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Energy dependence of fission product yields in the second-chance fission region
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An extensive dataset of cumulative fission product yields has been generated under a joint collaboration
between Los Alamos National Laboratory (LANL), Lawrence Livermore National Laboratory (LLNL), and
the Triangle Universities Nuclear Laboratory (TUNL). The energy dependence of the cumulative yield for a
select number of high-yield fission products has been measured using quasimonoenergetic neutrons with energies
between 5.5 and 11.0 MeV. This is in addition to previously published data covering 0.5-4.5 and 14.8 MeV. The
absolute number of fissions was determined during the irradiation period using dual-fission ionization chambers,
and the fission products were measured postactivation by whole target y-ray spectroscopy. This paper presents
the absolute cumulative fission product yields as a function of incident neutron energy from the neutron-induced

fission of 2¥U, 2*U, and **Pu isotopes at four incident energies in the second-chance fission region and
compares them with existing literature values. Corrections relevant to this collaboration’s previously published

data are also discussed.
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I. INTRODUCTION

Nuclear fission is a large-amplitude collective phenomenon
in which a heavy parent nucleus splits into two daughter nuclei
either spontaneously or as a result of induced fission. The
distribution of fragment masses following fission is one of the
most basic quantities that has been observed since the discov-
ery of fission by Hahn and Strassmann in 1938 [1]. Since then,
fission has been a test bed for nearly all of nuclear physics
and has broad applications such as estimation of decay heat
and delayed neutron emission in nuclear reactors, studies of
the reactor antineutrino anomaly, radio-isotope production for
medical applications, development of advanced reactor and
transmutation systems, fission in the galactic chemical evolu-
tion, and national security. In recent years, the importance of
fission has led to a resurgence in experimental and theoretical
efforts to understand and measure fission observables to ever
higher precision. The most obvious observable from fission is
the fission product yields (FPYs) and their dependence on the
energy of the incident neutron.

The current evaluated FPY data files contain only three
neutron energy groups: thermal, fast, and 14 MeV. The fast
neutron energy is nominally defined as ~0.5-2 MeV, which
is in the region of the peak of the fission neutron energy dis-
tribution. For some actinides, such as >*°Pu, the experimental
FPY data are almost nonexistent in the neutron energy range
between fast to 14 MeV. In 2010, a series of papers [2—4]
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presented a reanalysis of cumulative FPY data. For the three
major actinides (>*U, 2®¥U, and ?*Pu) these papers high-
lighted the existing data, identified gaps present in the data,
and, most importantly, showed that there existed a possible
dependence on incident neutron energy to the cumulative fis-
sion yields of certain fission products. Evaluations of available
FPY data by Chadwick et al. [S5] and Thompson et al. [6] pre-
sented compelling evidence for a positive energy dependence
for the fission product yield of '¥’Nd from neutron-induced
fission of 2*’Pu in the low-energy region between 0.2 and 2
MeV incident neutron energy. These data came from measure-
ments performed with fast reactors and critical assemblies and
were shown to exhibit a positive energy dependence of about
4% per MeV over this energy region, as shown in Fig. 1. In
addition to the question of FPY’s energy dependence in the
fission spectrum region, discrepancies existed for measure-
ments at 14 MeV [3,4], with a near absence of data between
those two regions.

Since 2011, our collaboration has undertaken experimen-
tal measurements of the energy evolution of the long-lived
(chain) FPYs from neutron-induced fission of 2°U, 233U, and
2%Pu using quasimonoenergetic neutrons. Our FPY results
show that cumulative chain yields are strongly dependent
on the target nucleus and the incident neutron energy [7].
The high accuracy of the FPY measurements over the energy
range of 0.58 to 14.8 MeV confirmed the anomalous energy
dependence suggested by Chadwick and Thompson [5,6].
For example, the experimental results for some high-yield
fission products such as *>°Zr, Mo, “°Ba, '43Ce, and ''Nd,
show a positive-energy trend for E, <5 MeV. This trend
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FIG. 1. Existing low-energy fission product yield data for the
fission product '“’Nd from 2°Pu(n, f) as of 2011. Figure taken from
Ref. [5].

is almost linear up to about 4 MeV, confirming the earlier
assessment from critical assembly measurements for fission
neutrons below E, = 2 MeV [5,6]. The strongest overall en-
ergy dependence was seen in neutron-induced fission of **Pu.
Similar positive slopes were observed in the study of 238U as
well. In the case of 2¥U(n, f) the energy dependence of the
FPYs shows a constant or slightly negative slope from 0.5 to
5 MeV. At higher energies (E,, > 5 MeV) the slope of these
FPY chains turns over and becomes negative, attributed to an
increased symmetric fission component.

However, the experimental results from Ref. [7] leave a gap
between E, = 5.5 and 14.8 MeV that is sufficiently wide that
any deviation in FPY energy dependence from a monotonic
increase or decrease would not be resolvable in the available
literature data. Thus, the motivation of this paper is to fill in
this mid-energy gap between the onset of the second-chance
fission to 14.8 MeV, producing a complete, self-consistent,
and high-precision FPY dataset for 2*>U, 28U, and 2*’Pu
using quasimonoenergetic neutron beams. We present a con-
tinuation to the previous dataset [7] and provide cumulative
fission product yield data for the incident neutron energies:
5.5,6.5,7.5,9.0, and 11 MeV. The current results includes a
number of improvements to the analysis that strengthen the
dataset and are described in detail below.

II. EXPERIMENTAL METHOD

The FPY measurements have been performed at the Trian-
gle Universities Nuclear Laboratory (TUNL) using a 10 MV
FN Tandem Van de Graaff accelerator. Fast quasimonoener-
getic neutrons with energies of 5.5, 6.5, 7.5, 9.0, and 11.0
MeV were produced utilizing the 2H(d, n)>He reaction. The
incident deuteron beam current was kept relatively constant
at ~2 uA, while the deuterium gas pressure was set to x4
atmospheres. The neutron energy spread of the beam was
determined to be 100-130 keV full width at half maximum
(FWHM) using the neutron time-of-flight (nTOF) technique.
A cartoon schematic of our experimental setup is shown in

Fig. 2. Measurements were performed using a dual-fission
chamber (DFC) that was positioned 1.58 cm from the end
of the 3-cm-long deuterium gas cell. The DFC, shown in
Fig. 3, contains two thin (210-100 pug/cm?) reference foils
and a thicker (~200—400 mg/cm?) actinide activation target.
The properties of the activation target and reference foils are
listed in Tables I and II, respectively. The reference foils
were electrodeposited onto 10 mil titanium backings and the
activation targets are self-supporting. The activation target is
contained in the center of the dual-fission chamber while the
reference foils are held 4 mm up- and down-stream from
the activation target in separate, identical, and independent
fission ionization chambers (FCs), hence the name of dual-
fission chamber. The activation target and reference foils are
composed of the same actinide material and any differences
in isotopic composition are corrected for during the analysis,
see Sec. I G. We manufactured three individual DFCs and
dedicated each to one of the three actinide targets so that the
same activation target and reference foils were always used
in the corresponding chamber. The total number of fissions in
the activation target is obtained by scaling the fission counts
measured by an individual chamber by the ratio of masses
of the target and reference foils. A more detailed treatment
concerning the DFC’s can be found in Ref. [10].

Recently, the masses of the thin reference foils were re-
measured using high-precision alpha spectroscopy, 27w gas
counting, and y-ray spectroscopy [8,9]. Using the High In-
tensity Gamma-Ray Source (HIGS) at Duke University, we
irradiated each of our fission chambers with collimated, high-
energy photons (13 MeV). Since there is little divergence to
the photon beam and negligible attenuation through the fission
chambers, the ratio of photofission event in the reference foils
for the upstream and downstream halves of the DFC must be
equal to the ratio of the masses of the reference foils. It was
discovered in these tests that these ratios did not match and
this implied that there must have been errors in the original
mass determination of these foils. A reanalysis of the original
alpha spectrometry results for the 23U and ?*%U revealed
geometrical considerations that were not adequately corrected
for. A detailed publication detailing this remeasurement effort
is forthcoming [8]. The updated masses are shown in Table II
and are used in the present work.

The average neutron flux at the center of the DFC ranged
from 2-6 x 107 ns~! cm~2 for energies from 5.5 to 11.0 MeV,
respectively. The advantage of using the DFC method, com-
pared with other methods, such as radiochemistry, the ratio
method, or mass separation, is that the fission chamber deter-
mines the total number of fissions in the target without having
to explicitly know either the neutron-induced fission cross
section or the neutron flux. Only the ratio of the masses of the
reference foils and the activation target must be known, which
greatly reduces the total uncertainty of the measurements.

Following 3-5 days of neutron activation, the activation
target was removed from the center of the DFC and measured
within 20-30 minutes using High-Purity Germanium (HPGe)
detectors (50% relative efficiency). The targets were contin-
uously counted for a period of 1-2 months. To the extent
possible, all irradiation and counting procedures were kept
the same to minimize sources of systematic errors. We fit the
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FIG. 2. Schematic of the FPY experimental setup. The bottom-left panel shows the measured nTOF spectrum, the bottom-middle panel,
the DFC pulse-height spectrum, and the right panel shows the time evolution of the y-ray spectra.

decay curve of each fission product in order to uniquely
identify it and ensure the particular y-ray line was free of in-
terference. We developed y -ray spectrum analysis tools based
on the ROOT software to automate the analysis of sequential
y-ray spectra. These tools can automatically search for pho-
topeaks for various radionuclide y-ray emissions, identifying
photopeak interferences with different half-lives, and solving
the second-order Bateman equation to fit the activity of a
daughter nucleus as a function of time. Nuclear decay data
used for the analysis of the cumulative FPYSs is taken from the
TAEA Nuclear Data Services [11] (see Table III).

III. ANALYSIS

In the following sections we detail multiple aspects of the
analysis that were undertaken to produce the fission product

Cadmium hat
Deuterium gas cell

Dual fission chamber

yields that are reported in this paper. Much of the analysis
described below can also be found in Ref. [7]; however, we
have made a number of improvements to the methods for
computing specific corrections and we wish to detail those
here. This new analysis methodology and corrections due
to the changes made to the DFC reference foil masses (see
Sec. II) will be applied to the existing data from Ref. [7] in a
future publication.

A. Fission product yields and related uncertainties

The total fission rate in the thick activation target is calcu-
lated from each fission chamber (FC) according to
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FIG. 3. The left panel shows a three-dimensional rendering of the neutron production gas cell and DFC used in this work. The right panel
shows the simulated neutron flux in the vicinity of the gas cell and DFC. See text for dimensions.
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TABLEI. Properties of the activation targets used for this work. The reported mass is the total gravimetric mass of the samples. See Ref. [7]

for details.

Target Diameter (mm) Target mass (mg) Cover material/mass (mg) Isotopic analysis
25y 12.35(5) 223.02(2) Mylar tape 25U: 93.27%, 24U: 1.05%, 28U 5.68%
28U 12.42(5) 441.9(6) Mylar tape 2381: 99.974%, **U: 0.026%
29pu#3 12.39(5) 233.0(2) Ni/218.9 239Pu: 98.41(40)%, >*°Pu: 1.58(40)%
Z9Pu#s 12.40(5) 233.7(2) Ni/234.5 241Pu: 0.003(1)%, 2**Pu: 0.003(2)%

241 Am: 0.000572(32)% in ~1955
where (2) N/ is the total number of y-ray counts in photopeak of

(1) n designates the FC under consideration: n = 1 or 2
for downstream and upstream, respectively;

2) N,{ is the total number of fission counts in FC,, during
the irradiation time;

(3) m*) is the mass of the activation target (reference
foil);

(4) €, is the efficiency of fission chamber #;

(5) Tyive is the data-acquisition live time during irradiation

(6) Cgoostn 18 the correction for the kinematic boosting of
fission fragments for fission chamber #;

(7) Cpuxn 1s the correction factor to convert the neutron
flux at the position of reference foil n to the neutron
flux at the position of the activation foil.

The fission rate in the thick target is determined by taking a
weighted average of the total fissions in each half of the DFC,
Fr, and Fyy:

u}lFT1 + ngT2

1
FT= i wi:;9 (2)

wi + wy f

where o; is the uncertainty in Fz, coming from all factors in
Eq. (1). After irradiation, the activation target is removed from
the DFC and the induced FPY activity is measured using one
of two designated HPGe detectors. The FPY for a particular
fission product i is determined by the following activation
equation:

LN
FTLe, f(t)

CAttCBeamCISOCOff

FPY;, =
CSum

) 3

where
(1) A; is the decay constant;
TABLE II. Fission chamber reference foil masses. FC1 (FC2)

is the downstream (upstream) half of the DFC. See Refs. [8,9] for
details.

Foil Chamber Mass (1g) Isotopic analysis
BSU#83 FC2 128.5(14) 99.836(2)%
B5U#84 FC1 129.7(14) 99.836(2)%
Z8U#103 FC2 124.3(16) 99.9823(1)%
Z8U#101 FC1 136.8(18) 99.9823(1)%
29Pu#106 FC2 8.49(10) 99.948(8)%
Z9Pu#107 FC1 9.26(11) 99.948(8)%

interest;

(3) FT is the fission rate in the activation target as deter-
mined by Eq. (2);

(4) 1, is the intensity of the measured y ray;

(5) €, is the energy dependent HPGe y -ray detection effi-
ciency;

(6) f(z) is the time factor accounting for the irradiation
time t;;;, decay time #;, and the measurement time ¢,
and is given by

f(t) = (1 — e Hilim)(1 — g~ Hitm)e=ile;

(7) the factors Cx correspond to corrections for photon
attenuation in the target (Att), fluctuations in the beam
current (Beam), isotopic impurities in the target (Iso),
off-energy neutrons (Off), and coincidence summing
(Sum).

The correction factors in Egs. (1) and (3) will be described
in detail in the following sections. For a discussion of the
beam-fluctuation correction, Cgeam, Which accounts for the
nonconstant nature of the neutron source with time during
irradiation, see Ref. [7].

TABLE III. Nuclear data for the fission products reported in this
paper, taken from Ref. [11].

Fission product ~ Half-life (h) y-ray energy (keV) L,
o1Sr 9.65(6) 1024.3(1) 33.5(11)
2Sr 2.611(17) 1383.93(5) 90(6)
S7r 1536.768(144) 756.725(12) 54.38(22)
TZr 16.749(8) 743.36(3) 93.09(16)
PMo 65.924(6) 739.500(17) 12.2(2)
103Ru 941.928(312) 497.085(10) 91.0(12)
105Ru 4.439(11) 724.211(10) 47.8(6)
1278h 92.4(1.2) 685.7(5) 36.8(20)
1BI 192.6048(144) 364.489(5) 81.5(8)
132Te 76.896(312) 228.16(6) 88(4)
1331 20.83(8) 529.872(3) 87.0(23)
1351 6.58(3) 1260.409(17) 28.7(9)
135X e 9.14(2) 249.794(15) 90(3)
136Cg 312.24(1.20) 1048.073(20) 80(3)
14084 306.024(96) 537.261(9) 24.39(22)
4 Ce 33.039(6) 293.266(2) 42.8(4)
4 Ce 6837.84(1.20) 133.515(2) 11.09(19)
INd 264.72(72) 531.012(18) 13.11(13)

044604-4



ENERGY DEPENDENCE OF FISSION PRODUCT YIELDS ...

PHYSICAL REVIEW C 109, 044604 (2024)

5 14
Q [ L ]
e 13 ¢ * . it
o
£ .,
s 1.
3
1.1} ® FC2/FC1
,' A Center/FC2
| Center/FC1
09F 4 A i N
0.8
5 3 7 8 9 10 1

Neutron Energy (MeV)

FIG. 4. Simulated neutron flux ratios between the downstream
(FC1), upstream (FC2), and center (activation) foils for the 23U
DFC.

B. Fission chamber neutron flux determination (Cgjyx)

Because the DFC is positioned near the deuterium gas cell,
each of the three foils subtends a different solid angle relative
to the center of the neutron source. This results in slightly
different neutron energy and flux distributions at the position
of each foil. To account for these effects, we developed an
MCNP [12] simulation to determine the scaling factor Cryyx
that converts the neutron flux at the position of each thin
reference foil to the flux at the position of the thick target
in the DFC. Our MCNP model included a detailed description
of the deuterium gas cell with the Havar foil separating the
deuterium gas from the vacuum and the DFC, as shown in
the left panel of Fig. 3. To accurately account for the neu-
tron energy and angular distributions from the 2H(d, n)*He
reactions, we started our simulation with an incident deuteron
beam impinging onto the 4-atmosphere deuterium gas cell.
We assumed a 4 mm x 4 mm cross-sectional area based on
a postirradiation measurement of the beam spot on the Havar
foil. The energy loss and straggling in the Havar foil, the open-
ing angle and the neutron angular distribution at each incident
energy, and the effect of the attenuation of neutrons through
the DFC have been explicitly considered in the simulation.
The contribution from the room-return neutrons was found
to be negligible in Ref. [10], and hence not included in the
MCNP simulation. However, to ensure there is no contribution
from room-return neutrons the fission chambers are covered
with a Cd “hat” during the irradiations that can be seen in the
left panel of Fig. 3. An example neutron density distribution
produced from a 2H(d, n)*He reaction with E, = 6.5 MeV is
shown in the right panel of Fig. 3.

Figure 4 displays the scaling factors Cgjyx between the neu-
tron flux in the thick 2*3U activation target and the upstream
(downstream) FC2 (FC1) reference foils for different incident
neutron energies. For all these calculations, the DFC was
positioned 1.58 cm from the face of the gas cell. The error
bars represent the statistical uncertainty (<1.5%) based on
the random samplings of the individual physical processes.
Proper alignment of the DFC relative to the gas cell was
made using a laser and an optical telescope. However, a 1.5%

systematic error (not shown in Fig. 4) due to an uncertainty
of 1 mm in the distance between the gas cell and DFC is
estimated using MCNP. As a check of the validity of the MCNP
results, the simulated ratio of the flux in the two chambers FC2
(FC1) upstream (downstream) scaled by the foil masses was
compared with the ratio of measured fission events in the two
chambers. The agreement is generally good, with a variation
between in the simulation and experiment of 1.0%-3.5%. One
exception is at 11 MeV, where the difference is 6.6%. This
is likely due to the presence of off-energy neutrons in the
experiment that were not included in the simulation (discussed
below).

C. Kinematic boosting of fission fragments (exc, Cpoost)

A GEANT4 [13] model was developed to simulate the
fission-fragment detection efficiency of the DFC. The simu-
lation accounts for two phenomena that impact the detection
efficiency. First, the fission fragments must escape the ac-
tinide layer where they are generated and then deposit energy
into the active gas region via ionization. Second, the incident
neutron which induces the fission event imparts momentum
to the fissioning nucleus. This kinematic boost has opposite
effects in both chambers; the upstream chamber (FC2) sees
a decrease in efficiency as the fragments are boosted away
from the ionization gas and into the titanium backing, while
the downstream chamber (FC1) sees an increase in efficiency
as the fragments are boosted into the gas region.

The GEANT4 model includes the FC foil titanium backing,
actinide deposit layer, and P-10 (CHy 10%; Ar 90%) gas
region. In a single fission event, a pair of fission fragments
are emitted from a random location in the actinide layer. The
pair of fragments are given the appropriate kinematic boost
for the incident neutron beam energy and chamber orientation
(i.e., upstream or downstream). The fission event is considered
detected if one or both of the fission fragments deposit more
than 10 MeV into the ionization chamber gas. The simulated
FC pulse-height spectra match the experimental spectra, so the
simulation threshold was chosen to match the experimental
one.

The pairs of fission fragments were generated using the
event-by-event fission modeling code FREYA [14]. Fission-
fragment pairs were generated for each actinide target at every
incident neutron energy using FREYA v.2.0.5 with default
parameter settings. Each fragment in a correlated pair had
the following information: mass, nuclear charge, momentum
direction, and kinetic energy. The simulated FC detection
efficiencies are plotted in Fig. 5. As a general trend, increasing
the neutron beam energy (and thus kinematic boost) increases
the disparity between the upstream and downstream FC effi-
ciencies. Additionally, the 2**Pu FCs have greater detection
efficiency than the U and 23®U because the 2°Pu actinide
deposits are about an order of magnitude thinner. Simulations
are consistent with efficiency measurements performed with
232Cf in Ref. [10]. According to Ref. [15] the effect of the
fragment anisotropy on FC efficiency is much smaller than
angular-momentum effect (<1% for neutrons below 15 MeV)
and was not considered in the present simulations.
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FIG. 5. Fission event detection efficiency as a function of inci-
dent neutron energy for the upstream and downstream FCs loaded
with all three actinide targets. The 2*°Pu targets have less material
for the fragments to pass through, and thus have an overall higher
detection efficiency compared with the uranium foils.

D. HPGe detector efficiency (¢,)

Following neutron irradiation, the activation target was
removed from its fission chamber and the induced activity was
measured by y-ray spectroscopy using one of two designated
coaxial HPGe detectors. Each detector is housed within a
custom lead shield in the TUNL low-background counting
facility. Energy and efficiency calibrations were performed
using a multinuclide point source from Eckert and Zeigler
covering the range between 60 and 1900 keV.

Affixed to the end cap of each detector is an acrylic sample
position shelf system with predefined sample counting posi-
tions given from the face of the detector at distances of 2.5,
5, 7.5, 10, 15, 20, and 25 cm. We also used clear acrylic
cylindrical sample holders that mount rigidly into the shelf
system such that the center of the sample holder is at the
specified counting distance and co-axial with the detector. To
accommodate the different thickness of the activation targets
(=1 mm) and calibration sample (5 mm) in the same holder,
cylindrical spacers of different thickness were used to center
the samples in the acrylic holder. Because the holder was
clear, the positioning could be verified by eye. Each counting
position is well calibrated using the multinuclide source at
close distances and in combination with other source at further
distances ('*3Ba, *°Co, etc.). Due to the inherent activity of
the actinide targets, we utilized Cd attenuators on the face of
each detector to reduce the HPGe detector dead-times during
acquisition. For 232380 this was an 0.5-mm-thick sheet and
for 2°Pu we used a 2 mm Cd sheet. Detector calibrations were
performed with the attenuators in place.

To balance counting statistics and coincidence summing
effects, all targets were counted at 5 cm from the face of the
detector. For consistency, the >*Pu sample was only counted
on HPGe detector #1 and the two uranium targets were
counted on HPGe detector #2. The consequence of which is
that only two out of the three targets could be measured in
any single irradiation campaign. Both HPGe detectors were

235
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vy -ray Energy (keV)

FIG. 6. The correction factor Ca, accounts for y-ray self-
absorption and geometrical differences from the detector calibration
source as a function of y-ray energy for 2°U (black), 28U (red), and
29py (green).

modeled using MCNP [12] according to the manufacturer’s
specification sheet. The MCNP geometry is comprised of the
HPGe detector, the multinuclide source, the acrylic target
holder, and the lead housing. To optimize the MCNP calcula-
tion, the front and side dead layers of the germanium crystal
have been adjusted to reproduce closely the experimental
efficiency measurements at 5 cm without the cadmium at-
tenuators in place. The same MCNP geometry was then used
to simulate the detector efficiency at various source distances
and cadmium thicknesses.

As described below in Sec. IIIF, MCNP was used to per-
form coincidence summing corrections for several of the
y-ray lines within the calibration source. Since the calibration
source is designed to have radioisotopes which emit y rays
with little or no summing, the majority of the lines required
no summing correction, and only a few were corrected up
to 5%. Overall, there was very good agreement between the
modeled MCNP detector efficiency and the measured efficiency
with less than +£5% difference over the full energy range
of 60-1900 keV. However, the MCNP model was only used
to make coincidence summing corrections to the measured
efficiency data points. Those experimental values were fit with
a five-parameter empirical function from Refs. [16,17] that is
optimized for the energy range of 63-3054 keV.

To account for the possibility that errors might occur when
positioning the activated target or calibration source within
the sample holders, the measured efficiency curve was scaled
by a “self-normalization” factor determined for each sample
measurement. We did this using our targets as calibration
sources with their well-known masses and natural y -ray lines.
Then we were able to determine small scaling factors to the
measured efficiency curve to ensure it reproduced the known
activity of the natural lines within our targets. Multiple y-
ray lines from each target were used and, accounting for
self-absorption, all agreed very well. The self-normalization
correction was generally less than 5%.
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FIG. 7. (left panel) nTOF spectrum for 11 MeV (top) and 9 MeV (bottom) as measured by a liquid scintillator detector for the 2H(d, n)*He
reaction. Plots are unnormalized. See text for description of features in the spectra. (right panel) Plot of the n"TOF spectra from the left panel
converted to energy and folded with the fission cross section [22] at 9 MeV (bottom) and 11 MeV (top). The spectrum is divided into regions
of off-energy neutrons below E- and monoenergetic neutrons between E¢ and En,, (shaded region in the right panel).

E. Attenuation correction (Cyy)

Due to matter interactions, y rays emitted throughout the
volume of the target experience self-absorption before reach-
ing the detector. Unless a detector calibration is carried out
using sources with the same volume and material as the target,
self-absorption corrections are needed to establish the abso-
lute y-ray emission rates of any fission products and thereby
determine their yield. This correction becomes significant for
lower y-ray energies, larger sample volumes and densities,
and larger solid angles. In previous work, we used the analytic
expression for y-ray attenuation and self-absorption through
the activation target thickness [7]. However, the path length
that the photons take through the target varies due to the
angle at which they are emitted and the y rays being emitted
throughout the actinide volume. This effect was corrected for
analytically in our previous results, however, in this work we
have employed an MCNP simulation to determine the correc-
tion factor. The simulated attenuation results agreed with our
previous analytical results within the involved uncertainties.
Calculations have been made for the geometrical and material
differences between the multinuclide calibration source and
the activation targets (see Fig. 6).

F. Coincidence summing (Csyp,)

The detection efficiency of a y ray emitted as part of a
nuclear decay can be influenced by the emission of other
y rays during that decay. In B8 decay, the process by which
most fission products decay, a y ray of interest is typically

part of a larger cascade of y rays emitted in a sufficiently
fast sequence so as to be treated as a single event by the
HPGe. Even if the y ray of interest deposits its full energy
into the HPGe, one or more coincident y rays in the cascade
may deposit some of their energy in the detector, causing the
total detected energy to fall outside the photopeak area and
into the continuum. This effect, referred to as summing out,
reduces the apparent HPGe detection efficiency for a y ray
in a particular nuclear decay. Alternatively, there may be two
y rays in the cascade whose combined energy equals that of
the y ray of interest; if both of those y rays deposit their full
energy into the HPGe in coincidence, a false count will be
added to the photopeak of interest. This effect is referred to
as summing in, and has the effect of increasing the apparent
HPGe detection efficiency for a y ray in a particular nuclear
decay. The coincidence summing correction factor accounts
for both of these phenomena.

In general, summing out has a larger impact than summing
in, so the summing correction factor (which multiplies the

TABLE IV. Parameters and corrections for off-energy neutrons
at a measurement energy of 9 MeV.

Actinide Rgr E MeV) Ezy(MeV) Cop for 'Nd
BSY 0.100 £0.001 8.364+0.01 2.90 4+ 0.02 0.972 & 0.003
B8y 0.064 £0.001 8.634+0.01 3.81£0.01 0.985 = 0.002
29y 0.116£0.001 8.2540.01 2.8640.02 0.969 & 0.006
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TABLE V. Parameters and corrections for off-energy neutrons at
a measurement energy of 11 MeV.

Actinide Rgr E MeV)  Ez(MeV) Cof for 'Nd

By 0.350 £0.001 8.254+0.101 3.204+0.01 0.872 +£0.016
=y 0.280 +0.001 8.88 :0.01 3.53 +0.01 0.938 +0.013
%Py 0.387 £0.001 7.944+0.01 3.174+0.01 0.863 &+ 0.027

HPGe detection efficiency) is less than 1. It should be noted,
however, that there are rare cases where the summing-in effect
is large and the overall summing correction is greater than 1.
One example is the 1678.03 keV y ray from 331, which has a
coincidence summing correction of 1.024 for the >*U target
in the present counting geometry.

We developed the C++ code CADETS (CAscade DETec-
tion Summing) for calculating the summing correction factor,
based on the prescription in Ref. [18] and implementation of
Ref. [19]. CADETS reads the level energies, S-decay branching
ratios, and y-ray emission probabilities for each level in the
decay daughter nucleus from ENSDF decay-data files [20].
It then recursively searches for all possible decay cascades
that include the y ray of interest in order to calculate the
summing-out correction. For the summing-in correction, the
code recursively searches for all decay paths that include two
y rays whose energy sums to within 1 keV of the y ray of
interest. Of course, it is possible for three y rays to sum to the
energy of the y ray of interest, but the probability of detecting
all three y rays in coincidence becomes vanishingly small.

TABLE VI. U fission yield data. Total uncertainties at 1o are
given and produced from a sum in quadrature of individual terms
assuming no correlations.

Source of uncertainties Magnitude (%)
Photopeak area* 0.2-1
FC counts* <0.2
Target masses <0.5

FC reference foil masses 0.9-1.2
FC efficiency* 0.2
Neutron flux at target* 1.3
Beam fluctuation corr.* <0.05
Oft-energy neutron corr.* 0.1-2.7
Room-return background «l1
Half-lives «l1
Absolute y-ray emission prob. 0.2-6.7
HPGe detector efficiency 0.8-2.0
Self-normalization stats.* 0.3
Self-normalization corr. 1

True coincidence summing <1
Random summing <0.2
Isotopic corrections 0.2
Irradiation times* «l
Decay times* «1
Counting times* «1

Total 24-79
*Reduced (see text) 1.4-32

In addition to the nuclear decay information, the other
inputs required to calculate the summing correction are the
HPGe photopeak efficiency and total detection efficiency. The
photopeak efficiency is defined as the probability that a y ray
of a given energy deposits its full energy into the detector
(i.e., it would fall in the photopeak area). The total detection
efficiency is the probability that a y ray of a given energy
deposits any of its energy; the y ray may be fully absorbed
in the HPGe or it may scatter out of the detector, scatter
prior to hitting the detector, emit an annihilation y ray that
is not absorbed, etc. For these calculations, both the pho-
topeak and total detection efficiencies were calculated with
the calibrated MCNP models of the HPGe detectors described
previously. A direct measurement of the summing correction
for the 739.5 keV y ray from *Mowas performed using an
irradiated natural molybdenum foil. The foil was assayed at a
large source-to-detector distance where there is no summing
effect, and then at the standard counting position. This direct
measurement of the summing showed good agreement with
the MCNP simulation.

G. Target isotopic corrections (Cis,)

The ?*>U and ?*’Pu activation targets have impurities from
other fissionable isotopes (see Table I). These impurities con-
tribute both to the total number of fissions in the thick target
and the y rays detected from a particular fission product.
The contributions of the impurities must be subtracted to
determine the FPYs from only 2**U or 2**Pu. For a specific
fission product i from actinide target A, the FPY is calculated
according to

Njoj
' Nyoa’

FPY,; = 4)

a3
Naoal, €, f(t

¢AA)/ yf() o j#A
where Ny and o, are the number of atoms and fission cross
section for actinide A (***U, 23U, or ?*°Pu). From Eq. (3) we
see that Cy,, is defined as a multiplicative factor and therefore,
we can rearrange Eq. (4) and define our isotopic correction
factor as

¢Nj0'j1y€yf(t) .

Cwo=1- )Y FPY; 7

JJF#A

&)

From Eq. (5), it is clear that the fission product yields
from the impurities must be known at the energy of interest.
For the 2*°U target, the main impurities are 2**U and 2*%U.
For the 2*°Pu foil, the impurity is primarily >*°Pu [7]. For
235U, we utilize the FPY values that we have measured for
238U, However, since 2**U and 2*°Pu were not measured in
this work, FPYs from the phenomenological fission code GEF
are used [21]. Fission cross sections were taken from the
ENDF/B-VIILO library [22].

H. Off-energy neutron corrections

The main goal of this work was to study the energy depen-
dence of the FPYSs in the second-chance fission region. These
FPYs were measured at specific energies using quasimo-
noenergetic neutrons. However, when using the ’H(d, n)*He
reaction to produce neutrons above ~5.5 MeV, a continuum
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TABLE VII. Cumulative fission product yield results for 2°Pu(n, f).

Fission product

Incident neutron energy (MeV)

55+0.13
FPY + UT(O'R)

6.5+0.13
FPY + OT(O'R)

7.5£0.30
FPY + or (O'R)

9.0£0.12
FPY + OT(O'R)

11.0 £ 0.11
FPY + O'T(O'R)

9ISr
9ZSr
95Zr
97Zr
99M0
103Ru
IOSRu
127Sb
1311
132Te
133I
1351

135)(e
136CS
]4()Ba
143Ce
144Ce
]47Nd

3.32 £0.13(0.06)
3.48 £ 0.24(0.06)
5.11 £ 0.09(0.06)
5.96 £ 0.10(0.07)
5.98 £0.14(0.08)
6.25+£0.13(0.11)
5.53+£0.13(0.07)
1.24 £0.07(0.02)
3.63+0.18(0.17)
4.04 4 0.20(0.05)
6.40 £ 0.20(0.07)
5.32 £0.20(0.08)
6.56 £ 0.25(0.08)

4.99 £+ 0.09(0.06)
3.5040.07(0.04)

2.4340.05(0.04)

3.24+0.12(0.07)
3.46 £ 0.24(0.06)
5.03 £0.07(0.06)
5.79 £ 0.08(0.07)
6.24+£0.12(0.11)
6.08 £0.11(0.10)
5.28 4 0.20(0.10)
1.62 £ 0.09(0.04)
4.75 £0.08(0.08)
3.844£0.14(0.07)
6.50 £0.19(0.11)
4.93 £0.17(0.09)
6.68 £0.13(0.13)

0.305 = 0.004(0.005)

4.84 +0.08(0.07)
3.41 +£0.07(0.06)

1.97 +£0.04(0.04)

3.23 +£0.12(0.06)
3.44 £ 0.24(0.07)
5.08 £ 0.09(0.08)
5.73 £0.09(0.09)
6.23 £0.13(0.12)
6.04 £0.13(0.11)
5.2440.20(0.11)

4.84 £ 0.09(0.09)
3.8040.15(0.08)
6.51+£0.20(0.12)
4.94+0.18(0.10)
6.441+0.11(0.11)

0.48 £0.02(0.009)

4.79+0.10(0.10)
3.48 £0.07(0.07)

1.86 +0.04(0.04)

3.12 £0.12(0.06)
3.16 £ 0.22(0.06)
5.14 £ 0.09(0.08)
5.57 £0.09(0.09)
5.96+£0.13(0.12)
5.94+£0.13(0.11)
5.210.20(0.10)
1.79 £ 0.11(0.04)
5.03 £0.10(0.10)
3.5440.14(0.07)
6.16 +0.20(0.12)
4.46 £0.19(0.10)
5.95+0.12(0.11)
0.51 £ 0.009(0.01)
4.64 £ 0.09(0.09)
3.31£0.07(0.06)

1.72 4 0.04(0.04)

3.09 +0.13(0.07)
3.25 +0.28(0.09)
4.85+£0.11(0.10)
5.63+0.12(0.11)
5.64+£0.16(0.11)
5.90 £0.16(0.12)
4.9340.22(0.12)

5.114£0.11(0.10)
3.54£0.15(0.07)
5.8640.22(0.12)
4.2340.21(0.04)
5.69+0.14(0.11)

0.54 £0.024(0.011)

4.344+0.11(0.09)
2.84 +0.09(0.06)

1.64 +0.06(0.03)

of neutrons is produced by deuteron breakup reactions on
the tantalum beam stop and above ~7.7 MeV by breakup on
the deuterium gas. This continuum is well separated from the
monoenergetic neutron peak by 5.5 MeV but will still induce
fissions in the targets. Also, small quantities of neutrons can
be produced at specific energies by (d, n) reactions on con-
taminants in the beam line, such as carbon from vacuum pump

oil.

The neutron energy spectrum was measured using the

nTOF technique. The incident deuteron beam was pulsed and
neutrons were measured with a cylindrical BC501A liquid

scintillator detector (diameter = 3.81 cm, height = 3.81 cm)
or a heavily shielded NE213 liquid scintillator (diameter =

4.44 cm, height = 5.04 cm) placed in the neutron beam

3-5 m downstream of the DFC. Spectra from such measure-
ments are shown in the left panel of Fig. 7. The different

TABLE VIII. Cumulative fission product yield results for 2*U(n, f).

Fission product

Incident neutron energy (MeV)

55+£0.13
FPY = o7 (0%)

6.5+ 0.13
FPY = o7 (0%)

7.5 4030
FPY = o7 (0%)

9.0 4 0.12
FPY = o7 (o%)

11.0£0.11
FPY = o7 (0%)

9lsr
QZSr
QSZI.
97Zr
99M0
103Ru
IOSRu
127Sb
131 I
132Te
1331
]3SI

135Xe
]36CS
140Ba
143Ce
]44Ce
147Nd

5.58 +0.21(0.08)
5.5240.38(0.07)
6.23 +0.11(0.08)
6.56 +0.11(0.08)
6.37 £0.16(0.08)
3.82 +0.08(0.05)
2.00 £ 0.05(0.03)
0.98 £ 0.06(0.01)
4.06 = 0.09(0.05)
5.32 +£0.26(0.06)
6.87 £0.22(0.08)
6.36 +0.23(0.08)
6.92 £ 0.27(0.09)

5.5240.11(0.07)
4.72 +0.10(0.06)

2.26 0.05(0.03)

576 +£0.23(0.11)
5.12+£0.38(0.11)
6.10£0.11(0.10)
5.93 £0.10(0.08)
6.00 £ 0.14(0.12)
3.43 £0.08(0.07)
2.15 £0.09(0.06)
0.98 £ 0.06(0.02)
4.18 £0.09(0.08)
5.06 £ 0.20(0.10)
6.45 £0.21(0.13)
5.65+0.21(0.11)
6.34 +0.13(0.13)

0.039 £+ 0.002(0.002)

5.66+0.11(0.10)
4.72+0.11(0.09)
3.83+0.98(0.98)
2.08 £0.04(0.04)

5.6340.22(0.11)
5.8240.42(0.12)
5.99 +0.12(0.12)
6.0640.11(0.11)
5.8740.13(0.11)
3.13 £0.07(0.06)
1.89 = 0.09(0.06)
1.05 £ 0.06(0.03)
4.19 £ 0.09(0.08)
4.87 £0.20(0.09)
6.5540.21(0.12)
5.81+£0.21(0.11)
6.43 £0.13(0.12)

0.074 £ 0.004(0.003)

5.334+0.11(0.10)
4.77+£0.10(0.09)
3.90+0.72(0.72)
2.06 £ 0.05(0.04)

5.45+£0.22(0.11)
5.25+0.39(0.12)
5.79+£0.11(0.10)
5.85+£0.11(0.10)
5.514£0.13(0.11)
3.07 £ 0.07(0.06)
2.21 £ 0.09(0.06)
1.17 £0.07(0.03)
4.24+£0.09(0.07)
4.60 £ 0.19(0.10)
6.11 £0.20(0.12)
5.40 £ 0.20(0.09)
6.05 £0.13(0.12)

0.099 £ 0.005(0.003)

5.18+0.11(0.10)
4.43£0.10(0.09)
3.53+£0.52(0.51)
1.85 1+ 0.04(0.04)

5.03£0.21(0.10)
4.89 +0.36(0.09)
5.43+0.13(0.10)
5.57 £0.12(0.10)
5.20 £ 0.14(0.09)
2.88 +0.08(0.05)
2.24 +0.10(0.06)
1.54 £ 0.09(0.04)
4.46+£0.11(0.07)
4.14£0.18(0.08)
5.57 £0.20(0.10)
4.89 £ 0.18(0.09)
5.51£0.14(0.10)

0.100 £ 0.006(0.003)

4.73 +£0.12(0.09)
3.76 £0.10(0.07)
3.31+0.45(0.17)
1.73 +0.05(0.03)
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TABLE IX. Cumulative fission product yield results for 23U(n, f).

Incident neutron energy (MeV)

5.5+0.13 6.5+ 0.13 7.5+ 0.30 9.0+0.12 11.0£0.11
Fission product FPY =+ o7 (o) FPY = o7 (oRr) FPY = o7 (oRr) FPY = o7 (oRr) FPY = o7 (oRr)
NSr 4.25+0.17(0.07) 4.124+0.16(0.10) 4.13 +0.16(0.08) 4.13 +0.16(0.07) 3.82 +0.15(0.06)
28 4.19 £0.30(0.07) 4.34 40.30(0.09) 4.13 £+0.29(0.08) 4.29 4 0.30(0.08) 3.84 +0.27(0.06)
Szr 5.19 £0.10(0.07) 5.24 £0.14(0.13) 5.17 £0.09(0.08) 5.11 £0.09(0.08) 4.9140.10(0.08)
T7r 5.79 4+ 0.11(0.08) 6.01 +0.12(0.10) 5.48 +0.09(0.09) 5.41 40.09(0.09) 5.22 4+0.10(0.08)
Mo 6.04 £0.15(0.09) 5.90 £0.34(0.31) 6.07 £0.13(0.10) 5.97 £0.13(0.10) 5.73 £0.15(0.09)
1B3Ru 5.88 £0.13(0.08) 5.48 £0.13(0.10) 5.35+£0.11(0.09) 5.26 £0.11(0.09) 4.62 +0.12(0.07)
105RY 4.01 4+0.10(0.07) 3.78 £0.15(0.07) 3.62 4 0.15(0.08) 3.33 4 0.14(0.08) 2.72 £0.12(0.05)
1278b 0.39 4 0.02(0.01) 0.42 4 0.03(0.02) 0.46 4 0.03(0.01) 0.68 £ 0.04(0.02) 0.77 £0.06(0.02)
1Bl 3.30 £ 0.07(0.03) 3.54 +0.08(0.06) 3.50 £ 0.07(0.06) 3.79 £ 0.08(0.06) 3.82 +0.09(0.06)
132Te 4.84 4+ 0.24(0.06) 5.154+0.21(0.09) 5.114+0.21(0.11) 5.01+0.21(0.10) 4.64 +0.20(0.08)
131 6.48 £0.21(0.08) 6.80 4 0.23(0.12) 6.61 £0.21(0.11) 6.61 £0.21(0.11) 5.89 +0.20(0.10)
1351 6.54 £0.11(0.03) 6.66 £0.24(0.11) 6.48 £0.23(0.11) 6.25+0.23(0.11) 5.38 £0.21(0.09)
135Xe 6.37 £0.25(0.09) 6.72 £0.58(0.14) 6.55+£0.13(0.11) 6.63£0.13(0.11) 5.23 £0.13(0.08)
136Cg 0.0124+0.005(0.002)  0.007 £0.001(0.001)  0.006 £9.106 x 10™*  0.004 +5.571 x 104
(8.864 x 1074) (5.388 x 1074)
140Ba 5.43 +£0.11(0.07) 5.41 £0.14(0.13) 5.36 £ 0.10(0.09) 5.32 +£0.10(0.09) 4.8240.10(0.08)
8 Ce 4.50 +0.10(0.06) 4.44 +0.11(0.07) 4.32 +0.09(0.07) 4.3540.09(0.07) 3.97 £+ 0.10(0.06)
44 Ce 3.44 +0.19(0.18)
47TNd 2.58 +0.06(0.04) 2.38 £0.14(0.14) 2.35+£0.05(0.04) 2.32 +£0.05(0.04) 2.14 £0.05(0.04)

structures seen to the right of the large monoenergetic peak
from the 2H(d, n)*He reaction come from deuteron breakup
and reactions on contaminants in the beam line, as mentioned
previously. The nTOF spectrum can be converted to an energy
spectrum and folded with the neutron detector efficiency [23],
as shown in the right panel of Fig. 7. The resulting neutron
spectrum can then be folded with the fission cross section [22]
for the isotope of interest to determine the correction. The
neutron energy spectrum was measured down to 0.5 MeV,
limited by the 400 ns timing of the beam pulsing.

A correction must be made to remove the contributions
of the off-energy neutrons to both the observed FPY and the
number of fission events detected in the DFC. We define a
cutoff energy E. such that above this energy are our mo-
noenergetic neutrons and below there are breakup or other
off-energy neutrons. The contributions due to neutrons below
E, are subtracted from the observed FPY according to

AiNY
FPY, i

T OF [P ¢(E)o (E)IE

| _ FPY(Ey) [y 9(E)o (E)IE ©
X - b
FPY(E) ;™ ¢(E)o (E)dE

where we have defined the average neutron energy and aver-
age breakup neutron energy as

fOEMax<EC>¢(E)U(E)dE :

E(Ep) =

@)

In deriving Eq. (6), to simplify the calculation, we have
taken FPY (E) outside of the integrals and replaced it with
its average under the assumption that it varies slowly with

energy. There is a similar correction necessary for the fission
chambers:

E.
Fy =E-T(1 o $E)o(E)E ) ©

M p(E)o (E)E

Since the neutron spectrum is the same for all FPYs for a
given actinide, we define the ratio of breakup-to-total neutrons
in the spectrum as

_ [ p(E)o (E)E
[ g(E o (E)AE

C))

BT

Combining Eqs. (6) to (9), the total correction factor is

—FPK(E__B)) (10)
FPY/(E)

Fission cross sections were taken from the ENDF/B-VIIL.O
library [22], and the FPY values at lower energies were taken
from those available in this work and previously published
results [7]. To illustrate the correction factor, the values of
various parameters in Eq. (10) are given in Tables IV and V
for the 9 and 11 MeV incident neutron energies, respectively.

In addition to the off-energy (by deuterium breakup) neu-
trons, low-energy background (the so-called room return)
neutrons can contribute to the fission events of thermally
fissile isotopes 2*>U and ?*°Pu that are not measured by the
neutron TOF approach described above. To obtain quanti-
tative data on these low-energy neutrons we have recorded
TOF spectra using pulsed beam (2.5 MHz repetition rate with
pulse width of 2.5 ns) at different neutron energies using
235U and **Pu FCs. Based on these TOF and activation foil
measurements [10] the room-return neutron contribution is

Cosr = (1 — Rpr) ™! (1 — Rpr
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negligible (i.e., <1%) and corrections are required only for
the off-energy neutrons.

IV. UNCERTAINTIES

A summary of the various sources of uncertainty and their
magnitudes are presented in Table VI. All uncertainties were
carefully considered, and in cases where the uncertainty was
unknown (e.g., simulated values), reasonable estimates were
made. The total uncertainty is determined by summing in
quadrature all source of uncertainties listed in Table VI. The
reduced uncertainty excludes those factors that are common
to all energy measurements and therefore includes only sta-
tistical uncertainties, the HPGe efficiency self-normalization,
the conversion of the neutron flux at the reference foil to
activation foil position, and off-energy neutron corrections.
The reduced uncertainty is a good measure of how precisely
we have measured the shape of the FPY data with respect to
the incident neutron energy.

V. RESULTS

The cumulative FPY data reported here cover the range
of incident neutron energies from 5.5 to 11 MeV, for 235,
238U, and #*°Pu. These data complement that which was pre-
viously published by this same collaboration [7] in the region
of first-chance fission (0.56—4.5 MeV) and at 14.8 MeV. In
Ref. [7] are also results for 5.5 MeV from %°Pu but not
from either uranium target. In this publication we include the
5.5 MeV results from all three targets, and we have updated
the 2°Pu data from Ref. [7] to include the new analysis
methodology and corrections due to changes in reference foil
masses described in Sec. II. Taken together, these data provide
the excitation function for the energy dependence of more
than a dozen high-yield fission products for the three major
actinides with incident neutron energies from 0.5-14.8 MeV
in approximately 1 MeV steps.

As discussed in the introduction, there are limited or no
existing datasets in this second-chance fission energy region
for the majority of fission products. This is especially true
for 2°Pu, since *>U and 2*8U are easier to procure. Another
reason for the lack of data in this region stems from the avail-
ability of neutron sources. Extensive datasets exist for neutron
energies below 2 MeV, at thermal and in a fission spectrum,
due to availability of reactors and critical assemblies for such
measurements (see Fig. 1). Data near 14 MeV is also generally
available due to the ease of use and cost for DT generators.
Figures 8—10 show the scarcity of other literature data for
239Pu in this region.

The major comparable datasets come from just a few
sources: Chapman [24], Gindler [25], Glendenin [26], and
Nagy [27]; the newest of which is from 1983. This presents
the challenge of compiling a modern FPY database, and sup-
porting future FPY evaluation efforts, using data with a 40
year gap for comparison. The datasets are mostly complete
in this region in the sense there are a similar number of data
points to the present measurements. However, none extend up
to 11 MeV.
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FIG. 8. Results for the cumulative fission yield of '4’Nd from
25U, 28U, and ?**Pu compared with existing data in the present
energy region.

Tabulated results from these measurements can be found
below in Tables VII, VIII, and IX. The results are given
with their 1o total uncertainty and then in parentheses the
reduced uncertainty, described above in Sec. IV. Figures 8—10
show the current results for a select number of fission products
compared with the existing literature data from the sources
described above. The error bars represent the total uncertain-
ties. As expected with increasing incident neutron energy, the
fission yields show a steady decrease for all three targets for
the peak-yield fission products. Considering a fission product
near the valley such as '?’Sb, we observe a steady increase
in the measured fission yield with energy (see Table VIII).
The total uncertainties in the present data are also much less
than the literature data, see Fig. 9, for example. The plotted
fission products were chosen because they are all high-yield
fission products with historical significance to the national
laboratories.

The measured FPY distributions for 23>23U(n, f) and
2%Pu(n, f) are compared with the semi-empirical general
description of fission observables (GEF2021/1.1) model. The
decrease of the FPYs in the second-chance fission region is
also present in GEF calculations for all of the FPY under
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FIG. 9. Results for the cumulative fission yield of '*°Ba from
25U, 28U, and **Pu compared with existing data in the present
energy region.

these studies. The calculations show a very good agreement
for '4”Nd FPY for all fissioning systems and underestimation
of the ?MoFPY for **°Pu(n, f), while it overestimated the
149BaFPY for all three systems.

VI. SUMMARY

These FPY measurements represent the most extensive
effort which our LANL-LLNL-TUNL Collaboration has ac-
complished to date. The FPYs in this work and Ref. [7]
represent a complete set of data in the energy region from
0.5 to 15.0 MeV with fine-neutron-energy steps. It should
be noted that our analysis was significantly improved relative
to previous work [7], providing a more substantial basis for
evaluating these cumulative FPY data for basic and applied
physics. As has been described, many correction factors have
been improved, such as the FC efficiency and kinematic boost,
the Monte Carlo simulations of the neutron source and FC
chamber geometry, detector efficiency, cascade summing, and
others—increasing the fidelity of the current measurements.
Additionally, the uncertainties associated with the parameters
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FIG. 10. Results for the cumulative fission yield of Mo from
25U, 28U, and **Pu compared with existing data in the present
energy region.

in Egs. (1) and (3) were carefully quantified and updated to
better reflect the precision of our measurements. Most impor-
tantly, with the corrected mass measurements of the fission
chamber reference foils, shown in Table II, we have better
agreement between existing datasets. Our previously pub-
lished data in Ref. [7] will be updated to reflect the changes
from these new mass measurements, as well as the improve-
ments made in the analysis methodology in the near future.
Once update is complete we will have one of the largest,
complete, and self-consistent datasets of fission product yields
spanning 0.5-14.8 MeV.

These new data in the mid-energy or second-chance fission
region show a steady decrease as a function of incident neu-
tron energy in the major FPYs. This is consistent with what
would be expected from a monotonically decreasing function
between the data at 4.5 and 14 MeV we previously measured
[7]. The negative slope is due to the known increase in the
symmetric fission mode with increasing incident neutron en-
ergy. There is no visible change or kink in the slope of these
FPYs which might be affected by the third-chance fission
opening up around E, = 11.0 MeV.
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