A preliminary



proof-of-principle measurement at the OSU TRIGA reactor will be presented along with fission
products identified within 30 minutes from fission. The experimental and detection setup at LLNL
will be described and future measurements will be discussed.

INTRODUCTION

Fission product yields (FPY) are relevant to nuclear fission theory, nuclear reactor design, reactor
antineutrino anomaly, stellar nucleosynthesis, and nuclear forensics. Yet, the last fission product
yields evaluation occurred in 1993 [1]. Since then, there have been significant improvements in
detection capabilities and data processing. In collaboration with Lawrence Livermore National
Laboratory (LLNL), this experiment seeks to apply state-of-the-art detectors and electronics with
modifications to the existing rabbit system at the Oregon State University (OSU) Training, Research,
Isotopes, General Atomics (TRIGA) reactor. The rabbit system will enable short exposure of samples
and transportation to the detection setup, allowing ~y-rays to be observed 3 seconds to 1 hour after
irradiation. The detection system will be four Compton suppressed large high purity germanium
(HPGe) detectors segmented for -y coincidence and fission product yield measurements. Modern
electronics will record data in list mode, bringing flexibility to the data analysis. Post processing
software will be developed using ROOT [2]; a data analysis framework designed for high energy
particle physics. The results will be implemented into the new Generalized Nuclear Database
Structure (GNDS) format [3].

This conference proceedings will present the progress of the experimental setup and software
development. A proof-of-principle measurement was performed in 2019 [4] and that data was
analyzed to identify a few of the short-lived fission product yields within 30 minutes from fission.

BACKGROUND ON FISSION PRODUCT YIELD EVALUATIONS

Since the discovery of fission in 1938, there have been numerous fission product yield measure-
ments. Around 1973, there have been multiple evaluations of fission product yields for specific
applications [5]—[7]. The 1974 US evaluation [8] and the 1977 UK evaluation [9] became the basis
for the comprehensive UK and US fission yield libraries. In 1976, the Chinese group initiated their
fission product yield evaluation [1]. Japan and Russia were improving their own database as well
[10]. International fission product yield meetings in 1987 [11] and 1989 [12] led to the International
Atomic Energy Agency (IAEA) Co-ordinated Research Project (CRP). The CRP compilation and
evaluation fission product yields started in 1991 and concluded with the most recent fission product
yield evaluation of 1993 [1].

Currently, ENDF/B-VIII.O uses evaluated fission product yields from the 1993 England and Rider
evaluation [13]. There are 1,953 fission product yield results used for fission neutron 2**U cumulative
fast fission product yields. The evaluators combined results from previous benchmark values, mass
spectrometry, radiochemistry, gas counting, special techniques, and estimations. Radiochemistry
included solely y-ray spectroscopy measurements. There were 75 publications that are categorized
as radiochemistry and 18 of these were purely ~y-ray spectroscopy without any chemical separations.
Two-hundred fission product yield results from 18 different measurements used y-ray spectroscopy
only. There are 53 fission products measured with half-lives ranging from 32 seconds to 285 days.
Three of these measurements were performed using mono-energetic neutrons which do not equate to
fission neutrons (0—10 MeV [14]). There were two measurements using Nal which do not have the
energy resolution as germanium detectors for isotope identification. The most recent measurement
was performed in 1988 (33 years ago from today). Overall, the measured fission product yields vary



with each other and are combined as a single evaluated value. This variance is also observed in a
recent fission product yield measurement using Godiva-IV critical assembly [15]. 117 ~-rays were
analyzed from 29 different isotopes. There were variations in fission product yield determined using
different y-rays from the same isotope. With comparison of past fission product yield measurements,
it was concluded that the main cause of variation is the y-ray branching ratios.

Approximately every decade, an evaluation is performed for a particular mass chain. Within
a mass chain evaluation are nuclear structure evaluations for each isobar. Each nuclear structure
evaluation includes a nucleus level scheme with decay branching ratios feeding into each level.
Within the nuclear levels are probabilities for each internal transition (initial to final state of the
nucleus). A procedure manual is provided by the Evaluated Nuclear Structure Data File (ENSDF)
to perform a mass chain evaluation [16]. Part of the calculations performed by evaluators is to
determine ~-ray branching ratios for specific parent decay. y-ray branching ratios must include an
internal conversion coefficient to become total intensity. Theoretical internal conversion coefficients
can be calculated using the Brlcc code provided by the National Nuclear Data Center (NNDC)
[17]. A program called GABS is provided by NNDC and used for normalizing total intensities to
100 decays of the parent nucleus [18]. For the case of fission product yields, the y-rays observed
are a result of a parent nucleus 3-decaying and populating a daughter nucleus state.

An experiment is being designed at OSU to accomplish both fission product yield and fission
product ~y-ray branching ratio measurements. A highly segmented, high efficient, and high energy
resolution y-ray spectrometer setup coupled with the rapid transport of samples with the rabbit
facility is being designed . The future experimental setup and electronics will be discussed in the
next section.

FUTURE EXPERIMENTAL SETUP

The OSU TRIGA rabbit system allows for the transportation of samples (via rabbit tubes see
Figure 1) into the reactor and back to a counting setup (see Subfigure 3f). Multiple samples of 23*U
will be irradiated to build the counting statistics necessary in evaluating fission product yields and
~-ray branching ratios. The proposed measurement will use 12 samples of 23U, but if that is not
sufficient, the experiment will be repeatable to irradiate more samples.

Figure 1: Sample carriers also known as rabbits.

A preliminary irradiation of the rabbit tubes showed a presence of trace elements that undergo
neutron capture reactions. For an example, 2*Si(n,p)**Al will result in a 1.78 MeV ~-ray (712 =
2.245 4+ 0.002 m [19]). In order to reduce or eliminate as much contaminants as possible, a new
rabbit is being designed with a purer polyethylene. A few companies were reached out to irradiate
polyethylene samples in the OSU TRIGA reactor. The results are shown in Table 1. WestLake



Table 1: Neutron activation analysis of different polyethylene samples irradiated in the OSU TRIGA
reactor.

Specific Activity (Bq/g)

Production Mechanism ~-ray Energy (keV) Westec  Shieldwerx ~ WestLake
75.5 68.60 88.03 -
54Fe(n, )"t CrSotv 320.28 8.03 — -
127] (1, 4 ) 1281 25128 442.90 8.05 - -
e +et 511.0 476.22 135.43 8.72
65Cu(n, v)%Cu2—%7Zn 832.86 7.61 32.18 -
26Mg(n, v)2 Mg 227 Al 843.8 3.78 - -
65Cu(n, )% Cu—6Zn 1038.85 240.74 1059.14 1.67
308i(n, 7)1 Si2—31p 1267.68 273 - -
10 Ar(n, v) L ArZ41K 1293.43 302.22 975.05 3.00
53Cu(n, v)%*CuS%Ni 1345.83 - 2.93 -
7C1(n, 7)*8C1E2— %8 Ar 1642.63 11.08 1.46 -
288i(n, p) 25 AL 288i 1778.80 90.34 108.59 0.91
3084.42 keV Double Escape Peak  2062.34 0.43 — —
37CI(n, 7)*8C12—38 Ar 2167.22 12.08 0.97 -
3084.42 keV Single Escape Peak 2572.95 0.46 — —
8Ca(n, v)*Cal495c 3084.42 1.56 - -

supplied a polyethylene much purer than the other two samples tested so far. Xometry is the company
chosen to produce these rabbit tubes with WestLake’s polyethylene. The redesigned rabbits will
transfer the sample from the counting room, in/out of the reactor, and in front of the detection
system.

There will be four clovers and four bismuth germanate (Bi;Ge3O;, or abbreviated BGO) detectors
(see Subfigure 3e) used to perform -y coincidence measurement [20]. The clovers are detectors
with 4 HPGe crystals that are named leaves. In essence, there are four leaves in each clover. Each
clover can handle up to 10,000 Hz of data which is limited by the dead time. Each leaf crystal
i1s S5cm x Scm x 8cm and 4 leaves together makes the active area of each clover 10cm x 10cm x
8cm. A common HPGe crystal would be equivalent to 1 leaf. The BGOs are scintillation detectors
that operate with a higher efficiency than the clovers. These are built to surround the clovers to be
used for Compton suppression. Each BGO detector houses 16 BGO crystals to 16 photomultiplier
tubes (PMT). All the data will be recorded in full and the Compton suppression will be performed
in the post processing data analysis.

The front of each clover/BGO pair is a tungsten collimator, iron plate, and Teflon™ (see Figure 2).
The heavy met tungsten will shield v-rays from the source directly to the BGO. Besides background,
all signals from the BGOs will be Compton scattered photons from the clovers. The Teflon™ and
iron are used to shield 8 particles and their Bremsstrahlung X-rays respectively.

The counting setup is located in the same room as the OSU TRIGA reactor. There are background
radiation produced by the reactor visible to ~v-ray detectors. To reduce background photopeaks,
shielding material is placed around the detection setup. Figure 3 is the lead castle assembled for
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Figure 2: A cross sectional view of the front face of each clover/BGO pair.

the experiment. The shielding and detectors are held by multiple 80/20 tables.

There are 4 tables assembled with 3”x3” 80/20 pieces and 1/4” aluminum table tops. The
main table is 96”x48” (see Subfigure 3b). This holds the 4 clover/BGO pairs and the lead castle.
Underneath the main table is the 40”x36” bottom table (see Subfigure 3a). This holds 1 layer of
lead bricks providing 2” of shielding underneath the detectors. On top of the main table are two
367x18” tables (see Subfigure 3c). The detectors are encased by the top tables which forms the
skeleton of the lead castle. The lead castle will provide at least 4” of lead shielding surrounding
the detection setup (see Subfigure 3d).

In January 2020, the table and lead castle have been assembled in the reactor bay. There have
been multiple testing of the lead castle showing the presence of ' Ar. A HPGe detector was used
at different locations to locate the source of *'Ar (see Figure 4). The *'Ar is located in a pipe on
the side of the reactor and on the floor. The lead bricks used were standard 2”x4”x8”. The 2 inches
of lead is not enough to shield the *'Ar 1.29 MeV ~v-ray. Another layer of lead bricks on the top
of the lead castle is easy, but below is challenging. Concrete blocks will be made to fit under the
table to provide the additional shielding below the detectors. Also, additional lead bricks will be
necessary on the reactor side of the table.

Each clovers output four signals and each BGO output one signal (sum of 16 PMT signals).
The 20 total signal cables are connected into three Mesytec MDPP-16 high resolution time and
amplitude digitizer [21]. An external clock is used to ensure that the time stamp does not drift
by the internal clock of the system. An optical sensor in the rabbit system will provide the reset
signal to align all the data in time for each 23¥U sample irradiation. The Mesytec modules are
directly mounted into a VMEbus controlled by the Mesytec MVLC VME controller [22]. The
MVLC communicates with a nearby computer via Ethernet cable. A local DHCP server is set up
to assign the MVLC with an IP address. The data acquisition software for this experiment is also
provided by Mesytec, called MVME [23]. The data acquisition electronics will be placed into a
nearby counting room and not exposed to the radiation present in the reactor bay. All raw data will
be recorded into list-mode and feed into the data analysis software being developed.

DATA ANALYSIS
The raw data is decompressed using a C/C++ code, then the parsed data in ASCII text or ROOT

file is imported into data analysis codes written in C/C++/ROOT. Essentially, these codes perform
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Figure 3: Table setup located in the OSU TRIGA reactor bay.
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Figure 4: A background spectrum in the OSU TRIGA reactor bay.

~-ray spectroscopy to extract the initial activity to calculate fission product yields and extract ~y-vy
coincidence to calculate y-ray branching ratios.

Standard ~y-ray calibration sources (see Table 2) will be used to characterize the detectors. Energy
calibration, energy resolution, and detector efficiency e, are measured. Energy calibration and
resolution are used for an automated peak search algorithm being developed.

Once peak locations are identified, the net counts of the photopeaks are plotted against time to

Table 2: Radionuclides and activities that will be used for characterizing the detectors.

Standard sources  Calibration Activity (kBq)

22Na 8/1/2019, 41.8 + 1.3
50Co 8/1/2019, 44.4 + 1.3
133Ba 8/1/2019, 42.0 + 1.3
137¢g 8/1/2019, 41.4 + 1.2
152gy 8/1/2019, 43.9+ 1.3
210py, 8/1/2019, 230 + 6.9
226Ra 8/1/2019, 28.5 + 0.9

analyze the half-life of the ~-ray being analyzed. The decay scheme will have rapidly changing
components (feed and decay). In order to successfully fit the time dependent data, a generalized
Bateman equation with multiple feed and decay branches will be used as the fit function. The
equation is based on the solution provided here [24]. Using a decay chain fit will result in
independent initial activities to be extracted, while the highest order parent will have its cumulative
initial activity extracted. The initial activities Ay will be used for calculating fission product yields
for isotope ¢ in Equation 1.
Aot 1/2,i

1H(2)Nf€,y7ZIZR,L

71,2 1s the half-life from the fit, Ny is total fission, I is self attenuation, and R is y-ray branching
ratio. Since the samples of 23¥U will be “thin”, self attenuation is expected to be negligible, but
will be measured. The branching ratio term can be replaced with the newly measured branching
ratios from the ~y-y coincidence analysis.

FPY; = ey



In order to perform any sort of coincidence analysis, timing resolution must be measured. This
is done by measuring the two contra-directional 511 keV ~v-rays produced by the 2?Na positron-
electron annihilation reaction. The relative ~y-ray branching ratios are calculated and the GABS
software can be used to convert relative y-ray branching ratios into the ~y-ray branching ratios
needed for Equation 1.

PRELIMINARY RESULTS

[ OSURABBIT testrun with 3mg of U238 5s time bins

Counts per 5 seconds

PR ;
2500 3000
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Figure 5: Five second parsed data for 3 mg of 238U irradiated in the OSU TRIGA reactor for two
seconds.

A test run with 23®U was conducted with promising results (see Figure 5). This was performed
using the original rabbit tubes, but the inner encapsulation was taken out and placed in front of
a HPGe detector. The data was parsed into 30 second time bins. Various ~y-ray peaks were fitted
using a Gaussian and linear background. The time dependent data were fitted with a decay curve
to fit the half-life and identify the isotope. Table 3 lists the isotopes and their half-lives identified
from the test run data. The shortest-lived fission product identified was 3°Rb (7 2 =15.32+£0.10
minutes). The actual experiment will include twelve 23¥U samples and using clover detectors will
increase the v-ray counting statistics by a factor of 240 (assuming one 30% HPGe detector to four
150% HPGe detectors efficiency and one to twelve samples). Besides fission, 2**U has a probability
to undergo neutron capture, which results in populating ***U (712 = 23.45 = 0.02 m [25]). The
rabbit facility makes it possible to measure short-lived isotopes.

CONCLUSION

The experiment is being assembled and the data analysis codes are under development. The data
acquisition system is still being tested to fine tune the settings for the detection system. This work
will resolve some of the discrepancies in ~y-ray branching ratios and measure short-lived fission
product yields with half-lives on the magnitude of seconds. The OSU experimental setup is not
limited to only fission product yield studies, but can also accommodate neutron activation analysis.



Table 3: Isotopes identified from the OSU test experiment.

Isotope  Reference Half-life (hr) Reference FPY (%) [13]

83Se 0.3708 + 0.0007 [26] 0.15 + 0.05
84Br 0.529 + 0.001 [27] 0.82 +0.02
88K 2.825 + 0.019 [28] 2.03 £+ 0.06
89Rb 0.2553 £ 0.0017 [29] 2.76 £ 0.06
9lgr 9.65 + 0.06 [30] 4.04+0.08
9y 0.312 4+ 0.002 [31] 4.6 +0.2
105Ru 4.439 4+ 0.011 [32] 414+0.1
1278n 2.10 £ 0.04 [33] 0.10 +0.05
1289n 0.985 + 0.002 [34] 1.7+1.1
1299 4.366 + 0.026 [35] 1.0+ 0.2
130gp 0.66 £ 0.01 [36] 0.9+0.6
131gp  0.3838 4 0.0007 [37] 3.3+0.1
134T 0.70 £+ 0.01 [38] 6.84+0.2
141By 0.305 & 0.001 [39] 5.3+0.3
21 1.518 4 0.008 [40] 4.59 4+ 0.09
149Nq 1.728 4+ 0.001 [41] 1.63 +0.07

239y 0.3908 + 0.0003 [25] -
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