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Background: High-accuracy and self-consistent fission product yield (FPY) data are needed to advance
microscopic/macroscopic descriptions of the nuclear fission process, to improve the predictive power of
phenomenological models, and for applications in nuclear energy, nuclear forensics, and homeland security.
Purpose: In a collaboration between the Triangle Universities Nuclear Laboratory (TUNL), Los Alamos
National Laboratory (LANL), and Lawrence Livermore National Laboratory (LLNL), the dependence of a
number of cumulative FPYs on the incoming neutron energy has been measured and unexpected energy
dependencies of certain fission products have been reported [M. E. Gooden, Nucl. Data Sheets 131, 319 (2016)].
To investigate whether this observation is unique to neutron-induced fission, a program has been initiated to
measure FPY's in photon-induced fission.

Method: The photon-induced FPYs were measured by a combination of fission counting using a specially
designed dual-fission chamber and y-ray counting. The measurements were carried out with a monoenergetic
photon beam at the HIy S facility. Gamma-ray counting of the activated targets was performed with well-shielded
high-purity germanium (HPGe) detectors over a period of two months after irradiation to properly identify the
decay history of fission products.

Results: We report on our photofission product yield measurements on *°U, U, and **°Pu using a monoen-
ergetic photon beam of E, = 13 MeV. More than 40 fission products were uniquely identified, and their yield
values were computed. The use of the fission chamber with post-activation measurements has provided absolute
fission product yield data with minimal uncertainties.

Conclusion: The photon-induced cumulative fission product yields of U, **U, and **’Pu are compared with
previous photon- and neutron-induced fission measurements. In the near future data will be obtained at lower

and higher photon energies.

DOI: 10.1103/PhysRevC.100.014608

I. INTRODUCTION

Nuclear fission is a highly complicated nuclear reaction
phenomenon. An understanding of observables resulting from
nuclear fission requires information on both static nuclear
properties and large-scale nuclear dynamics, as well as the
understanding of nuclear structure configurations in extreme
conditions, and the respective strengths of collective and
single-particle degrees of freedom [1]. The process of nuclear
fission starts with the formation of a compound nucleus which
could be produced through a variety of excitation mecha-
nisms, each with its own peculiarities. Particle bombardment
is one such means and tends to produce an initial nucleus
with high angular momentum and excitation energy. For
this reason, particle-induced fission is useful for studying a
regime of fission that is either minimally sensitive to the shell
structure or involves high angular momentum. The use of real
photons, on the other hand, preferentially produces low-spin
configurations at all energies. Because the photon carries spin
1, only a restricted number of compound nucleus states are
available from which fission can take place and this in turn
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reduces the complexity of the fission mechanism. Extraction
of information from reactions with real photons is, therefore,
less complicated and can be potentially better understood.
That is even more true when the incident photons are mo-
noenergetic, reducing the excitation energy of the compound
nucleus to a desired narrow energy region. Fission induced by
photons, photofission, is therefore a useful method for inves-
tigating the low-energy regime, which is the most important
one for practical applications. Precise photon-induced fission
measurements are important in a variety of research and devel-
opment areas, e.g., basic nuclear physics, remote detection of
nuclear materials, nuclear forensics, physics and technology
in fission reactors, and characterization and transmutation of
nuclear waste [2-7].

The key to understanding the fission process and there-
fore the underlying nuclear dynamics lies in relatively few
observables: fission cross section, total kinetic energy release,
prompt neutron and y-ray multiplicity, fission product yields,
and neutron multiplicities. The measurement of the fission
product yield is one of the main quantities used to test models
of the reaction dynamics and associated nuclear structure.

The main need for fission product yield data comes from
stockpile stewardship and nuclear forensic applications, as
well as from any type of modeling associated with situations

©2019 American Physical Society
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where actinides are being, or have been, fissioned. In the
nuclear reactor industry the primary use of these data involves
fuel cycle calculations, including those on decay heat, shield-
ing, dosimetry, burn-up, waste disposal, and safety.

Fission product yields (FPYs) have historically been one
of the most studied observables of fission. A collaboration
between TUNL (Triangle Universities Nuclear Laboratory),
LANL, and LLNL has recently provided data on the energy
dependence of high-yield FPY's from monoenergetic neutron-
induced fission of 2°U, 233U, and °Pu between thermal en-
ergy and 14.8 MeV [8-10]. According to this work, the cumu-
lative FPYs obtained for 2*Pu show a peculiar energy depen-
dence for certain high-yield fission products like Mo, '*°Ba,
and '“'Nd. The energy dependence of the FPYs for these
nuclei has a positive slope at incident neutron energies below
about 5 MeV and then becomes negative at higher neutron
energies. This is in contrast to the same FPYs from 35U(n, f).

There is a scarcity of photofission data obtained with
monoenergetic photons. This situation is mainly because of
the lack of intense sources of monoenergetic photon beams.
Most of the photofission cross section and FPY measurements
have been carried out using bremsstrahlung beams. Measure-
ments of an excitation function with a bremsstrahlung beam is
technically very challenging and has substantial uncertainties
caused by subtraction of large numbers. A standard technique
for determining the excitation function with a bremsstrahlung
beam is to increase the end-point energy of the beam in small
increments over the energy range of interest [11]. This method
requires high stability in the accelerator parameters, enormous
counting statistics, and high-precision knowledge of the flux
and the shape of the bremsstrahlung energy spectrum, espe-
cially near the end-point energy. Table I lists the previous FPY
measurements of 2>>2*%U(y, ) and >**Pu(y, f) at energies of
interest in the present work.

A program has been initiated at TUNL to carry out sys-
tematic comparisons of the FPYs from neutron and photon
induced fission on actinide nuclei, starting with 2352381 and
2399Pu. For both (n, f) and (y, f) reactions, the incident beam
is monoenergetic, both measurements cover approximately
the same range of excitation energies, and the same isotopes
will be tracked in the FPY measurements. This study is
intended to provide insight about the dependence of the FPY
on the mechanism for inducing fission in the entrance channel.
In particular, differences in the FPY for neutron and gamma
induced fission would indicate a connection between the FPY
and the angular momentum of the excited compound nucleus
that fissions. Included in this program are direct tests of the
Bohr hypothesis [34] on nuclear fission, i.e., the exit channel
products in fission have direct connection to the details of
the entrance channel. For example, we are starting to perform
29pu(n, f) and 24OPu()/, f) cross-section and FPY measure-
ments at the same excitation energy. Such measurements will
enable direct comparisons of the two processes.

Our exploratory study [33] of photofission of >*Pu at
E, =11 MeV has provided data for eight fission products.
The associated uncertainties were around 10-15%. The pho-
ton beam flux was determined from the '*’Au(y,n)'®Au
reaction, which contributed significantly to the uncertainty of
these FPY values.

TABLE 1. Previous FPY measurements of the 2>2®¥U(y, f) and

Z9Pu(y, f) reactions at energies of interest in the present work.

First author Year E, range (MeV) Beam
235(5

Kondrat’ko [12] 1966 10.0-25.0 bremsstrahlung
Petrzhak [13] 1969 12.1-25.0 bremsstrahlung
Aumann [14] 1970 13.8,16.8,17.1 bremsstrahlung
Kondrat’ko [15] 1973 14.0 bremsstrahlung
Petrzhak [16] 1976 20.0 bremsstrahlung
Thierens [17] 1976 25.0 bremsstrahlung
Jacobs [18] 1980 12.0-70.0 bremsstrahlung
Carrel [19] 2011 16.3, 19.3 bremsstrahlung
23815

Petrzhak [20] 1963 14.0 bremsstrahlung
Aumann [14] 1970 13.8,16.8,17.1 bremsstrahlung
Petrzhak [21] 1971 15.0 bremsstrahlung
Alm [22] 1973 4.65-6.6 bremsstrahlung
Thierens [17] 1976 25.0 bremsstrahlung
Jacobs [23] 1979 12.0-70.0 bremsstrahlung
Kahane [24] 1985 7.8 (n,y)
Gangrsky [25] 2003 25.0 bremsstrahlung
Naik [26] 2011 10.0 bremsstrahlung
Carrel [19] 2011 16.3, 19.3 bremsstrahlung
Naik [27] 2013 11.5-17.3 bremsstrahlung
Naik [28] 2014 8.0 bremsstrahlung
Belyshev [29] 2015 19.5-67.7 bremsstrahlung
Wen [30] 2016 22.0 bremsstrahlung
239py

Kondrat’ko [31] 1976 10.0-24.0 bremsstrahlung
Kondrat’ko [32] 1981 28.0 bremsstrahlung
Wen [30] 2016 22.0 bremsstrahlung
Bhike [33] 2017 11.0 monoenergetic photon

In the present work, we report on our high-accuracy mea-
surements of the fission product yields from photofission of
25y, 28U, and **Pu at a photon energy of E, =13 MeV.
The measurements were carried out using monoenergetic
photon beams provided by the High Intensity y-ray Source
(HIyS) facility at TUNL. The techniques employed do not
require absolute determination of the gamma-ray beam flux,
thus significantly reducing the systematic uncertainties in
the FPY measurements relative to previous results. The data
reported in this work represent the beginning of a project
aimed at obtaining FPY's for important fission products as a
function of incident photon energy. Preliminary results of this
work have been published in Ref. [35].

The following sections describe and discuss the main
features of the experimental methods, the data analysis and
results, and the comparison of our photofission results with
data from bremsstrahlung- and neutron-induced FPY mea-
surements, and conclude with a summary of our results and
findings.

II. EXPERIMENTAL DETAILS

The HIy S, located on the campus of Duke University, gen-
erated circularly polarized and monoenergetic photon beams
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FIG. 1. Schematic diagram (not to scale) of the experimental
setup using a dual-fission chamber and a 123% efficient (relative)
HPGe (high-purity germanium) detector. Placement of three ac-
tinides and Au monitor foil are also shown.

123% efficient HPGe detector

for the present experiment. Details on the HIy S facility can be
found in Ref. [36] and are briefly summarized here. The HIy S
facility produces a quasimonoenergetic Compton backscat-
tering photon beam tunable over a wide energy range with
either linear or circular polarization. A high-flux photon beam
is created by colliding relativistic electron beam bunches,
circulating in a storage ring, with photon pulses inside the
high-power optical cavity of a free-electron laser (FEL). The
electron beam current was ~100 mA. The electron beam
energy was ~623 MeV and the FEL photon wavelength was
546.5 nm, resulting in a 13.0 MeV photon beam. This beam
passed through an Al collimator of length 44.5 cm with a
cylindrical hole of 1.27 cm diameter and positioned 55 meters
downstream from the FEL photon-electron collision point in
the storage ring. This collimator diameter results in an energy
spread of 2% (FWHM) of the photon beam centroid energy.
Aluminum was chosen as the collimator material to avoid
neutrons produced via the (y, n) reaction because of its high
neutron separation energy of 13.6 MeV.

A schematic of the experimental setup in the upstream
target room of the HIy S facility is shown in Fig. 1, where the
photon beam from the FEL storage ring comes from the left
side. A key part of the setup is the dual-fission chamber (DFC)
and is described in the next section. The DFC was placed
at a distance of ~58 m from the FEL collision point, which
eliminates the need for a source-target angular-correlation
correction, because the same collimated photon flux is seen
by both chambers and the actinide targets being irradiated.

III. DATA ANALYSIS
A. FPY determination

In practice, the accurate determination of the photon beam
flux (¢) can be very challenging, and can be the main source
of systematic uncertainty in FPY measurements. The use of
our DFC provided an alternative approach to determine the
total number of fission events in the target without having to
explicitly know the fission cross section or the photon flux,
thus greatly reducing the systematic uncertainty in the mea-
surements. The FPY refers to the fraction of a fission product
produced per fission, and is usually stated as percentage per
fission, so that the total yield sums to 200%, and is related
to the total fission cross section (o) and the cross section

to produce a certain fission product (ogp) through the (y, f)
reaction as given below:

FPY = &% (1)

of
The DFC provides the quantity oy®, which is equal to
the fission rate Fp that occurred in the target. This, along
with Eq. (1), can be substituted into the activation equation
[37-39], which leads to the following expression for the FPY:

B AN,
BNl — e MiyeHa

This expression can be rewritten for each fission fragment
as follows:

FPY

2

AN, 1 1 1

FPY = )
FrN e 1 — e Mig=Ma ] — e=Min f

3

where

A = decay constant,

N = number of y rays from photopeak,

N, = number of target nuclei,

I, = intensity of the y-ray transition,

€ = full-energy peak efficiency of HPGe detector,

Fr = fission rate in target determined from DFC,

t; = time of irradiation or activation,

t; = decay time from the end of activation,

t,, = measurement time,

C; = correction factors: beam fluctuation, attenuation,
isotope correction.

A key component in obtaining accurate FPY data is the
precise quantitative determination of the number of fissions
which occur during the measurements. To accomplish this,
a specially fabricated dual-fission ionization chamber (DFC)
was used, as shown in the experimental setup (Fig. 1). Such
fission chambers have extensively been used in our neutron-
induced FPY measurements. Details of a DFC can be found in
[8,40] and they are briefly summarized here. The dual-fission
chamber was adopted from the design developed by Gilliam
et al. at NIST [41]. However, several design changes were
made to facilitate the insertion and removal of the activation
target contained between the two individual fission chambers
(FCs). The gas connections to the individual FCs are made
of stainless steel tubing. The signals from each of the FCs are
sent to the manifold via a UT-085 semi-rigid coaxial cable that
runs inside the gas line. P-10 (90% argon and 10% methane)
was used as the DFC fill gas. Signals from the FCs are input
to ORTEC 142-PC preamplifiers. The preamplified signals are
then amplified by a Canberra 2026 spectroscopic amplifier
and then fed to a Canberra Multiport I multichannel analyzer,
supported by GENIE 2000 software [42].

For the present photon-induced measurement, two thin
reference foils (3*°U in chamber 1 and 2*’Pu in chamber 2)
were used. The 2*°Pu thick activation target was placed at
the center of the fission chamber and the two other actinide
samples were placed outside at the downstream end of the
fission chamber (see Fig. 1). For >¥U, the photon flux was
calculated using the total number of fission events recorded
in the *>U fission chamber and the corresponding >*U(y, f)
cross section at 13.0 MeV (357.8 mb from Ref. [43]).
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TABLE II. Information on the reference foils and activation tar-
gets used in the present experiment. The diameter of each reference
foil and activation target is 1.27 cm.

Reference Chamber Mass Isotopic
foil no. (ng) abundance(%)
By FC1 160.36(160) 99.835(2)
29py FC2 8.52 (3) 99.954(2)
Activation Mass Isotopic

target (mg) abundance(%)

2y 223.02(2) 93.27(3)

=y 236.6(6) 99.70(8)

29py 233.0(2) 08.41(40)

Detailed information about the reference foils and activa-
tion targets used in the present work is given in Table II.
The mass of the reference foils was determined by alpha
spectroscopy using well-calibrated ionization chambers at
LANL. The uncertainty in the mass of the foils is £1%,
which is a conservative estimate of the systematic error in
the measurement method. Typical pulse-height fission spectra
produced by the DFC during the photon irradiation are shown
in Fig. 2. They are integrated to give the total number of
fissions recorded in the individual chambers.

A 123% efficient (relative to a standard 7.62 cm x 7.62 cm
Nal detector) coaxial HPGe detector was placed downstream
of the fission chamber position to measure the beam-energy
distribution. During beam-energy measurements, the pho-
ton beam was attenuated by a series of copper attenuators
mounted upstream, approximately 45 m from the location of
the DFC. The energy variation in the attenuation coefficient is
negligible over the narrow energy width of the beam, resulting
in a negligible distortion of the beam energy profile.

The spectra from these measurements were unfolded to
correct for the detector response in order to determine the
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FIG. 2. Fission chamber pulse-height spectra for the downstream
(FC1) and upstream (FC2) chambers are shown for a 13.0 MeV
incident photon beam. These chambers were loaded with 22U and
239py, respectively.

T T T T T T T T T T T T T

= —— Measured spectrum SE

g 2000 - Unfolded spectrum i
>

S

©

S

=

Qo

S

<

(2]

=

c

>

Q

®)

E, (MeV)

FIG. 3. y-ray energy spectrum (in red) measured with a 123%
HPGe detector positioned at 0° relative to the incident photon beam
axis. The full-energy peak (FEP) at 13 MeV, single escape (SE),
and double escape (DE) are labeled. In the low-energy part of the
spectrum, room background lines (indicated by the asterisk) are
clearly seen. Taking the HPGe detector response in to account, the
unfolded spectrum of the FEP (shown in blue) is obtained.

beam-energy profile. A typical energy distribution of the
incident beam is shown in Fig. 3. The FWHM resolution of
the beam at 13 MeV is ~250 keV (~2.0%). The uncertainty
in its centroid energy is less than +10 keV. After the beam-
energy measurement, the HPGe detector and attenuators were
moved to an off-axis position during the actual irradiation
measurements.

A ""Au monitor foil was also irradiated along with
the three actinides to determine the photon flux via
97 Au(y, n)'*8 Au reaction to cross-check the flux obtained
from the 2U and **Pu monitor foils in the fission chamber.
A good agreement was found within the associated uncertain-
ties after attenuation corrections were applied. Although not
needed for determining the FPYs, the incident photon flux was
found to be ~1 x 10% y/(cm?s).

B. Gamma-ray counting

After 62 hours of continuous irradiation with
~10%y /(cm?s), the target samples (**U, U, and 2°Pu)
and '"’Au monitor foil were y-ray counted in TUNL’s
low-background counting facility wusing high-efficient
(55-60% relative efficiency to 7.62 cm x 7.62 cm Nal
detector) HPGe detectors over a period of two months after
activation using a number of different counting cycles. These
detectors are elaborately lead shielded against room and
cosmic-ray background radiations. Each irradiated sample
was placed in a plastic (acrylic) container and positioned
at a distance of 5 cm from the front face of the detector
for the counting measurements. A Canberra Multiport II
multichannel analyzer was used for the data-acquisition
system, and spectra were accumulated using GENIE 2000
software [42] with active pile-up rejection. Because the
photopeak count rate in the y-ray spectrum is used to
determine the activity of the sample, the efficiency of each
detector was determined accurately using a mixed nuclide
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FIG. 4. Measured absolute efficiency for one of the HPGe detec-
tors using a mixed nuclide y-ray source. The solid curve is the fit to
the data values (see text for details). The large error associated with
the 165.8 keV y ray is due to the uncertainty in our knowledge of the
intensity of this line (1, ~ 10%) [45].

240 400 480 560 640

720

y-ray source obtained from Eckert and Ziegler [44] under
conditions identical to those used for counting the actinide
targets and monitor foil. Mixed y-ray sources are useful
since a number of energies (ranging from 59.54 to 1836.06
keV) can be measured simultaneously rather than repeating
efficiency measurements with separate sources. Because
the majority of the nuclides in the mixed source are single
y-ray emitters and therefore are not in coincidence with any
other transitions, coincidence summing effects are practically
eliminated. Figure 4 shows the efficiency curve for one of
the 55% efficient HPGe detectors. The program “effit” from
the RADWARE package [46] was used to fit the individual
efficiency data values.

Representative y -ray spectra for the three actinide samples
are shown in Fig. 5. As is seen clearly, the >*°Pu spectrum is
more complicated than that for the 2*>U and >*®U isotopes,
where less background is seen in the low energy regime.
Specific cases of decay spectra are shown in Figs. 6, 7, and
8, where y rays belonging to ¥’Kr, '“’La, °'Sr, '*°1, 7Zr,
and °! Sr fission products are shown for two different counting
conditions. These decay spectra were used to uniquely iden-
tify the products and to ensure that no interfering transitions
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FIG. 5. Typical y-ray spectra of fission products from ZU(y, f), 2*U(y, f), and *Pu(y, f). Counting conditions (decay and
measurement times) are also given. The unidentified and/or background y transitions are marked by asterisks.
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FIG. 6. Spectra showing y rays from the decay of the fission
products ¥Kr (half-life = 76.3 m) and '*La (half-life = 91.1 m)
after photofission of 2*°U. The characteristics y-ray lines are indi-
cated. The counting conditions (decay and measurement times) are
also given.

were present. Based on these data, decay activity curves for
each fission product were constructed, and the half-lives of
the fission products were determined from the cycle mea-
surements and compared to literature values. Typical decay
curves for the fission products from three actinides are shown
in Fig. 9. The associated half-life times for the fission products
are in good agreement with the literature values [45] except
for some of the weak products where the half-life deviation
is up to 10%. Several products, such as '*>Xe or '“"La, are
produced directly from fission and as daughter nuclei from
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FIG. 7. Spectra showing y rays from the decay of the fission
products *'Sr (half-life = 9.65 h) and '*I (half-life = 6.58 h) after
photofission of >**U. The characteristics y-ray lines are indicated.
The counting conditions (decay and measurement times) are also
given.

Channel Number

FIG. 8. Spectra showing y rays from the decay of the fission
products ’Zr (half-life = 16.75 h) and °'Sr (half-life = 9.65 h) after
photofission of 2**Pu. The characteristics y-ray lines are indicated.
The counting conditions (decay and measurement times) are also
given.
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FIG. 9. Decay curves of '“*La, *2Sr, and °'Sr fission products
[from 2°U(y, f), 2U(y, f), and *Pu(y, f), respectively]. The
solid lines are the fits to the measured data. The y-ray transitions
used for these nuclei are listed in Table II1. Note the logarithmic (base
e) scales on the activity axis.
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TABLE III. Nuclear data for identified fission products taken
from chart of nuclides provided in the web page of Ref. [45].

Fission product E, T\, I,
(keV) (%)

84Br 881.6 31.76(8) min 42.0
SKr™m 304.87 4.48(1) h 14.0(3)
87Kr 402.6 76.3(5) min 50.0(30)
8Kr 196.3 2.83(2)h 26.0(12)
olSr 1024.3 9.65(6) h 33.5(5)
2Sr 1383.9 2.61(1)h 90.0(60)
2y 934.4 3.54(1)h 13.9(15)
By 266.9 10.18(8) h 7.4(11)
My 918.7 18.7(1) min 56.0
S7r 724.2 64.03(1)d 44.3(2)
Zr 743.4 16.75(1) h 93.1(10)
“Mo 739.5 65.97(2) h 12.3(2)
104 358.0 18.3(3) min 89.0(9)
63Ru 497.1 39.24(1) d 91.0(12)
15Ru 7243 4.442)h 47.3(10)
105Rh 318.9 35.36(6) h 19.1(2)
115¢gs 336.2 53.46(5) h 459
1275h 685.7 3.85(5)d 36.8(4)
1298 812.97 437(3)h 48.2(8)
1308p 793.4 39.5(8) min 100.0(50)
13ISp 943 .4 23.03(4) min 47.1
128Sn 4823 59.07(14) min 59.0(70)
132Te 228.16 3.20(1)d 88.0(30)
13Te 912.6 55.4(4) min 44.0(4)
134Te 767.2 41.8(8) min 29.5(14)
BIT 364.5 8.02(1)d 81.5(8)
1331 529.9 20.83(8) h 87.0(23)
1351 1260.4 6.58(3) h 28.7(9)
135%e 249.8 9.142) h 90.0(10)
132¢Cg 667.7 6.48(1)d 97.6(9)
136Cs 1048.1 13.16(3) d 80.0(30)
1388 1435.9 33.41(18) min 76.3(16)
139Ba 165.86 1.38(1) h 23.8(4)
140Ba 537.26 12.75(1) d 24.4(2)
141Bg 190.3 18.27(7) min 45.5(20)
1921 a 641.3 91.1(5) min 47.4(10)
e 145.4 32.51(1) d 48.4(4)
43Ce 293.3 33.04(1) h 42.8(4)
146py 453.8 24.09(10) min 46.0(30)
YINd 531.0 10.98(1) d 13.4(3)
199Nd 2113 1.728(1) h 25.9(14)
S1pm 340.1 28.40(4) h 22.5(2)

other fission product parents with similar or longer half-lives.
In such cases, fitting and deconvoluting the decay curves are
necessary to determine the number of nuclei produced att = 0
(end of activation). Extensive background measurements were
performed prior to irradiation, under geometrical conditions
identical to those in the counting of the activated targets,
to check on interference in the region of interest due to the
background from target radioactivity prior to irradiation.

The relevant nuclear spectroscopic data for the fission
products measured in the present work were taken from
Ref. [45] and are given in Table III.

TABLE IV. Sources of uncertainties and their esti-
mated magnitudes. See text for details.

Source of uncertainty Magnitude (%)
Detector efficiency 2-5
Photopeak area 0.3-5
y-ray intensity 0.1-5
Half-life <0.6
y-ray absorption <0.8
Target mass 0.01-0.1
Irradiation time «1
Decay time <1
Counting time «1
UGy, ). Puly, ),

and "7 Au(y ,n) cross sections 5

C. Uncertainties

A major part of the systematic uncertainty in this measure-
ment comes from errors associated with the detector efficiency
and photopeak area analysis. A summary of the sources of
uncertainties and their estimated magnitudes is tabulated in
Table IV. The statistical uncertainties of the photopeak areas
were typically in the order of 1-2%, and only for a limited
number of y-ray transitions were the uncertainties larger,
resulting in the range of values given in the table. The error
bars on our data in the plots represent the total experimental
uncertainties, which were computed by adding statistical and
systematic uncertainties in quadrature.

IV. RESULTS AND DISCUSSION

More than 40 fission products were observed and absolute
cumulative FPYs for 23U, 238U, and *°Pu were determined,
covering a large range of nuclides in terms of half-lives rang-
ing from 20 minutes to ~32 days. The analysis procedures
closely followed those described in Ref. [8].

The results for the cumulative FPY's of the fission products
studied in the present work are tabulated in Table V. They
range from as low as 0.10% ('**Cs from photofission of >**Pu)
to as high as 9.53% (°*Y from photofission of 23*U). The
FPY distributions for photofission of 25y, 28U, and 2*°Pu are
shown in Fig. 10. For all three cases, the light product mass-
distribution is smoother than that for the heavy product mass
distribution. For 2*’Pu the light fragment mass distribution is
shifted to heavier masses compared to >*U and 2**U, while
for the heavy products the opposite trend is observed. The
difference between 23U and 2*®U FPY distributions is less
pronounced, except for the light-yield values of °>°*Y found
for 238U, although their uncertainties are fairly large.

A. 235U

There exist quite a number of bremsstrahlung-beam-
induced FPY measurements for the 2>>U(y, f) reaction in
the energy range of E, ~ 10.0-20.0 MeV. Most of these
experiments were carried out during the 1970s by Kondrat’ko
et al. [12,15], Petrzhak et al. [13,16], Aumann et al. [14], and
Thierens et al. [17]. In 1980 Jacobs et al. [18] measured and
compared the mass chain yields of fission products for the
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FIG. 10. Plot of the FPY distributions measured in the present photofission of 2°U, U, and **Pu at E, = 13 MeV. The error bars on
our data points represent the total experimental uncertainties. The lower panel shows the comparison of the FPY distributions.

photofission of *>U with 12.0 to 70.0 MeV bremsstrahlung
beams. More recently, in 2011, Carrel e al. [19] presented
new experimental results on the cumulative yields from
photofission of 233U induced by 16.3 and 19.3 MeV end-
point bremsstrahlung beams. An approach of simultaneous
detection of delayed neutrons and delayed y rays was applied
in their experimental technique.

Our FPY data obtained with a monoenergetic photon beam
at 13.0 MeV are compared in Fig. 11 to FPY data measured

with bremsstrahlung beams with end-point energies of 12
[18], 16.3 [19], and 25 MeV [17]. Jacobs et al. [18] and
Thierens et al. [17] measured the total mass-chain yields of
fission products. For the lighter fission products the agreement
between all data sets is quite remarkable, while for the heavier
products there is considerable scatter in the data.

The relative difference [= 100% x (FPY prem —
FPY present)/FPY present]  between the bremsstrahlung data
sets and present data is shown in Fig. 12. This presentation
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TABLE V. FPY (in %) determined in the present 13 MeV mo-
noenergetic photon-induced fission of 2*U, 28U, and **Pu along
with their total uncertainties.

Product FPY (%)

235U 238U 239Pu
8Br 1.77(13) 2.49(19)
SR 2.63(10) 1.27(4)
87Kr 3.45(28) 2.29(16) 1.45(12)
8Kr 3.87(22) 2.92(17) 2.08(15)
oISy 6.08(26) 5.27(18) 3.91(24)
28r 6.52(21) 4.82(15) 4.19(66)
2y 8.48(96)
By 6.14(93) 9.53(145)
Hy 6.84(37) 7.50(46) 4.71(33)
S7r 6.91(21) 6.67(22) 7.26(39)
Zr 5.97(21) 6.20(19) 6.78(38)
“Mo 5.32(20) 6.57(22) 7.42(41)
104¢ 2.37(14) 4.44(64) 1.96(14)
103Ru 2.85(13) 5.34(72) 7.24(39)
105Ru 1.90(11) 4.06(20) 6.16(39)
105Rh 1.40(17) 3.42(11)
115cgs 0.34(2)
12880 1.22(16) 1.22(22) 1.18(16)
1278b 1.31(5) 0.98(4) 2.35(18)
1298p 2.47(12) 2.59(9) 2.82(15)
1308p 0.82(6) 1.61(11) 1.36(11)
131sp 1.59(13) 5.01(33)
132Te 4.98(26) 5.44(25) 3.47(21)
133Te 4.10(42) 5.27(53) 4.03(43)
134Te 5.37(39) 7.43(51)
BIT 4.78(33) 4.51(14)
1331 6.42(33) 7.10(28) 7.02(48)
1351 4.72(21) 6.13(29)
135%e 6.38(20) 7.45(24)
132¢s 4.97(16)
B36Cga 0.17(1) 0.10(1)
138Cgs 7.74(33) 6.45(37)
19Ba 7.50(39) 8.02(31)
14084 5.52(21) 5.66(18) 5.93(31)
141Ba 4.43(27) 4.22(31)
2La 5.98(19) 5.58(18) 5.87(31)
Wlce 5.36(17)
43Ce 4.78(30) 4.92(15) 3.88(20)
146py 4.86(39)
14TNd 1.71(7) 2.71(11) 2.03(11)
199Nd 1.64(11) 2.82(10) 2.32(18)
S1pm 0.41(3) 0.78(3)
“Independent yield.

is consistent with the findings above and also suggests that
the bremsstrahlung data obtained by Jacobs et al. [18] with
end-point energy of 12 MeV is in slightly better agreement
with our data than with the two other data sets of higher
end-point energies. However, no firm conclusion can be
drawn about a definitive energy dependence of the FPYs in
the energy range studied in this work.
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FIG. 11. FPY distributions of fission products in 12- [18], 16.3-
[19], and 25-MeV [17] end-point bremsstrahlung-beam-induced fis-
sion of 2%U are compared with our present data obtained with
monoenergetic photons at 13.0 MeV. The data marked with asterisks
in the legends are the total mass-chain yields of fission products.

B. 238U

There have been a handful of bremsstrahlung-beam-
induced photofission studies on >*¥U that measure yields of
the fission products in the energy range of our present work.
Similar to the 235U(y, f) work, most of the early measure-
ments on 23U were carried out in the 1970s by the same
groups, e.g., Petrzhak et al. [20,21], Aumann et al. [14],
Thierens et al. [17], and Jacobs et al. [23]. Kahane et al. [24]
measured fission yields from the photofission of 2**U with
neutron capture y rays at an effective excitation energy of
7.8 MeV. In recent years, Naik and his group [19,26-28] have
measured the FPY values of several products from photofis-
sion of 2*¥U induced by bremsstrahlung beams with end-point
energies from 8.0 to 20 MeV. Most of their measurements
were carried out using the electron linear accelerator facilities
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FIG. 12. Differences (in %) between the previous FPY values
of 33 fission products in 12.0-25.0 MeV end-point bremsstrahlung-
beam-induced fission of 33U [17-19] and our present data. The data
marked with asterisks in the legends are the total mass-chain yields
of fission products.
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FIG. 13. Present FPY distribution data along with existing
bremsstrahlung-beam-induced photofission literature data [17,19,20,
26-30] for 28U. The data marked with asterisks in the legends are
the total mass-chain yields of fission products.

at Saclay, France and Mumbai, India. Recoil catcher and
offline y-ray spectrometric techniques were used in these
measurements. In 2015, Belyshev et al. [29] used the photon
activation method to obtain the photofission total mass-chain
distribution of 2*®U after irradiation with bremsstrahlung
beams of end-point energies of 19.5-67.7 MeV. In 2016, Wen
and Yang [30] reported a technique to measure short-lived
and relatively long-lived delayed y rays from photofission
of 28U using a 10.0 MeV end-point bremsstrahlung beam.
They measured the yields of about 11 fission products with
half-lives in the range of those in our present work.

Figure 13 shows the present FPY data in comparison
to FPYs obtained with bremsstrahlung beams of end-point
energies between 8.0 and 25.0 MeV [17,19,20,26-30].
Clearly, the bremsstrahlung-beam data do not support our
large FPY results for °>°*Y. This is an interesting observation
which requires further study with monoenergetic photon
beams of lower and higher energy than used in the present
work to investigate whether or not nuclear structure effects
might be at play.

The relative difference presented in Fig. 14 between the
bremsstrahlung-beam data with end-point energies between
8 and 25 MeV and the present data at 13.0 MeV clearly
shows that the majority of the FPYs measured with the
bremsstrahlung beam are lower in magnitude than the present
data. The FPY values obtained by Petrzhak et al. [21], Carrel
et al. [19], and Wen et al. [30] with bremsstrahlung beams of
end-point energies between 15.0 and 22.0 MeV are also con-
sistently lower in magnitude than our FPY values. This finding
is in stark contrast to the FPYs of 2°U, where the difference
in our present values and those from bremsstrahlung beams
are highly scattered (see Fig. 12).

C. ®Pu

There are only a few bremsstrahlung-beam-induced
photofission studies on 2**Pu that measure yields of the fission
products in the energy range of our work. In 1976 Kon-
drat’ko et al. [31] reported relative yields for a few photofis-
sion products of 2*Pu induced by 10.0-24.0 MeV end-point
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FIG. 14. Differences (in %) between the previous FPY values of
several fission products in 8.0-22.0 MeV end-point bremsstrahlung-
beam-induced fission of >¥U [19,21,27,28,30] and our present data
are shown.

bremsstrahlung beams. Later in 1981, the same group [32] re-
ported detailed FPY measurements on 2*’Pu at a 28 MeV end-
point bremsstrahlung beam. As in the case of 23%U, in 2016,
Wen and Yang [30] reported FPY measurements for **Pu at
a 10.0 MeV end-point bremsstrahlung beam. They measured
yields of about 13 fission products with half-lives in the
range of our present work. In our exploratory study [33] we
measured yields of eight fission products from photofission of
#Pu induced by monoenergetic photons at £, = 11.0 MeV.
In this exploratory work, a different approach was used to
measure the photon beam flux which resulted in significantly
higher uncertainties in the FPY values.

The present FPY distribution of the fission products ob-
tained in photofission of *°Pu is plotted in Fig. 15 in com-
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FIG. 15. FPY distributions of fission products in 22- [30] and 28-
MeV [19] end-point bremsstrahlung-beam-induced fission of *’Pu
are compared with our present data obtained with monoenergetic
photons at 13.0 MeV. Also shown in the plot are our previous [33]
photofission data at 11.0 MeV. This measurement was based on a
different experimental technique (see the text for details).
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FIG. 16. Differences (in %) between the previous FPY val-
ues of several fission products in 11.0 and 22.0 MeV end-point
bremsstrahlung-beam-induced fission of **Pu [30,31] and our
present data. Also shown in the figure are our previous data obtained
in 11.0 MeV monoenergetic photofission.

parison to those measured with bremsstrahlung beams with
end-point energies of 22 and 28 MeV [19,30]. Compared
0 23U(y, f) and 28U(y, f), the number of available FPY
data for >**Pu(y, f) is considerably smaller. Also shown in
this figure are previously reported FPY data obtained in our
exploratory measurement with a monoenergetic photon beam
of 11.0 MeV [33].

The relative differences between the bremsstrahlung FPY
data of Wen et al. [30] and Kondrat’ko et al. [32] and our data
are illustrated in Fig. 16. While the FPYs of Wen et al. [30]
are in good agreement with our data, the data of Kondrat’ko
et al. [32] are on the average approximately 25% lower. It is
interesting to note that the FPY data of Bhike et al. [33] agree
fairly well with the present data. The data of Bhike ef al. [33]
are normalized to the '’ Au(y, n)'*®Au cross section.

V. COMPARISON TO NEUTRON-INDUCED FPY
MEASUREMENTS

A. Same compound system

As pointed out in the Introduction, the present work is
part of a study to investigate the effect of the incoming probe
(e.g., neutron versus photon) on nuclear fission observables
[33,35,47,48]. The present FPY values measured for the three
systems, namely, > U(y, f), 2%U(y, f), and **Pu(y, f) are
compared with previous measurements and/or evaluations for
B4U(n, £), B'U(n, f), and 2¥Pu(n, f), respectively (Fig. 17)
and are tabulated in Tables VI-VIII.

Unfortunately, data and evaluations are not available at
the neutron energies of interest. In 1972 Nethaway and Men-
doza [49] determined the FPY distributions from fission of
24U with 14.8 MeV neutrons produced at the insulated-
core-transformer accelerator at Lawrence Livermore National
Laboratory. The FPY values obtained in that work are sys-
tematically lower than our present FPY values except for a
couple of fission products. Quantitatively, most of the present
25U(y, f) FPY data are in reasonably good agreement with

Mass number (A)
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FIG. 17. Present FPY values obtained from *>U(y, f),
Z8U(y, f), and *Pu(y, f) are compared with neutron-induced
fission of 2*U, 27U, and ***Pu, respectively (providing the same
compound nucleus in each case).

the average values obtained from the ENDF/B-VIIIL.O evalua-
tions at 0.5 and 14.0 MeV neutron energies. However, such
a comparison cannot be made for the other two reactions
[2"U(n, f)and 238py(n, )], for which evaluations only exist
at 20 MeV neutron energy. Qualitatively, the comparison to
these evaluations indicates good agreement. In 2000, Iyer
et al. [50] measured the absolute yields of 27 fission products
from the >**Pu(n, f) reaction with fast neutrons (average
energy ~1.9 MeV) from the highly enriched uranium-fueled
swimming pool reactor APSARA. The yield values of these
products are systematically lower than our present values.

As indicated already, these comparisons (at different ex-
citation energies) do not provide a solid conclusion, but give
valuable information about the potential of (y, f) reactions
to serve as a substitute for (n, f) reactions on the appropriate
target nuclei.

B. Same target system

Also, it is interesting to compare the FPYs obtained in
neutron-induced fission to those in photon-induced fission on
the same actinide nuclei, although the compound nuclei are
not the same. Making a quantitative connection between the
FPY distribution for fission of the same isotope induced with
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TABLE VI. FPY (in %) in 13 MeV monoenergetic photon-induced fission of 2*>U along with their total uncertainties in comparison to

measured and evaluated FPY values for the 24U (n, f) system.

Product FPY (%)
Uy, U, f) U, f)
Present work Nethaway [49] ENDF/B-VIIIL.O [45] JEFF-3.3 [45]
13 MeV 14.8 MeV 0.5 MeV 14.0 MeV 1.0 MeV

8Br 1.77(13) 1.96 1.48 1.43
87Kr 3.45(28) 2.96 3.10 3.38
8Kr 3.87(22) 3.85 3.36 4.65
o1Sr 6.08(26) 5.79 4.97 6.04
2Sr 6.52(21) 3.98 5.00 6.66
By 6.14(93) 5.2(5) 8.31 6.86 8.82
Ay 6.84(37) 6.40 5.08 7.53
SZr 6.91(21) 5.2(2) 6.33 5.03 7.05
7x 5.97(21) 5.06(30) 6.01 4.89 6.50
“Mo 5.32(20) 4.4(4) 5.08 425 5.74
1047 2.37(14) 1.32 2.08 0.67
103Ry 2.85(13) 2.42 2.30 1.36
105Ry 1.90(11) 1.24 2.13 0.25
105Rh 1.40(17) 2.21(18) 1.57 2.71 0.33
1288n 1.22(16) 0.89 2.11 0.57
1278b 1.31(5) 0.39 2.16 0.09
1298p 2.47(12) 1.62 2.82 0.82
1308p 0.82(6) 2.35 2.47 1.39
131Sh 1.59(13) 2.83 1.69 1.97
132Te 4.98(26) 4.3(4) 4.27 4.16 4.34
133Te 4.10(42) 6.27 3.00 5.44
134Te 5.37(39) 421 1.61 6.42
131 4.78(33) 3.73 3.70 2.59
1331 6.42(33) 6.79 5.81 5.52
1351 4.72(21) 4.90 3.48 6.44
35%e 6.38(20) 6.80 7.33 8.42
136Cg 0.17(1) 0.49(2) 0.06 0.72 0.02
138yt 7.74(33) 6.85 5.84 8.08
13984 7.50(39) 6.00 5.25 5.84
14084 5.52(21) 3.95(16) 5.78 3.83 5.90
4By 4.43(27) 6.46 3.32 5.62
1421 a 5.98(19) 5.99 427 6.08
8 Ce 4.78(30) 3.39(17) 6.14 3.28 5.32
146py 4.86(39) 3.07 1.91 2.76
4TNd 1.71(7) 1.32(1) 2.02 1.28 2.28
9Nd 1.64(11) 1.04 0.62 1.03
Sipm 0.41(3) 0.32 0.36 0.35

y rays or neutrons at about the same excitation energy is
relevant to applications requiring FPY data. This relationship
could potentially allow the cumulative FPY data for (n, f)
measurements to be substituted in applications requiring
(y, f) FPY values and vice versa.

Matching the excitation energies of the compound nuclei,
the present 13.0 MeV >¥U(y, f) FPYs should be compared to
235U(n, f) FPYs at approximately E, = 6.5 MeV. Neutron-
induced FPY data on 2°U are available from the work of
Gooden et al. [9,51] at E,, = 5.5 MeV, with preliminary data
at E, = 7.5 MeV. They are shown in Fig. 18 (top panel)
in comparison to our **U(y, f) FPYs. As can be seen

more clearly in the bottom panel of Fig. 18, where the rela-
tive difference between the >>*U(n, f) and 235U(y, f) FPYs
is shown, the average relative difference is approximately
—15%. The FPY data are tabulated in Table IX.

A similar conclusion can be drawn from inspecting Fig. 19,
which shows the comparison of 2¥U(n, f) and >%U(y, f)
FPYs. In this case, a neutron energy of E, = 8.2 MeV will
provide the same excitation energy of the compound nucleus
299U as achieved with 13.0 MeV photons in >**U. FPY data
at £, =7.5 and 8.9 MeV are available from the work by
Gooden et al. [9,51] and Bhatia er al. [52], respectively. They
are shown in Fig. 19 and tabulated in Table X.
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TABLE VII. FPY (in %) in 13 MeV monoenergetic photon-
induced fission of 238U along with their total uncertainties in com-
parison to evaluated FPY values for the 2" U(n, £)?8U* system.

TABLE VIII. FPY (in %) in 13 MeV monoenergetic photon-
induced fission of 2°Pu along with their total uncertainties. Also
given are the evaluated FPY values for the 2®Pu(n, £)*°Pu* system.

Product FPY (%) Product FPY (%)
Uy, f) U, f) FPu(y, f) “Pu(n, f) *®Pu(n, f)
Present work ENDF/B-VIIL.O Present work Iyer [50] ENDF/B-VIIL.O
13 MeV 20.0 MeV 13 MeV 1.9 MeV 20.0 MeV

$Br 2.49(19) 0.93 $TKr 1.45(12) 1.18
8K 1.27(4) 1.16 8Kr 2.08(15) 1.55
87Kr 2.29(16) 1.79 ISr 3.91(24) 3.82(1) 2.95
8Kr 2.92(16) 2.74 2Sr 4.19(66) 4.29(37) 3.46
olSr 5.27(18) 439 By 5.20(44) 5.56
2Sr 4.82(15) 4.81 Hy 4.71(33) 5.92(31) 4773
2y 8.48(96) 4.81 S7r 7.26(39) 9.17 442
By 9.53(145) 7.13 7r 6.78(38) 8.49(29) 5.62
My 7.50(46) 5.46 “Mo 7.42(41) 8.24(35) 6.11
S7r 6.67(22) 5.61 104¢ 1.96(14) 8.14(59) 5.70
7x 6.20(19) 5.88 163Ru 7.24(39) 10.21(15) 5.90
“Mo 6.57(22) 6.20 105Ru 6.16(39) 8.16(17) 4.76
104¢ 4.44(64) 4.64 1288n 1.18(16) 1.22(20) 0.91
103Ru 5.34(72) 4.95 1278b 2.35(18) 0.37
105Ru 4.06(20) 2.69 12981 2.82(15) 2.14(21) 1.10
105Rh 3.42(11) 3.41 1308p 1.36(11) 2.04
1288n 1.22(22) 0.81 131Sp 2.88(52) 2.91
1278b 0.98(4) 0.25 132Te 3.47(21) 8.20(7) 5.14
1298b 2.59(9) 1.01 133 4.03(43) 5.50
1398p 1.61(11) 2.03 134Te 6.26(58) 435
131Sp 5.01(33) 3.13 1317 5.72 3.92
132Te 5.44(25) 475 1331 7.02(48) 9.05 6.25
133Te 5.27(53) 5.80 1351 7.91(20) 5.74
134Te 7.43(51) 6.49 136Cg 0.10(1) 0.16
1317 4.51(14) 3.21 138Cgs 6.45(37) 6.70
1331 7.10(28) 5.50 13984 9.45(16) 5.72
1351 6.13(29) 6.59 14084 5.93(31) 9.88(82) 5.60
135X e 7.45(24) 7.62 141Bg 4.22(31) 4.69
13984 8.02(31) 6.07 92La 5.87(31) 6.81(3) 5.87
14084 5.66(18) 6.64 e 6.42(22) 4.79
e ) 5.58(18) 5.46 4Ce 3.88(20) 5.61(15) 4.54
Hlce 5.36(17) 5.58 4INd 2.03(11) 4.31(9) 2.24
43Ce 4.92(15) 4.82 19Nd 2.32(18) 1.60
YINd 2.71(11) 2.62

1%9Nd 2.82(10) 1.44

S1pm 0.78(3) 0.77

Finally, Fig. 20 focuses on the comparison of the present
Z%Pu(y, f) FPYs to those of the >*Pu(n, f) reaction. In
this case E, = 6.5 MeV matches the excitation energy of the
240py and #*°Pu compound nuclei of interest. Therefore, as in
Fig. 18, the present 2°Pu(y, f) data are compared in Fig. 20
to 2Pu(n, f)dataat E, = 5.5 MeV and E, = 7.5 MeV. FPY
values from the >*’Pu(y, f) and **’Pu(n, f) reactions are
tabulated in Table XI. The approximately —15% difference
observed in the bottom panels of Figs. 18-20 is intriguing and
deserves further study.

As discussed above, the present measured FPY values for
35U(y, f), 28U(y, f), and >*Pu(y, f) are in fairly good
agreement with the corresponding values obtained for the

B5U(n, f), 28U, f), and **Pu(n, f) systems. We found
that the average trend of the percent difference in the FPYs
between fission induced with neutrons and with y rays can
be approximated with a linear function. The similarity of the
(y, f) and (n, f) FPY distributions is likely a consequence
of the complexity of the nuclear decay paths that form the
isotopes observed in the cumulative FPY distribution. That
is, an isotope in the cumulative FPY distribution is normally
fed from multiple branches that originate from different iso-
topes in the independent FPY distribution. In contrast to
the independent FPYs, our results suggest that the cumu-
lative FPYs are not very sensitive to the nuclear-structure
details of the fissioning nucleus. This feature is likely due
to the averaging effects of the decay chains that produce the
cumulative FPYs.
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FIG. 18. FPY values obtained from photofission of U are
compared with neutron-induced fission of 2°U at 7.5 and 5.5 MeV
[9,51] in the top panel. The relative difference between the neutron-
induced data and our data is shown in the bottom panel.

VI. SUMMARY AND CONCLUSION

Fission product yields have been measured in photofission
with a monoenergetic photon beam for the “big three” ac-
tinides 23U, 28U, and °Pu. The FPYs for these isotopes
were obtained concurrently at E, = 13.0 MeV. Close to 40
fission products have been studied in the present work. The
experimental approach, data-collection, and data-analysis pro-
cedures were very similar to those applied in our previous
neutron-induced FPY measurements in the thermal to 15 MeV
neutron energy range.

TABLE IX. FPY results obtained from photofission of >°U at
E, =13 MeV and neutron-induced fission at E, = 5.5 [9,51] and
7.5 MeV [9,51].
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FIG. 19. FPY values obtained from photofission of *¥U are
compared with the neutron-induced fission of 2*U at 8.9 and 7.5
MeV [9,51,52] in the top panel. The relative difference of the
neutron-induced data and our data is shown in the bottom panel.

The present data are compared to FPYs determined with
bremsstrahlung beams of different end-point energies ranging
between approximately 8 and 26 MeV. While for >*U the
FPYs obtained with bremsstrahlung beams agree fairly well
with our data for the light products taken with monoenergetic
photon beams, considerable scatter is observed in the data for
the heavy products. Very large discrepancies are noticed for
238U for almost all fission products investigated. The situation
is similar for one of the two available >*’Pu data sets.

The comparison of the present FPY's obtained in photofis-
sion to those measured in neutron-induced fission of the

TABLE X. FPY results obtained from photofission of U at
E, = 13 MeV and neutron-induced fission at 7.5 [9,51] and 8.9 MeV
[52].

Fission E, =13 MeV E, =7.5 MeV E, =5.5MeV Fission E, =13 MeV E, = 8.9 MeV E, =7.5 MeV
products Present data Refs. [9,51] Refs. [9,51] products Present data Ref. [52] Refs. [9,51]
o1Sr 6.08(26) 4.38(20) o1Sr 5.27(18) 4.08(18)
2Sr 6.52(21) 4.16(25) 2Sr 4.82(15) 3.94(31) 4.14(24)
S7r 6.91(21) 4.95(15) 5.92(30) S7r 6.67(22) 5.37(16)
T7Zr 5.97(21) 5.02(14) 5.80(17) 7r 6.20(19) 5.52(21) 5.37(16)
“Mo 5.32(20) 4.89(21) 5.67(27) “Mo 6.57(22) 6.16(28) 6.40(24)
103Ru 2.85(13) 2.54(9) 103Ru 5.34(72) 5.59(19)
1SRy 1.90(11) 1.82(6) 15Ru 4.06(20) 1.85(8) 3.56(11)
1278b 1.31(5) 0.85(5) 0.89(6) 1278p 0.98(4) 0.83(5)
132Te 4.98(26) 4.01(24) 4.78(24) 132Te 5.44(25) 5.12(27) 5.22(30)
131y 4.78(33) 3.51(16) 4.14(19) 131y 4.51(14) 3.59(16)
1331 6.42(33) 5.20(22) 5.99(20) 1331 7.10(28) 6.98(30)
135X e 6.38(20) 4.73(29) B35Xe 6.91(23) 6.69(39)
14084 5.52(21) 4.38(14) 4.87(16) 1404 5.66(18) 6.38(27) 5.55(18)
3 Ce 4.78(30) 3.89(20) 4.19(21) 8 Ce 4.92(15) 4.39(19) 4.61(23)
4INd 1.71(7) 1.62(6) 1.92(10) 4INd 2.71(11) 2.69(15) 2.38(9)
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FIG. 20. FPY values obtained from photofission of **Pu are
compared with neutron-induced fission of **Pu at 7.5 and 5.5 MeV
[9,51] in the top panel. The relative difference of the neutron-induced
data and our data is shown in the bottom panel.

“big three” actinides at the same excitation energy of the
different compound nuclei reveals that the average FPYs in
photofission are approximately 15% larger than the average
FPYs in neutron-induced fission. FPY data in photofission
are needed at lower energies to find out whether the peculiar
energy dependence discovered in neutron-induced fission for
some fission products, especially '*’Nd [8], is also present in
photofission.

TABLE XI. FPY results obtained from photofission of 2*°Pu at
E, = 13 MeV and neutron-induced fission at E, = 5.5 [9,51], and
7.5 MeV [9,51]

Fission E, =13 MeV E, =7.5 MeV E, =5.5MeV
products Present data Refs. [9,51] Refs. [9,51]
olSr 3.91(24) 3.31(14) 3.12(13)
2Sr 4.19(66) 3.16(21) 3.18(21)
S7r 7.26(39) 5.22(15) 5.25(15)
7r 6.78(38) 5.99(14) 6.05(16)
“Mo 7.42(41) 5.86(20) 6.06(19)
1063Ru 7.24(39) 6.40(19) 6.37(19)
105Ru 6.16(39) 5.59(23) 5.43(15)
1278 2.35(18) 1.53(4) 1.33(4)
1331 7.02(48) 6.64(24) 6.59(24)
136Cs 0.10(1) 0.35(2)
140B, 5.93(31) 4.98(14) 5.07(15)
183Ce 3.88(20) 4.01(14) 4.06(15)
4INd 2.03(11) 2.12(8) 2.33(11)
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