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We present cumulative fission product yields from the 2¥U(n, f) reaction at an incident energy of 4.6 MeV
for fission products with half-lives from less than one second to several hours. We employed direct y-ray
spectroscopy to measure unseparated fission products with a conventional neutron activation analysis and a
cyclic activation technique using the RApid Belt-driven Irradiated Target Transfer System (RABITTS). Yields
were determined for 78 isotopes and isomers, covering the mass range 84 << A < 148 and the charge range from
33(As) < Z < 58(Ce). Our experimental cumulative yields are compared to the literature and evaluated data
at E, ~ 0.5 MeV from ENDF/B-VIILO and JEFF-3.3 libraries and with theoretical models using the GEF and

FREYA codes at E, = 4.6 MeV.

DOLI: 10.1103/PhysRevC.107.054608

I. INTRODUCTION

Fission product yields (FPYs) are one of the most meticu-
lously investigated observables following the nuclear fission
of a heavy nucleus. An FPY is defined as the probability
that a specific isotope is produced in one fission event and
is generally normalized to 200% because a binary fission
event yields two fragments. The knowledge of precise FPYs
is vital in many areas of nuclear science and technology (e.g.,
reactor operations, waste storage, calculation of criticality and
reactivity), stockpile stewardship, and nuclear forensics [1-3].
Fission product yield data are also of significant importance
for the fundamental understanding of the fission process,
including its role in the formation of heavy elements in astro-
physical environments through the r-process nucleosynthesis
[4]. For many of these applications, the dependence of the
FPY distribution on the species of fissioning nuclide and the
incident neutron energy are critical to improving the accuracy
of modeling such systems. It is typical to rely on nuclear eval-
uation libraries such as ENDF [5], JEFF [6], and JENDL [7].
These data libraries are industry standards in nuclear physics
research and nuclear applications. Unfortunately, for FPY
data, these libraries are currently limited to only a few neu-
tron energies (e.g., thermal, fission spectrum, and 14 MeV).
Beyond that there is heavy dependence on theoretical pre-
dictions to provide these yields not only for a wider neutron
energy range but also for a variety of fissioning nuclides [8,9].
Theoretical calculation of FPYs is the preferred approach for
many applications in cases where experimental data are not
available, such as in astrophysics, where nuclei of interest can
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be very short lived or highly exotic and experimentally inac-
cessible. Recent progress in various theoretical models has led
to a better understanding of the enigmatic many-body nuclear
process. However, the theoretical description of fission is still
far from complete. High accuracy FPY data over a broad
range of masses are critically needed to provide benchmarks
of theoretical calculations and as input for optimizing fission
model parameters [10-12].

A considerable amount of FPY data exists for neutron-
induced fission of the three major actinides U, 28U,
29%Pu). These data have been reported and compiled into
the EXFOR experimental nuclear reaction database [13]. A
widely used and well-established method for studying FPYs is
the neutron activation technique where neutrons irradiate the
actinide sample and the fission products are quantified using
B and/or y-ray counting or mass spectrometry. In many early
measurements, the radionuclides of interest were chemically
separated from the sample before counting for an accurate
fission yield determination. This intermediate step between
the end of target irradiation and the start of counting limits
measurements to fission products with long half-lives (or large
mass-chain yields). In addition, because the sample-activity
losses during the radiochemical procedures are significant in
many cases, this technique is mainly carried out at nuclear
reactors where high fluxes and thermal cross sections can
provide the necessary fission-induced activity. Also, because
the sample is destroyed in the process, repeated irradiation is
not possible.

In contrast, high-resolution y-ray spectroscopy can be per-
formed directly on the irradiated sample as a non-destructive
procedure. In principle, y rays from all fission products can
be observed, although y-ray interferences and detector char-
acteristics limit the number of identifiable isotopes in practice.

©2023 American Physical Society
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FIG. 1. Experimentally measured FPYs from the **¥U(n, f) re-
action using the long-irradiation [14] (cyan squares), the Jackrabbit
(blue squares), and the RABITTS (red squares) techniques. The
green squares are the independent FPY distribution based on Ref. [5]
while the black squares indicate the stable isotopes.

Eliminating the need for chemical separation also reduces the
time between activation and decay, providing access to fission
products with shorter half-lives. Since the target is not de-
stroyed by the measurement, the cycle can be repeated many
times allowing cyclic activation analysis to measure isotopes
that completely decay within a few minutes.

Our LLNL-LANL-TUNL collaboration has completed a
campaign to measure the energy dependence of FPYs from
neutron-induced fission of 23U, 238y, and >°Pu with E,, from
0.58 to 14.8 MeV. We have previously published data for 14
isotopes obtained using the conventional activation technique
for fission products with half-lives longer than several hours
in Refs. [14-18].

In the present paper, we report the cumulative FPY's from
neutron-induced fission in 2¥U at E, = 4.6 MeV, including
the results from the first fission yield measurements carried
out with the RApid Belt-driven Irradiated Target Transfer
System (RABITTS) [19]. This system allows for measuring
fission products with half-lives of a few minutes down to
less than a second. We also report results using the conven-
tional activation technique for obtaining FPY's with half-lives
from a few hours down to several minutes, referred to as
the “Jackrabbit” technique. These new data greatly expand
our previously published FPYs in Refs. [14—-18], as shown in
Fig. 1, reaching fission products at the peak of the primary
fission yield distribution through the RABITTS method. We
describe the experimental setup, as well as the Jackrabbit and
RABITTS methods in Sec. II. We then give details of the
analysis procedure and present results in Sec. III followed by
the conclusion in Sec. IV.

II. EXPERIMENTAL METHODS

All measurements were performed at the Triangle Univer-
sities Nuclear Laboratory (TUNL) using the 10 MV tandem
Van de Graaff accelerator. The neutron beam was generated
via the 2H(d, n) *He reaction by bombarding a 3 cm long gas

TABLE 1. 28Q activation and reference foil information. The
isotopic compositions of all foils are known to better than 0.02%.

Target Diameter Mass Isotopic composition
(mm) (mg) (%)
Thick 12.42(5) 441.9(6) 23817: 99.974
235171 0.026
FC2 12.7 0.1243(16) 238(J: 99.9823
FC1 12.7 0.1368(18) 23317: 99.9823

cell filled with 3 atm of deuterium gas with a deuteron beam
with energy E; = 2.43 MeV. The gas cell was attached at the
end of the beamline and was separated from the accelerator
vacuum by a 6.35 um thick Havar foil. The neutron flux
was monitored using a liquid scintillation detector positioned
downstream from the neutron production target at 0° relative
to the incident deuteron beam direction. The neutron energy
spread was determined to be approximately 360 keV full
width at half maximum (FWHM) from the neutron time-of-
flight spectrum measured with the liquid scintillator [14].

In this work, the Jackrabbit and RABITTS techniques,
which are discussed further in the next section, were used
to study the short-lived fission products with half-lives less
than a few hours. Both techniques use the neutron activa-
tion method with the gas cell, activation target, and fission
chamber in close proximity, with a typical separation distance
of less than 3 cm. Such a compact configuration increases
the neutron flux at the actinide target and the corresponding
fission rate. However, the sample subtends a wide angular
range in such a tight geometry, resulting in a larger neutron
energy spread of 400 keV FWHM at the target position due to
the intrinsic angular-energy distribution of the neutron beam.

The properties of the 23%U thick activation target and thin
reference foils used in the dedicated dual fission ioniza-
tion chamber (DFC) [14-17] are given in Table I. Recently,
the masses of the thin foils were remeasured using o
spectroscopy, y-ray spectroscopy, and 2w gas proportional
counting [18]. The updated masses listed in Table I were used
in this work. The thick target was sealed with a 7 mg/cm?
mylar tape to prevent material loss during irradiation and to
catch fission products produced on the outer surface of the
target.

A. Jackrabbit technique

The Jackrabbit technique employs the standard procedure
for performing neutron activation analysis. It involves contin-
uous irradiation of the activation target in the TUNL neutron
time-of-flight (NTOF) room followed by y-ray assay of the
material. The target is contained in the DFC during irradiation
for an accurate fission rate determination. After irradiation,
the target is removed from the DFC and placed in an acrylic
target holder. It is then transferred to the low-background
counting facility where the induced y -ray activity is measured
by a well-shielded high-purity Germanium (HPGe) detector
with 50% efficiency relative to a 3 in. x 3 in. Nal detector.
Our samples were placed 5 cm from the face of the HPGe
detector using a plastic holder and rack system to ensure
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FIG. 2. y-ray spectra obtained using the (a) Jackrabbit and
(b) RABITTS techniques. The RABITTS data were taken from the
4 s irradiation and 20 s counting cycle. Many of the peaks observed
in the RABITTS spectrum are from short-lived fission products that
are not visible in the Jackrabbit spectrum.

reproducibility. This procedure has been discussed in detail in
Ref. [14] and has been used in our long-irradiation measure-
ments for studying fission products with half-lives over two
hours [14-18]. In the Jackrabbit technique, we significantly
reduced the irradiation (counting) times from days (months) to
hours (weeks) to optimize the experiment for fission products
with half-lives from minutes to a few hours. By doing so, we
also minimized the buildup of long-lived fission products that
could potentially interfere with the y-ray lines of interest or
increase the overall continuum background in the measured
y-ray spectra. An example y-ray spectrum obtained from the
Jackrabbit measurement is presented in Fig. 2(a).

An important component of the Jackrabbit technique is
the utilization of the DFC. For this measurement, the DFC
contained two thin 233U reference foils (see Table I). During
irradiation, the thick 23U activation target is placed in the
center of the DFC between the two reference foils. Fission
fragments escaping from the reference foils are measured
throughout irradiation. This provides a straightforward and
precise determination of the fission rate in the thick target
based on the measured fission rates in the reference foils and
the ratio of the thick and thin foil masses. Since the primary
activation target and the reference foils contain the same
actinide, prior knowledge of the fission reaction cross sec-
tions and the absolute neutron flux is not required, removing a
potential source of systematic uncertainty. We also developed
a GEANT4 simulation [20] to determine the efficiency of the
upstream and downstream fission chambers, including the
correction for the kinematic boost from the neutron beam.
For the 23U fission chamber at E, = 4.6 MeV, the upstream
and downstream efficiencies were found to be 97.37(22)%

Counting station Irradiation room

Counting
position
—

Im

FIG. 3. A schematic diagram showing the 10 m RABITTS at
TUNL. Irradiation occurs in the NTOF room and counting in the
adjacent room where the counting station is setup.

and 99.29(22)%, which are consistent with previous measure-
ments [14,16].

After neutron irradiation, the Jackrabbit method requires
three to five minutes to complete the transfer of the activation
target from the NTOF room to the TUNL low-background
counting facility. This amount of time restricts the sensitivity
of the Jackrabbit method to fission products with half-lives
greater than a few minutes. For this reason, we developed
RABITTS and used the cyclic activation analysis to study
fission products with shorter half-lives.

B. RABITTS technique

The RApid Belt-driven Irradiated Target Transfer Sys-
tem (RABITTS) was installed at TUNL to extend our FPY
measurement campaign to fission products with half-lives of
less than one second to a few minutes. The RABITTS al-
lows cyclic activation analysis where the target is repeatedly
irradiated by the neutron beam and then counted by y-ray de-
tectors. The system utilizes a stepping motor and belt-driven
mechanism for transporting the target between irradiation
and counting positions with extreme stability and excellent
repeatability. These features are necessary for an accurate
FPY determination, especially for experiments that involve
hundreds or thousands of cycles in each run. The RABITTS
irradiation is carried out in the NTOF room while the counting
is performed in the adjacent room as shown in Fig. 3. Both
rooms are separated by a thick concrete wall, where a small
hole was made to insert the 10 m track and to permit passage
of the target during the cyclic activation run. The length of
time the sample is irradiated and counted in each cycle is
chosen to improve the counting statistics, especially for the
short-lived nuclides. For complete details of the RABITTS
capabilities, see Ref. [19].

The compact geometry of the gas cell, the 23U activation
target, and the DFC at the irradiation position is illustrated
in Fig. 4(a). Unlike the Jackrabbit technique, the RABITTS
requires the thick 2**U foil to be placed outside the DFC
to allow cyclic activation. The thick activation foil was held
by a carbon fiber target holder and secured to a carriage
that moved the target between the irradiation and counting
positions. In these measurements, the 233U foil was positioned
about 2 cm away from the gas cell and 0.5 cm from the DFC
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FIG. 4. MCNP models of setup at (a) irradiation position (with
the gas cell, 28U activation target, and dual fission chamber) and

(b) counting station (with the Pb-shielded BEGe detectors and the
activation target).

Track

with their centers aligned by a telescope. A 0.5 mm thick Cd
foil covered the activation target to reduce fission induced by
room-scattered low-energy neutrons.

The y-ray counting station consisted of two broad en-
ergy germanium (BEGe) detectors (60% relative efficiency)
as shown in Fig. 4(b). The BEGe detectors were positioned
18 cm apart with the thick actinide target at the center. Each
detector was surrounded by a 3.48 cm thick lead annulus to
reduce the detection of background y rays. While the sample
was counted, the incident deuteron beam was deflected ver-
tically by a steerer magnet located several meters upstream
the gas cell and outside the NTOF room, preventing neutron
production. There were also 1 mm thick Cd foils placed in
front of the detectors to minimize the detection of x rays ema-
nating from the activation foil resulting in decreased detector
dead time. The absolute detector efficiency was determined
using standard radioactive calibration sources covering y-ray
energies from 50 keV to 2.5 MeV. Each source was positioned
at the same distance as the *®U production target with identi-
cal conditions (same target holder and Cd material) as used in
the FPY measurement. The experimental and MCNP calculated
absolute detector efficiency for one of the BEGe detectors and
the corresponding energy resolution (FWHM) as a function of
y-ray energy are shown in Fig. 5.

Cyclic activation was performed with three different cycle-
time structures to optimize the FPY measurement for various
half-lives. The cycle times are given in Table II. The transit
time between the irradiation and counting positions was about
1.04 s for all runs. Typically, the cyclic activation was per-
formed for 12 hours at a time. Then the sample was counted
continuously for another 12 hours overnight with no neutron
beam. This served several purposes: (i) the cool-down period
minimized the build-up of long-lived fission products in the
sample; (ii) it allowed counting of natural backgrounds in
the sample; and most importantly, (iii) it allowed counting of
fission products with half-lives on the order of a few hours for
determination of the neutron flux (discussed in Sec. III C).

II1. DATA ANALYSIS AND RESULTS

Neutron activation analysis is a well-established technique
that involves the measurement of delayed y rays following
neutron irradiation. Due to the complex y-ray spectrum gen-
erated during the fission reaction (see Fig. 2), high-resolution
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FIG. 5. (a) Detector efficiency and (b) energy resolution for one
of the BEGe detectors positioned 9 cm away from the activation
target. Data points are measured values while the curve in (a) is from
MCNP simulation and that in (b) is fit to data using the analytical
expression f(E,) = [0.522> 4 0.042°E,, + (2.52 - 107*)*E}]'/>.

y-ray spectroscopy was utilized to identify fission products
according to their known decay transitions and to determine
the induced activity of each fission product. Additionally,
the decay curve of each y-ray line was fitted using the
known half-life to confirm the isotopic identification. We have
applied these analysis methods in our long-irradiation and
Jackrabbit measurements, which have been explained in great
detail in Ref. [14]. We used the same analysis procedure
for the RABITTS measurements with slight modifications to
account for the cyclic activation process. The procedures spe-
cific to our RABITTS measurements have also been described
in Ref. [19]. Here, we elaborate on the RABITTS analysis for
obtaining cumulative FPYs.

During a cyclic activation run, data were acquired in list
mode, which records the pulse-height and timestamp of each
event. Data were processed offline, where the pulse-height
spectra were calibrated to accurately determine the y-ray
energies, and the timestamp was used to chronologically sort
events and then group them depending on what part of the
cycle they occurred: during irradiation (or exposure, labeled
t.), during transit (or decay, labeled t;), or during counting
(or measurement, labeled t,,). After categorization, the events
were histogrammed using appropriate time bins for the peaks
of interest.

A portion of a BEGe detection rate as a function of time is
shown in Fig. 6(a). For further data processing, we merged the
spectra from all n cycles to produce a single-cycle “summed
spectrum” as shown in Fig. 6(b). The relevant events were
those during the counting period #,, when the activation target
was being counted by the BEGe detectors ([see Fig. 2(b) for
example RABITTS y-ray spectrum]. The exponential decay
of the BEGe counting rate indicates events from the decay of
the short-lived fission products in the target. It is also worth
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TABLE II. Information about the various activation cycles used
in this work. Total time does not include the overnight runs.

Irradiation Counting Number of Total
time (s) time (s) cycles time (hr)
4 20 4053 29.3
10 60 1054 21.1
60 300 194 19.5

mentioning that in the summed spectrum, the BEGe activity
was relatively high during the irradiation period 7, even though
the target was not in front of the BEGe detectors. This sug-
gests that neutrons leak from the NTOF room to the counting
station during irradiation and highlights the importance of
deflecting the beam during counting.

When a peak in a y-ray spectrum has been confirmed
to originate from a specific fission product, its activity after
neutron irradiation at time #y can be evaluated based on the
number of y rays detected during the counting period. The
activity A(#p) can be obtained by fitting the decay curve.
An example is shown in Fig. 7. For the decay of a single
radionuclide, the cumulative yield can be determined using
the expression

AN,

FPY = Cr,
Frlye, (1 — é)(e)(1 — emgl:[ LM

where A is the decay constant for the fission product, N, is
the number of y-rays in a photopeak (summed over n cycles
for cyclic activation), Fr is the fission rate in the target, I,
is the y-ray intensity, €, is the full-energy peak efficiency
of the detector for the y-ray energy of interest, and C; are
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FIG. 6. (a) A section of the timestamp histogram for one of the
BEGe detectors showing the detection rate as a function of time
from the 4 s/20 s cycle run. (b) Single-cycle “summed spectrum”
generated by merging all cycles from the 4 s/20 s data. The labeled
time intervals are the transit decay time ¢4, the irradiation time 7., and
counting time 7,,.

810

§ éﬂ—ﬂ—_&_ﬂ_ 997r
C n

- B _&_‘&‘_A_ t1/2,parent =1.48s
:‘17,\,\/_ _Af'*é:__ﬂt tl/z,daughter =2.1s

103 = fﬁrzf’t,% _AA"AT:A__ -

- ) T
C R
E I Ll et | [ R B
0 2 4 6 8 10 12 14

Decay time (s)

FIG. 7. Example decay curves observed for *®Sr (red circles) and
97r (blue triangles) using the 809 and 469 keV y rays, respectively.
Decay curves were fitted to the data by fixing the half-life parameter
to values from ENSDF [23]. See text for details.

correction factors accounting for the beam flux fluctuation,
y-ray attenuation, off-energy neutrons, isotopic impurities,
and y-ray coincidence summing. For conventional activation
analysis, the factor G = 1, and for cyclic activation it is given
by

(1 _ e*)LT) (1 _ e*AT)Z
n e_)”T(l _ e—nAT)’

where T is the time for one complete cycle (T = t, + 2t; +
t,,) and n is the total number of cycles. A detailed derivation
of Eq. (2) describing cyclic activation analysis is given in
Refs. [21,22]. Fr is determined from the DFC in the Jackrabbit
analysis and known FPYs in RABITTS (see Sec. I C). The
nuclear structure information, such as the half-life t,, the
y-ray energy E,, and the y-ray intensity /,, have been taken
from the evaluated nuclear structure database (ENSDF) [23].

In a fission reaction, decay chains may involve consecutive
B decays where a radionuclide decays to another unstable
nuclide. In order to accurately calculate a cumulative FPY,
it is necessary to incorporate the feeding due to the de-
cay of the precursor nuclides resulting in an increase in the
daughter fission product’s activity. One can solve the Bate-
man equations [24] for the activities and cumulative yields
during irradiation. For a chain involving the decay of parent
and daughter fission products, their corresponding activities
during irradiation follow the expressions

Apto) = fp(1 = e77")G, 3

g= @)

and

Aqlto) = (fa + )1 — e )Gy

fp)‘d

(e—)upt(, _
Yoy — P

+ e )Gy

Ad _
+ ——A,(t)(1 — e )Gs— Gyl (4
Ap—Ag
Here, the parameters with subscripts p and d represent the
parent and daughter, respectively, and f = FPY x Fr. Simi-
larly, the Bateman equation for the measured activity of the
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FIG. 8. Self-absorption and geometry correction factor as a func-
tion of y-ray energy for the thick 2**U activation target.

daughter nuclide during the counting period is given by

Ad
— Aty +t e Mdlm _ o= Aplm
X — e pto +12)( )

+ Ag(to + ta)e . (5)

Ay (tm) =

An example decay curve showing the decay of a daughter
nuclide ®Zr (1 ,2 =2.10 s) and parent nuclide PY (1 pn =
1.48 s) is shown in Fig. 7. Because these nuclei have com-
parable half-lives, the decay curve of *Zr is influenced by the
decay of **Y and must therefore be included in the fit using
Eq. (5). The activities A,(tp) and A4(fo) obtained from the fit
were then substituted into Egs. (3) and (4) to determine the cu-
mulative FPY of *Zr. We generally employed this procedure
when the half-life of the parent nuclide is 10% or longer than
the half-life of the daughter nuclide. Otherwise, we assume
the parent population has decayed into the daughter nuclide
and Eq. (1) can be used.

A. Corrections

As indicated in the previous section, an accurate FPY
determination requires several corrections to Eq. (1) or (5).
All correction factors briefly described in this section apply to
both the Jackrabbit and RABITTS data.

(i) Self-attenuation and geometry corrections. This cor-
rection accounts for the different geometry and
absorption of y rays in the calibration source and the
activation sample. The calibration source was a point
source enclosed in a plastic disk, while the activa-
tion sample was a thin disk composed of uranium.
The geometric effect is due to the difference in the
effective solid angle subtended by the y-ray detec-
tor relative to the activation target and calibration
source. The absorption of y rays in the calibration
source and activation sample differ because of their
different geometries and materials. This effect can be
significant, especially for photon energies below 200
keV. To account for these effects, we developed an
MCNP simulation [25] to determine the combined self-
absorption and geometric correction factors, which
are displayed in Fig. 8. For our counting configura-
tion, self-absorption dominates this correction with
the geometry effects contributing only about 1% or

—
5 T
S 1.04F R
g L i
o 102 R
g | 1
5 1 ]
[0} L 4
5 098]
O L ]
0.96- :
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FIG. 9. Neutron beam flux fluctuation correction factor as a func-
tion of ¢, specific for the present RABITTS data with 4 s/20 s cycle
time.

less. Results obtained via MCNP simulations were
in good agreement with analytic calculations using
photon-attenuation values from the NIST XCOM
database [26].

(i) Beam flux fluctuation correction. The cyclic activation
equations given in the previous section were derived
assuming a constant neutron beam flux. However,
the neutron beam flux varied slightly over time. To
correct for these variations, a numerical code was
written in ROOT/C++ in order to model the activity
of an isotope (specified by its half-life) for the entire
experimental run including the overnight counting.
The code requires the neutron monitor data mea-
sured by the liquid scintillation detector positioned
downstream of the activation target to count the rel-
ative beam flux during the experiment. Details for
this procedure have been thoroughly discussed in our
previous work [19]. An example of the beam flux
fluctuation corrections as a function of half-life is
shown in Fig. 9.

(iii) Coincidence summing correction. Coincidence sum-
ming can occur when a decaying nuclide emits a
cascade of y rays. When two or more y rays deposit
energy in the detector but cannot be resolved in time,
the total energy acquired may result in a gain or loss
of counts under the photopeak of interest. The coinci-
dence summing effects depend primarily on the decay
scheme of the nuclide, as well as the counting geom-
etry, such as the detector dimensions and the distance
from the sample to the detector. In order to account
for these effects, we developed the code CADETS
(CAscade DETection Summing) for calculating the
summing correction factor based on the prescriptions
described in Refs. [27,28]. The CADETS code requires
the decay scheme information of the nuclide and the
photopeak and total BEGe detection efficiencies as
inputs. The former was taken from the ENSDF library
[23], while the latter were calculated using the MCNP
simulation [25]. The MCNP detector geometry was
optimized by comparing the simulated photopeak ef-
ficiency with experimental values as shown in Fig. 5.
When good agreement is achieved, we then calculate
the total efficiency using the same geometry. Typical
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TABLE III. Cumulative FPYs from neutron-induced fission of 2*U at E, = 4.6 MeV. These yields are measured using the Jackrabbit
technique and encompass half-lives from 10 min to 20 h. y rays with * include another y-ray line originating from the same isotope that cannot
be resolved in the peak fitting analysis. The y-ray intensity is the sum of both y-ray lines.

Nuclide E, Intensity Ty 2 FPY + o7 (0min) ENDEF/B-VIIL0 JEFF-3.3
(keV) (%) (%) (%) (%)
SmKy 151.20 75.2(5) 4.480(8) h 0.88 + 0.08(0.08) 0.74(1) 0.80(13)
87Kr 402.59 50(3) 76.3(5) min 1.56 £ 0.12(0.08) 1.63(3) 1.66(9)
8Ky 2392.11 34.6(16) 2.825(19) h 1.99 +0.15(0.11) 2.03(6) 2.22(11)
$Rb 1031.92 63(3) 15.32(10) min 3.18 £ 0.22(0.15) 2.76(6) 3.02(8)
1248.14 46(3) 15.32(10) min 3.44 £ 0.34(0.24) 2.76(6) 3.02(8)
o1Sr 1024.3 33.5(11) 9.65(6) h 3.68 +0.20(0.14) 4.04(8) 4.21(14)
28r 1383.93 90(6) 2.611(17)h 4.15 £ 0.30(0.09) 431(12) 4.40(16)
My 918.74 56(3) 18.7(1) min 5.01 £ 0.33(0.17) 4.61(18) 5.05(20)
9Nb 657.94 98.23(8) 72.1(7) min 5.60 +0.14(0.11) 5.56(6) 5.73(7)
101Mo *505.92 11.98(29) 14.61(3) min 5.74 +0.57(0.55) 6.21(37) 6.42(31)
104 358 89(3) 18.3(3) min 5.09 £ 0.23(0.12) 5.04(10) 4.64(100)
105Ru *469.35 19.14(21) 4.439(11) h 3.52 +0.21(0.20) 4.05(11) 3.73(16)
1298p 812.97 48.2(8) 4.366(26) h 0.77 £ 0.08(0.08) 1.01(16) 0.50(3)
BlTe 149.72 68.8(4) 25.0(1) min 3.14 £ 0.17(0.16) 3.07(9) 3.11(9)
131gp 943.41 47.1(24) 23.03(4) min 3.89 +0.27(0.18) 3.25(13) 3.30(9)
1331 529.87 87.0(23) 20.83(8) h 7.14 +0.32(0.23) 6.76(433) 6.77(24)
134Te 180.89 18.3(8) 41.8(8) min 6.66 + 0.51(0.40) 6.85(19) 6.79(62)
210.47 22.7(13) 41.8(8) min 6.92 +0.50(0.32) 6.85(19) 6.79(62)
1341 847.03 96(3) 52.5(2) min 7.23 +0.29(0.13) 7.60(46) 6.84(62)
884.09 65.1(23) 52.5(2) min 7.42 4+ 0.45(0.32) 7.60(46) 6.84(62)
135X e 249.79 90(3) 9.14(2) h 6.87 £ 0.28(0.12) 6.97(7) 6.42(24)
138Xe 258.41 34.1(13) 14.14(7) min 5.70 4 0.36(0.26) 5.70(16) 6.00(19)
1768.26 18.1(7) 14.14(7) min 5.86 + 0.55(0.49) 5.70(16) 6.00(19)
2015.82 13.3(5) 14.14(7) min 5.87 £ 0.65(0.60) 5.70(16) 6.00(19)
138Cg 462.8 30.8(7) 32.5(2) min 6.69 % 0.36(0.30) 5.75(16) 6.02(19)
1009.78 29.8(6) 32.5(2) min 7.04 + 0.40(0.36) 5.75(16) 6.02(19)
1435.77 76.3(5) 32.5(2) min 6.68 £ 0.25(0.22) 5.75(16) 6.02(19)
139Ba 165.86 23.7(4) 82.93(9) min 6.81 + 0.31(0.26) 5.67(11) 5.78(27)
14184 190.33 44.8(23) 18.27(7) min 5.19 £ 0.33(0.17) 5.34(32) 5.79(34)
343.67 15.1(8) 18.27(7) min 6.09 £ 0.54(0.42) 5.34(32) 5.79(34)
192Ba 255.3 20.6(8) 10.6(2) min 5.09 + 0.45(0.40) 4.58(18) 4.84(21)
1078.7 11.5(5) 10.6(2) min 5.43 £ 0.80(0.76) 4.58(18) 4.84(21)
92La 641.29 47.4(5) 91.1(5) min 4.97 £0.22(0.19) 4.59(9) 4.84(21)
2397.8 13.3(3) 91.1(5) min 4.62 +0.31(0.28) 4.59(9) 4.84(21)
2542.7 10.0(3) 91.1(5) min 4.64 4+ 0.36(0.31) 4.59(9) 4.84(21)
146Ce 218.23 19.5(5) 13.49(16) min 2.66 &+ 0.32(0.31) 3.45(10) 3.58(16)
316.74 55.3(14) 13.49(16) min 3.40 + 0.20(0.17) 3.45(10) 3.58(16)
146py 453.86 46(3) 24.09(10) min 3.88 +0.38(0.27) 3.45(5) 3.58(16)
1524.78 15(1) 24.09(10) min 2.85 £ 0.33(0.27) 3.45(5) 3.58(16)
147py 577.9 14.1(14) 13.44(10) min 3.46 + 0.59(0.48) 2.59(7) 2.66(4)

(iv)

)

summing correction factors for these measurements
were found to be less than 4%.

Isotopic impurity correction. If fissioning nuclei other
than the actinide of interest are present in the sam-
ple, they contribute fission products and these must
be subtracted. For this work, the 23U sample was
pure enough that the correction was negligible (see
Table I).

Off-energy neutron correction. Depending on the
beam energy and neutron production method, neu-
trons can interact at energies other than the main
energy of interest. These off-energy neutrons can in-
duce fission and produce fission product yields that
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must be accounted for. The off-energy neutrons in
the TUNL NTOF room have been extensively stud-
ied using pulsed beams at different incident neutron
energies [16]. When producing neutrons at 4.6 MeV
employing the 2H(d, n)>He reaction, these back-
grounds were limited and no correction was needed.

B. Jackrabbit results

Our cumulative fission product yields measured using the
Jackrabbit technique for the 28U(n, f) reaction at E, = 4.6
MeV are summarized in Table III. We identified 27 radionu-
clides with half-lives between 10 min and 20 h. They are
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TABLE IV. Principal sources of uncertainties and their estimated
fractional values given in percent. Values in parenthesis apply to
RABITTS data that are different from the Jackrabbit data.

Source of Uncertainty Magnitude (in %)
Photopeak area 1.1-13.8 (15)
FC reference foil masses 1.3
Fission chamber counts <0.2

y-ray absorption 0.2
Neutron flux correction 1.3
Fission chamber stability 1.5

y-ray emission probability 0.2-6.7 (30)
HPGe detector efficiency 0.8-2.0

generally comprised of nuclides that are two to three nuclear
charges from the B-stability line. Hence, they need two to
three successive B decays to reach the last stable member
of the corresponding isobaric chain. For several of these iso-
topes, multiple FPY values were determined by analyzing
different y-ray lines from the same isotope. Generally, these
yields vary within the quoted total uncertainty, except for
14183, %Ce, and *°Pr. A majority of the photopeak areas
had uncertainties on the order of 1-5% and only for a limited
number were the uncertainties larger, resulting in the range
given in Table IV. The statistical uncertainty also dominates

the total FPY uncertainty, except for *>Sr where its relative
y-ray intensity uncertainty is 6.7% [23]. In Table III, we re-
port the total uncertainty o7 and the reduced uncertainty oy;y.
The total uncertainty combined the statistical and systematic
uncertainties in quadrature. The reduced uncertainty excludes
the systematic uncertainties that are correlated between differ-
ent measurements (e.g., detector efficiency, y-ray intensities;
see Ref. [14] for more details). In this paper, the number
in parentheses after the value of a quantity is the absolute
uncertainty in the value, unless otherwise specified.

The comparisons between our Jackrabbit data and eval-
uated values from the ENDF-VIIL.O [5] and JEFF-3.3 [6]
libraries and theoretical models are shown in Figs. 10(a) and
11(a), respectively. Since there is no evaluated FPY data at
E, = 4.6 MeV, we employed the nearest available data with a
neutron energy of about 0.5 MeV. For our FPY data, the iso-
topes with more than one yield were averaged by computing
their weighted mean with an average uncertainty. Generally,
excellent agreement is observed between our data and the
evaluated values, particularly with the JEFF-3.3 library, al-
though a few heavy fission products have yields slightly larger
than the evaluation. Also, it is noticeable that the uncertainty
of the 331 yield from ENDF/B-VIILO is significantly larger
than our experimental yield and the JEFF-3.3 value.

We also compared our cumulative yields with existing lit-
erature data. Based on the EXFOR database, there are only
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FIG. 10. Comparison of our measured cumulative yields for the >*U(n, f) reaction (solid points) with (a) the Jackrabbit and (b) RABITTS
methods at E, = 4.6 MeV and the evaluated data from ENDF/B-VIIILO [5] (red bands) and JEFF-3.3 [6] (blue bands) libraries at E,, =~ 0.5
MeV. Literature data from Ref. [29] at E,, = 3.9 MeV (open circle), Ref. [30] at E,, = 4.78 MeV (open square), and Ref. [31] at E,, = 3.72
MeV (open triangle) are also plotted and compared with the present data.
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FIG. 11. Comparison of our measured cumulative yields for the 2**U(n, f) reaction (solid points) using the (a) Jackrabbit and (b) RABITTS
methods with calculated yields from GEF [34] (red bands) and FREYA (blue bands) [35,36] codes.

a few available data for the 238U (n, f) reaction with neutron
energy near 4.6 MeV. These include the data by Nagy et al.
[29], Afarideh et al., [30], and Naik et al. [31], as well as our
previous long-irradiation work in Refs. [14,18]. A comparison
between the current Jackrabbit yields with literature data is
also shown in Fig. 10(a). The experimental FPYs agree with
each other, with only a few that appear to vary beyond the
quoted total uncertainty.

C. RABITTS flux determination

Obtaining the fission rate in the sample using the RA-
BITTS technique is not as straightforward as the Jackrabbit
technique because the thick activation target is located outside
the dual fission chamber. The fission rate, which contains the
unknown neutron flux information, acts as the overall scaling
factor to convert the relative RABITTS yields to absolute
values. Our approach involves using the Jackrabbit data as
reference yields FPY ¢ that we equate to the RABITTS yields
since both are measured at the same incident neutron energy.
We use the Jackrabbit results as a measure of the number of
y rays detected per fission in the thick target. Then the fission
rate in the RABBITS experiment can be determined from the
fission rate in the Jackrabbit experiment as

N,

' RABITTS
Fr RABITTS X FT Jackrabbit —————— (6)
Ny, Jackrabbit

It must be pointed out that the resulting fission rate F involves
ratios of the y-ray intensities and so uncertainties in those
parameters do not impact the final result. The uncertainties in
the half-lives partially cancel and therefore are also negligible.
Among the isotopes presented in Table III, the **Sr isotope
provides an excellent reference candidate as the 1384 keV
transition is relatively free from interfering y rays with a
convenient half-life of 2.61 h and a significant y-ray intensity
of 90(6)%. As already mentioned, the uncertainty of the in-
tensity does not affect the uncertainty of the resulting fission
rate. For this flux determination, we used the overnight data
when the activation target was counted for about 12 h with no
neutron beam irradiation. This allows the long-lived fission
products to decay, reducing their potential interference with
the short-lived products. The overnight counting immediately
follows after a 12 h in-beam RABITTS run. In addition to
92Sr, we have included a few more reference isotopes with
their calculated fission rates shown in Fig. 12. The average
fission rates from different activation cycles are given by
11410(168) s~!, 9375(183) s~!, and 9217(152) s~! for the 4
s/20s, 10 s/60 s, and 60 s/300 s cycle times, respectively.
An MCNP calculation was also performed to estimate
the fission rate in the thick target. Details on using this ap-
proach to determine the neutron flux have been provided

in Ref. [19]. The MCNP calculated neutron flux ratios Sk

. FC2
and I were found to be 2.536(54) and 3.074(72) for the

4 s5/20 s cycle run and 1.817(34) and 2.380(48) for the 10
s/60 s and 60 s/300 s cycle runs, respectively. The 10 s/60 s

054608-9



A.P.D. RAMIREZ et al.

PHYSICAL REVIEW C 107, 054608 (2023)

_ x104

%1.4* 6 8Ky 4 13983
S 92g, $ 141pg
%’/127 N 1047 142) 5
g 4 105Ry MCNP
©

S I +

c 1.0

; iﬁ{,_ L3
0

[

10s/20s 1 min/5 min

Activation Cycle

4s /‘205

FIG. 12. Estimated fission rates for the RABITTS run with 4
$/20 s, 10 s/60 s, and 60 s/300 s cycles. The RABITTS yields for
the listed isotopes were obtained from the overnight counting. The
gray bands represent the average fission rate with uncertainty for
each cycle. The FPY s values used to calculate these fission rates
are from the Jackrabbit data.

and 60 s/300 s measurements were done consecutively with
the same target and fission chamber configuration, which
explains the nearly identical neutron flux ratios, while the
4 s/20 s cycle was performed at a later time with a slightly
different configuration. During the RABITTS experiments,
the upstream [downstream] fission chambers recorded 18429
[12522], 14372 [12528], and 16541 [14270] total numbers of
fissions for the 4 s/20 s, 10 s/60 s, and 60 s/300 s cycle
times, respectively. From these MCNP calculated ratios, the
total number of fissions measured in the DFC, and the masses
of the reference and thick 2*®U foils given in Table I, we can
then calculate the fission rates in the thick target. These values
are also plotted in Fig. 12. Both approaches provide very
consistent fission rates. In our RABITTS analysis, we only
used the average experimental fission rates from the overnight
data for normalizing our relative FPY's to absolute values.

D. RABITTS results

Using the 10 m track RABITTS, we collected data using
three different activation cycles specified in Table II. The
cumulative yields obtained from the RABITTS measurements
are listed in Table V. A total of 51 unique radionuclides and
isomers have been identified. These are typically located five
or fewer nuclear charges away from the B-stability line. As
with the Jackrabbit data, several of the isotopes have multiple
FPY values that have been determined by analyzing different
y-ray lines from the same isotope.

Wherever possible, we compared FPY's measured with the
Jackrabbit method to those obtained with the RABITTS tech-
nique to confirm consistency between the two data sets. Since
each method is sensitive to a different range of FPY half-lives,
only a few isotopes could be measured with both methods.
One example is the 255 keV y-ray line from “*Ba which
has a half-life accessible to both techniques. The measured
Jackrabbit and RABITTS FPYs for this isotope are listed in
Tables III and V, and both are in excellent agreement. Another
example is the 1384 keV transition from ??Sr. Despite its long
half-life of 2.71 h, we were able to deduce the 928t FPY from
the 60 s/300 s cycle RABITTS data because its y-ray line

does not suffer from significant interference. The RABITTS
yield of 3.99(29)% is in agreement with the Jackrabbit yield
of 4.15(30)%.

Our RABITTS cumulative yields are compared with
the ENDF/B-VIIL.O [5] and JEFF-3.3 [6] evaluations in
Fig. 10(b). Here, each RABITTS FPY was taken from the
weighted average over all FPY's obtained from different cycles
and from individually analyzed y-ray lines. It is immedi-
ately noticeable that the RABITTS data generally have larger
uncertainties than the Jackrabbit results (see also Table V).
The uncertainties stemming from the y -ray intensity dominate
most of these large-uncertainty RABITTS FPYs. In several
cases, the y-ray intensity uncertainties are larger than 10%
with a few above 20% [e.g., E, = 205.7 and 276.1 keV from
1917y and ''Nb have I, of 6.1(15)% and 21(6)%, respec-
tively]. In addition, overlapping peaks in the y-ray spectrum
due to transitions from many decaying short-lived isotopes in
the RABITTS measurements contribute to increasing uncer-
tainties of the photopeak area (see Table IV). These interfering
peaks are accounted for in the peak fitting procedure where the
error propagation includes uncertainties from the estimated
main peak area, the background, and the overlapping peaks.

As can be seen in Fig. 10(b), our FPY's satisfactorily com-
pare with evaluations, although it is noticed that the evaluated
yields from ENDF/B-VIIL.0 and JEFF-3.3 libraries are not as
consistent as observed for the longer-lived fission products.
Moreover, for many of these short-lived radionuclides, the
uncertainties for their FPYs are relatively large. This can be
attributed to the way the fission product yields are calculated
in each library. Evaluated FPYs are based on experimental
data from long-lived fission products near the end of the
isobaric chains. Evaluated FPYs for short-lived fission prod-
ucts are extrapolated from the long-lived FPY data using the
charge distribution model in which a Gaussian distribution is
assumed for the yields that belong to an isobaric chain [32,33].
Therefore, it is important to provide experimental data for
short-lived fission products to supplement the evaluation and
improve the FPY description.

The comparisons of our measured cumulative yields for
the 233U(n, f) reaction using the (a) Jackrabbit and (b) RA-
BITTS methods and calculated yields from theoretical models
using the GEF [34] and FREYA [35,36] codes are shown in
Fig. 11. The default GEF and FREYA calculations show very
good agreement with our Jackrabbit cumulative FPYs, as
shown in Fig. 11(a). However, both models underestimate the
89Rb, 9Ba, and "“’Pr FPYs. As both codes use semiem-
pirical models, this demonstrates the need for additional
high-precision energy-dependent FPY data. GEF calculations
show that the long-lived nuclides, such as the ones obtained
by the Jackrabbit method, are produced mainly by the decay
of their precursors and not so much directly by fission. Within
uncertainty, this prediction is confirmed by our experimental
results shown in Tables III and V when one compares FPYs
from two consecutive decays in an isobaric chain.

A summary of isotopes for which we have measured the
FPYs has been shown in Fig. 1. The Jackrabbit, RABITTS,
and our previously published long-lived FPYs [14] are high-
lighted on the nuclear chart and the FPYs for the 2¥U(n, f)
reaction at E, = 0.5 MeV from the ENDF/B-VIIIL.O evalua-
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TABLE V. Fission product yields from neutron-induced fission of 2*¥U at E, = 4.6 MeV. These yields are measured using the RABITTS
technique and encompass half-lives from about 0.6 s to 10 min. y rays with * include another y -ray line originating from the same isotope that
cannot be resolved in the peak fitting analysis. The y-ray intensity is the sum of both y-ray lines.

Nuclide E, Intensity Ty FPY+07 (Oumin) ENDF/B-VIILO0 JEFF-3.3
(keV) (%) (%) (%) (%)
8 As 1454.55 89(8) 4.02(3) s 0.48 £ 0.05(0.01) 0.27(17) 0.08(7)
8Se 2441.1 43(5) 14.3(3) s 1.05 £ 0.13(0.05) 1.07(25) 0.93(7)
8Br 1564.6 62(5) 55.14) s 1.16 + 0.11(0.06) 1.16(13) 1.10(8)
8Br 1419.71 22.0(15) 55.65(13) s 1.96 £ 0.16(0.10) 1.54(9) 1.47(8)
88Br 775.28 62.5(38) 16.34(8) s 1.85 4 0.12(0.04) 1.48(34) 1.43(11)
Kr 220.95 20.1(17) 3.15(4) min 2.62 £ 0.38(0.31) 2.67(5) 2.97(8)
586.03 16.7(14) 3.15(4) min 2.80 £ 0.26(0.10) 2.67(5) 2.97(8)
POKr 539.49 30.8(25) 32.32(9) s 3.94 £ 0.40(0.21) 3.08(25) 3.06(14)
1118.69 39(3) 32.32(9) s 3.77 £ 0.31(0.09) 3.08(25) 3.06(14)
IKr 108.79 43.5(35) 8.57(4) s 3.12 £ 0.36(0.10) 3.35(20) 3.45(13)
°IRb 2564.19 12.6(9) 58.2(3) s 3.23 £0.28(0.14) 4.03(16) 4.15(14)
2Ky 142.31 64(4) 1.840(8) s 2.02 £ 0.17(0.08) 2.65(16) 2.58(18)
1218.6 60(4) 1.840(8) s 2.30 4 0.19(0.10) 2.65(16) 2.58(18)
BKr 253.42 41(3) 1.286(10) s 1.47 £ 0.12(0.04) 1.46(12) 1.30(30)
%Rb 432.61 20.2(14) 5.84(2) s 3.19 4 0.24(0.08) 4.10(66) 3.94(23)
%3Sr 875.73 24.5(17) 7.43(3) min 474 4+ 0.86(0.82) 4.91(20) 5.30(23)
888.13 22.1(15) 7.43(3) min 4.92 4 0.38(0.15) 4.91(20) 5.30(23)
%Rb 836.9 61(4) 2.702(5) s 3.86 4+ 0.27(0.09) 3.24(75) 2.15(29)
1089.4 12(1) 2.702(5) s 3.83 £ 0.33(0.08) 3.24(75) 2.15(29)
1577.5 22.3(18) 2.702(5) s 3.73 £ 0.31(0.08) 3.24(75) 2.15(29)
%Sr 1427.7 94.2(9) 753(2) s 4.28 +0.09(0.07) 4.58(37) 5.00(20)
%Sr 685.6 22.6(12) 23.90(14) s 5.40 4+ 0.32(0.12) 4.92(39) 4.99(9)
%Sr 809.4 71.9(26) 1.07(1) s 4.06 £ 0.20(0.08) 5.19(83) 5.32(26)
obmy 1750.6 88.0(0) 9.6(2) s 0.68 £ 0.04(0.04) 0.74(33) 0.45(14)
Ty 3287.6 18.1(19) 3.75(3) s 4.74 4+ 0.55(0.20) 5.45(22) 3.23(19)
3401.3 14.1(16) 3.75(3) s 5.01 £ 0.63(0.22) 5.45(22) 3.23(19)
omy 161.2 72.5(8) 1.17(3) s 1.83 £ 0.10(0.05) 0.00(0) 2.02(19)
1103 92.4(20) 1.17(3) s 2.22 4+0.15(0.12) 0.00(0) 2.02(19)
%Sr 428.6 27.2(13) 0.653(2) s 2.44 4 0.34(0.32) 2.34(54) 2.11(33)
444.63 29.6(16) 0.653(2) s 2.55+0.18(0.12) 2.34(54) 2.11(33)
9By 620.51 60(7) 2.32(8) s 0.77 £ 0.10(0.03) 1.51(35) 1.94(29)
1222.9 79(9) 2.32(8) s 0.81 & 0.11(0.05) 1.51(35) 1.94(29)
P7r 469.14 55.3(22) 2.1(D)'s 6.62 £ 0.48(0.19) 6.14(68) 6.14(10)
546.13 48(3) 2.1(D's 6.35 £ 0.59(0.25) 6.14(68) 6.14(10)
593.99 27.2(17) 2.1(Ds 5.93 £ 0.59(0.32) 6.14(68) 6.14(10)
“Nb 137.7 81(10) 15.02) s 4.33 4 0.50(0.24) 4.30(34) 3.99(19)
100y 212.53 73(11) 0.732(5) s 3.42 £ 0.52(0.07) 3.23(74) 1.11(23)
1007, 504.27 30(4) 7.1(4)s 6.86 & 1.07(0.29) 6.50(104) 6.28(40)
1017y 205.7 6.1(15) 23(1) s 6.31 + 1.68(0.43) 5.51(127) 5.41(28)
0IND 157.5 6.7(20) 7.1(3) s 7.17 4 2.39(0.91) 6.20(68) 6.34(31)
276.1 21(6) 7.13) s 7.78 4 2.40(0.45) 6.20(68) 6.34(31)
1027, 599.48 13.9(13) 292) s 3.93 +0.59(0.23) 4.62(106) 4.32(78)
1031¢ *210.4 10.1(12) 54.2(8) s 5.18 + 1.05(0.83) 6.28(18) 6.03(11)
346.38 17.5(21) 54.2(8) s 5.47 £0.71(0.20) 6.28(18) 6.03(11)
562.9 7.0(9) 54.2(8) s 5.59 +0.80(0.33) 6.28(18) 6.03(11)
106¢ 270.1 55.8(17) 35.6(6) s 2.37 £ 0.13(0.10) 2.49(7) 2.49(13)
130§ 780.44 56.4(17) 3.72(7) min 0.89 + 0.06(0.05) 0.88(56) 0.54(20)
1328n 340.53 49.0(12) 39.7(8) s 1.77 £ 0.07(0.04) 1.95(45) 2.91(19)
899.04 44.6(27) 39.7(8) s 1.86 £+ 0.16(0.11) 1.95(45) 2.91(19)
992.66 36.8(22) 39.7(8) s 1.68 £ 0.14(0.08) 1.95(45) 2.91(19)
1335b 1096.2 32.0(22) 2.34(5) min 4.64+0.41(0.21) 3.81(30) 5.30(23)
134m gy 706.3 57(3) 10.07(5) s 1.25 £ 0.07(0.03) 1.28(82) 1.24(31)
1279.1 100(5) 10.07(5) s 1.10 £ 0.07(0.04) 1.28(82) 1.24(31)
135Te 603.7 27.9(21) 19.02) s 4.68 + 0.37(0.10) 5.54(128) 5.76(23)
136 578.75 18.2(21) 17.63(9) s 3.77 +0.48(0.22) 3.70(85) 5.27(47)
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TABLE V. (Continued.)

Nuclide E, Intensity Ty FPY=+07 (Omin) ENDF/B-VIILO0 JEFF-3.3
(keV) (%) (%) (%) (%)
136my 197.32 78.3(45) 46.6(11) s 1.46 £ 0.12(0.06) 1.39(32) 1.06(26)
381.36 99.8(55) 46.6(11) s 1.49 4 0.11(0.05) 1.39(32) 1.06(26)
B7Xe 455.49 31(3) 3.818(13) min 6.27 +0.64(0.14) 6.04(12) 6.00(14)
1381 588.83 56(4) 6.26(3) s 4.00 £+ 0.45(0.31) 3.65(84) 3.31(29)
139%e 218.59 56(6) 39.68(14) s 5.99 4 0.66(0.12) 5.32(32) 5.66(27)
1490% e 805.52 20(2) 13.60(10) s 4.37 + 0.52(0.26) 4.90(29) 5.76(8)
1413.7 12.2(17) 13.60(10) s 4.41+0.67(0.31) 4.90(29) 5.76(8)
140y 602.25 52.9(26) 63.7(3) s 5.45 £+ 0.35(0.14) 5.79(12) 6.03(8)
14lxe 909.23 24.0(17) 1.73(1) s 3.29 4 0.24(0.08) 3.19(19) 4.25(28)
42¢s 359.6 27(3) 1.684(14) s 3.74 4+ 0.64(0.39) 3.85(62) 4.35(19)
14284 255.3 20.7(8) 10.6(2) min 5.10 4 0.31(0.20) 4.58(18) 4.8421)
43 Cs 195.55 12.6(19) 1.791(7) s 3.79 4 0.59(0.08) 2.82(65) 3.50(15)
193Ba 211.48 25(3) 14.53) s 4.47 £+ 0.58(0.20) 4.58(27) 4.66(10)
980.45 11.6(14) 145(3) s 4.19 4+ 0.50(0.12) 4.58(27) 4.66(10)
1441 a 397.44 94.3(23) 40.8(4) s 3.94 4 0.23(0.19) 4.55(13) 4.69(11)
5412 39.2(10) 40.8(4) s 4.27 4+ 0.41(0.37) 4.55(13) 4.69(11)
e 724.33 59(7) 3.01(6) min 4.19 £ 0.58(0.25) 3.81(11) 3.85(18)
48La 158.47 55.6(14) 1.26(8) s 1.51 £0.17(0.08) 1.34(60) 1.80(7)

tion [5]. Combining the three sets of data provides a more
complete picture of the FPY landscape: the time-dependent
evolution of the yields governed by the Bateman equa-
tions and the activities in a decay chain as a function of time.

IV. CONCLUSIONS

Fission product yields from neutron-induced fission of
28y at 4.6 MeV incident neutron energy were deter-
mined using the Jackrabbit (conventional activation) and
RABITTS (fast cyclic activation) techniques combined with
high-resolution y-ray spectroscopy. Cumulative yields of
short-lived fission products spanning half-lives from less than
one second to a few minutes have been measured for the first
time at this incident neutron beam energy. Utilizing both tech-
niques, including multiple irradiation and counting timescales
for the RABITTS method, a total of 78 unique fission product
yields were determined. Since both measurements were per-
formed at the same beam energy, employing the same y-ray
spectroscopy and data-analysis techniques, these FPYs are
unaffected by many sources of systematic errors.

Our short-lived FPY data help constrain the evolution of
the mass distributions as a function of incident neutron en-
ergy and they provide a benchmark for nuclear fission codes
like GEF [34], FREYA [35,36], CGMF [37], and BeoH [38,39].
The current short-lived FPY's extend our previously published
28U(n, f) cumulative chain yields [14]. The chain yield mea-
surements, performed over an energy range from 0.58 to 14.8
MeV revealed an unexpected energy dependence of some
high-yield cumulative FPYs situated at the peak of the two
mass-asymmetric distributions [14,40]. These measurements
also show that the energy region around 4.6 MeV is a turning
point for many cumulative FPYs. For the 2%U(n, f) reac-
tion, a flat or slightly positive slope has been observed for
most of the FPYs between 0.58 MeV and about 5 MeV. At
higher energies, most of these FPYs turn over and follow a

negative slope trend. Currently, there are ongoing theoretical
efforts based on nuclear density functional theory or other
comprehensive microscopic frameworks to shed light on this
intriguing energy dependence [8,12].

Our FPY data have been compared with evaluated val-
ues at an incident neutron energy of about 0.5 MeV from
the ENDF/B-VIIL.O [5] and JEFF-3.3 [6] libraries, and they
were found to be in reasonable agreement, especially the
FPYs obtained with the Jackrabbit technique. However, sev-
eral short-lived FPY's including isomeric yields, such as %"y,
were discrepant with the evaluated values. We note that the
absolute uncertainty of many FPYs presented in Table V is
dominated by the nuclear data uncertainty. In particular, the
y-ray intensity uncertainty is the major contributing factor in
the total (absolute) uncertainty of all RABITTS FPY's except
for Sr, %Sy, %my, 9Imy 106 130Gy 144] 4 apq 48],
The y-ray intensity uncertainties in Table V extend up to
30%, with 23 out of 73 y-ray transitions analyzed having
an uncertainty greater than 10%. Because our measurements
rely on accurate knowledge of the half-life and absolute y-ray
intensities of these short-lived fission products, more pre-
cise values of these decay parameters are needed to reduce
the systematic uncertainty in the FPYs determined using our
techniques.
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