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Consideration of memory of spin and parity in the fissioning compound nucleus by applying
the Hauser-Feshbach fission fragment decay model to photonuclear reactions
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Prompt and β-delayed fission observables, such as the average number of prompt and delayed neutrons, the
independent and cumulative fission product yields, and the prompt γ -ray energy spectra for the photonuclear
reactions on 235,238U and 239Pu, are calculated with the Hauser-Feshbach fission fragment decay (HF3D) model
and compared with available experimental data. In the analysis of neutron-induced fission reactions to the case of
photo-induced fission, an excellent reproduction of the delayed neutron yields supports a traditional assumption
that the photo fission might be similar to the neutron-induced fission at the same excitation energies regardless
of the spin and parity of the fissioning systems.
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I. INTRODUCTION

Nuclear fission phenomena have been studied in the three
distinct reaction time domains, namely in the dynamical
evolution of compound nucleus before scission, during the
statistical decay of highly excited fission fragments, and fol-
lowing the β decay of produced fission products after prompt
emission of neutrons and γ rays. The neutrons and γ rays
emitted from the fission fragments give particularly important
traces to understand this complicated process as a whole, as
the emission of these particles is governed by the strict spin,
parity, and energy conservation rules during the sequence of
fission fragment decay. How the compound nucleus in a com-
pact configuration splits into two correlated objects, where the
total fission energy is transferred into the excitation energies
of both fragments as well as the kinetic energy of their relative
motion, is one of the common questions in nuclear fission.

Total spin J of the fissioning compound nucleus formed by
a neutron-induced reaction is restricted to J = I + j, where
I is the target nucleus spin and j is the total spin of the
neutron. For example, a thermal-neutron-induced reaction on
235U (ground-state spin of 7/2−) produces the compound
states of J = 3− and 4− only. In contrast to this limited range
of J , a much wider distribution of angular momenta in the
formed fragments is often advocated for by both experimental
and theoretical studies [1–9] at the moment of scission. A
simple and classical picture of the origin of the high spin is
the torque produced by strong Coulomb repulsion between
the formed fragments, and this repulsion may strongly depend
on the configuration of two compound nuclei in the vicinity
of the scission. We may deductively infer the configuration
of fission fragments by measuring the characteristics of the
emitted neutrons and/or γ rays and comparing them with pre-
dictions from recent fission fragment decay models [10–17],
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where the statistical Hauser-Feshbach theory [18] ensures the
spin-parity conservation at each stage of the fission fragment
decay.

Recently, the Hauser-Feshbach fission fragment decay
(HF3D) model has been successfully applied to neutron-
induced fission reactions [16,17,19], including both prompt
and delayed particle emissions. Although the model depends
on some phenomenological parameters that are often deter-
mined by experimental data such as the initial mass and
kinetic energy distributions of the primary fission fragments,
essential properties of the compound nucleus just after the
scission can be studied. The HF3D model has been applied to
neutron-induced reactions, as it allows us to calculate fission
observables in a system-energy-dependent way. Photo-nuclear
fission is an alternative approach to study fission process
[20], where the electric and magnetic transitions populate
selective spin states in the compound nucleus, different from
those populated in (n, f ) reactions. By performing the HF3D
model calculations for the photo-induced fission reactions, we
may investigate if information of the spin of the fissioning
compound nucleus is transmitted to the two fission frag-
ments beyond the sudden transition from one-body compound
nucleus.

In the first-order approximation, we assume that the photo-
nuclear reaction occurring on the target nucleus (Z, A) at
the γ -ray energy of Eγ is equivalent to the neutron-induced
case on (Z, A − 1) at En = Eγ − Sn, where Sn is the neu-
tron separation energy. We expect that difference in the
spin distribution of the compound system will impact some
correlation observables, although it will be minimal for aver-
age quantities like average multiplicities of prompt particles,
and so on. In this paper, we provide HF3D analyses for
the γ -ray induced reactions on the major actinides and dis-
cuss the difference and similarity between the γ -ray and
neutron induced reactions. The HF3D model calculation is
performed with the BEOH module, which is part of the statisti-
cal Hauser-Feshbach nuclear reaction code COH3 [21]. Instead
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of performing the compound nucleus decay by applying the
Monte Carlo technique [10,11,13,15], BEOH numerically in-
tegrates the distributions of fission fragment yields, spin,
parity, and excitation energy to produce precise fission observ-
ables even when extremely small fission fragment yields are
expected.

II. THEORY

A. Spin and parity population in compound nucleus

The photo-nuclear reaction populates limited space in the
spin and parity states in a compound nucleus. In the giant
dipole resonance (GDR) region (typically around ≈10 MeV
for heavy nuclei), the E1 transition is the dominant contri-
bution to the absorption of incident γ rays, which populates
I ± 1 states with flipped parity. The M1 transition, which also
populates the I ± 1 states but with the same parity, is gener-
ally weaker in the GDR region. However, near the neutron
separation energy (≈5 MeV), M1 can be comparable for the
deformed systems [22–24]. In contrast, the neutron-induced
reactions in the same energy range lead to wider spin and
parity space in the formed compound nucleus, as the incident
neutron can bring more orbital momenta into the compound.

To illustrate the difference in the populated spin and parity
in the fissioning compound nucleus, we calculate the partial
populations for each J� to the total compound formation cross
section. The partial compound formation cross section that
produces the J� state is

σ (J,�, E ) = π

k2
gJ

∑
l j

Tl j (E ), (1)

where gJ is the spin factor, k is the incoming particle wave
number, and Tl j is the transmission coefficient for the or-
bital angular momentum l and the total spin j. The coupling
scheme is J = I + j, and we omit trivial parity conservation
here. The total compound formation is

σ (E ) =
∑
J�

σ (J,�, E ) (2)

and the partial contribution is defined as

P(E , J,�) = σ (J,�, E )

σ (E )
. (3)

For neutron-induced reactions, the partial population is
calculated from the optical model transmission coefficients.
Here we adopt the coupled-channels optical potential of
Soukhovitskii et al. [25]. For the γ -ray incident reactions,
they correspond to the partial contributions from the E1
and M1 transitions. The photo-absorption cross section can
be calculated by the quasiparticle random phase approxima-
tion (QRPA), and we apply the noniterative finite amplitude
method (FAM) [26–28] based on the Hartree-Fock-BCS
theory [29] to solve QRPA equations. From the partial compo-
nent of photo-absorption cross section σXL(E ), where X = E
or M is the type of interaction, and the multipolarity L = 1 for
the E1 and M1 transitions, the γ -ray transmission coefficient
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FIG. 1. Partial population of compound nucleus for the neutron-
induced reaction on 238U as functions of neutron energy and the
compound nucleus spin (in the unit of h̄). The top panel is for the
even parity and the bottom is for the odd parity.

TXL is given by

TXL(E ) = 2

2l + 1

(
E

h̄c

)2

σXL(E ). (4)

By substituting TXL into Eq. (1) as Tl j = TLL with a proper
parity conservation for the E and M transitions, P(J,�) is
also calculated in the photo-nuclear reaction case.

Figures 1 and 2 are the calculated partial populations with
the coupled-channels optical model and the γ -ray strength
function for the target nucleus of 238U. Obviously the com-
pound states formed by a neutron distribute over a few h̄
width in the GDR region, while 1± states are selectively
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FIG. 2. Partial population of compound nucleus for the photo-
induced reaction on 238U as functions of photon energy and the
compound nucleus spin (in the unit of h̄). The top panel is for the
even parity and the bottom is for the odd parity.
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populated by the γ -ray incident. An even-odd parity wiggle
seen in the population below 5 MeV is due to competing E1
and M1 transitions, which is also seen in the microscopic
calculations [28].

The population by a γ ray can also be estimated by
adopting global parametrization of E1 and M1, such as the
generalized Lorentzian proposed by Kopecky and Uhl [30]
with the systematic study of M1 scissors mode [24]. The result
shows much less parity fluctuation in P(J,�) compared to
the QRPA case, because the global parametrization of giant
resonances tends to have a few MeV Lorentzian widths that
are much wider than the typical spacing of the single-particle
states.

B. Hauser-Feshbach decay of fission fragments

We assume that the two fragments produced by fission
are fully equilibrated compound nuclei after they are well
separated from Coulomb repulsion. These fragments tend to
be highly excited and have high angular momenta. The HF3D
model replaces the compound nucleus decay width by the
optical model transmission coefficients in the inverse reaction
channel, as proposed by Hauser and Feshbach [18], and the
prompt fission observables are well characterized once the
initial configuration of the fission fragments is specified. Since
the details of HF3D model are discussed elsewhere [14,16,17],
here we briefly give an overview of this model. Although we
deal with the photo-induced fission in this study, the formulas
are common unless specified otherwise.

First, we define an initial population PL,H (Ex, J,�) in a
compound nucleus, where the subscript L, H stands for the
light and heavy fragments. The initial population is a joint
distribution of excitation energy GL,H (Ex ), spin RL,H (J ), and
parity P(�). The population is normalized as

∑
J�

∫
PL,H (Ex, J,�)dEx = 1. (5)

We assume the excitation energy distribution is described by
Gaussian. The spin distribution follows the shape given by the
Gilbert-Cameron level density formula [31,32], but the spin-
cutoff parameter σ 2 is scaled by an adjustable parameter fJ

RL,H (J ) = J + 1/2

( fJσL,H )2
exp

{
− (J + 1/2)2

2( fJσL,H )2

}
, (6)

to take the high spin population in the fission into account.
R(J ) satisfies the normalization condition of

∑
J R(J ) = 1. An

equal distribution is assumed for the parity distribution.
Second, the total excitation energy E of the system is

restricted by the Q value of splitting the fissioning compound
nucleus (ZCN, ACN) into the fragments (ZL, AL ) and (ZH , AH ),
as well as the total kinetic energy T taken by the acceleration
of fragments. A simple linear dependence on the incident
energy is assumed for the average total kinetic energy

T (E ) = T0 + T1Eγ , (7)

where Eγ is the incident γ -ray energy and the constant T0 is
often taken from a systematic study by Viola [33], and tuned
as necessary. The total excitation energy is divided into the

excitation energy of both the fission fragments by the so-
called RT model [10,34], the distribution width is also
determined by the dispersion of T and the kinematics [14],
and the initial population PL,H (Ex, J,�) is thus characterized.

Finally, the aggregation calculation for all the fission frag-
ment pairs requires distributions of mass and charge numbers.
The mass distribution is modeled by the five Gaussian shapes,

YP(A) =
5∑

i=1

Fi√
2πσi

exp

{
− (A − Am + �i )2

2σ 2
i

}
, (8)

where σi and �i are the Gaussian parameters, Am = ACN/2
is the midpoint of the mass distribution, and Fi is the frac-
tion of each Gaussian component. We employ Wahl’s Zp

model [35,36] for the charge distribution. Because Wahl’s
parametrization of the even-odd term in the Zp model is often
unsatisfactory to reproduce the delayed neutron yield [17,37],
we introduce rescaling factors of fZ and fN to reinforce the
even-odd effect

FZ = 1.0 + (
F W

Z − 1.0
)

fZ , (9)

FN = 1.0 + (
F W

N − 1.0
)

fN , (10)

where F W
Z and F W

N are defined in the original Zp model.

C. Model parameters for photo-induced fission

We have obtained sets of the HF3D parameters for major
actinides (235,238U and 239Pu) in our past study [17], for the
neutron-induced fission reactions up to the second-chance
fission threshold. The multichance fission parameters for 235U
were also reported by Lovell et al. [16]. Here we employ the
model parameters obtained by Okumura et al. [17], and extend
them to the multichance fission calculations for consistency.

Because the mass distribution of Eq. (8) is defined as a
relative mass to Am, these distributions can be applied to each
fission chance by shifting Am, e.g., Am = 117.5 for the first
chance of photo-induced fission on 235U, 117 for the second
chance, etc. We assume the Gaussian fractions Fi for the
photo-induced fission are the same for the neutron-induced
fission on the same target. Generally the fractions obtained by
the analysis of neutron-induced fission data depend linearly
on the incident-neutron energy En, like Fi(En) = ai + biEn,
these parameters for the photo-induced fission cases are given
by shifting the neutron separation energy Sn as Fi(Eγ ) =
ai + bi(Eγ − Sn). We further assume that RT , fJ , fZ , and fN

are the same as the neutron-induced case. Therefore, the main
difference between the neutron and photo-induced reactions
is the total kinetic energy. Our preliminary study by adopting
the same total kinetic energies as the neutron-induced data
analysis showed that the calculated average number of prompt
neutrons ν p deviates significantly from the experimental data.
Hence, we readjust T to the experimental ν p in the next
section.

D. Fission observables

The HF3D model produces several fission observables si-
multaneously, such as the average number of prompt neutrons
ν p, the average number of emitted neutrons for each fragment
mass ν(A), the prompt fission neutron and γ -ray spectra, the
independent fission product yields YI (Z, A), and so on. By
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FIG. 3. The calculated average number of prompt neutrons ν p

as functions of incident γ -ray energy compared with the available
experimental data [20,46–51]. The comparisons for 235U and 239Pu
are shifted by +1 and +2. The dashed lines are the evaluated ν p in
the IAEA photonuclear data library 2019 [52].

providing the decay data of fission products, the model also
produces the average number of delayed neutrons νd and
the cumulative fission product yields YC (Z, A). We take the
evaluated decay data of ENDF/B-VIII.0 [38] for calculating
the β-delayed components. Generally speaking, ν p is very
sensitive to the spin factor fJ , RT parameter, and total ki-
netic energy, as they restrict the available excitation energy
and the neutron γ -ray competition [14]. Although νd is also
influenced by these parameters, the even-odd term parameters
fZ and fN as well as the fragment mass distribution YP(A)
selectively determine the delayed neutron precursors [17].

Since the HF3D model has been extended to the multi-
chance fission [16], in which a few prefission neutrons remove
part of total excitation energy, all of the calculated quantities
are dependent on incident energy. We calculate these fission
observables up to 20-MeV γ -ray incident energy, where the
typical observed data are a convolution of (γ , f ), (γ , n f ),
(γ , 2n f ), and (γ , 3n f ) reactions.

III. RESULTS AND DISCUSSION

A. Average number of prompt neutrons

The average number of prompt neutrons ν p is sensitive to
the available excitation energies in the light and heavy frag-
ments, and therefore, it depends on the total kinetic energy,
T . Experimental energy dependence of T for major actinides
often shows a negative slope [39–43] except for a somewhat
flattened behavior observed at very low energies [44,45]. The
linear parameters T0 and T1 in Eq. (7) are adjusted to reproduce
the experimental ν p of the photo-induced reactions on 235,238U
and 239Pu. The calculated ν p’s are compared with experimen-
tal data [20,46–51] in Fig. 3, as well as the evaluated data in
the IAEA photonuclear data library 2019 [52]. The IAEA data
are identical to the Japanese Evaluated Nuclear Data Library,

TABLE I. The estimated total kinetic energies for the photo
fission of 235,238U and 239Pu, which are expressed as T = T0 + T1Eγ ,
where Eγ is in MeV. They are also compared with the systematics of
Viola [33].

Target CN T0 [MeV] T1 Viola [MeV]

235U 235U 171.5 −0.10 170.4
234U 171.6 −0.10 170.6
233U 170.6 −0.20 170.8

238U 238U 171.1 −0.05 169.7
237U 171.9 −0.05 169.9
236U 172.8 −0.05 170.1

239Pu 239Pu 182.0 −0.42 176.6
238Pu 179.0 −0.42 176.8
237Pu 177.1 −0.20 177.1

JENDL photonuclear data file [53] in this energy range. The
obtained parameters are tabulated in Table I and compared
with the systematics of Viola [33]. The obtained parameters
for 235,238U agree fairly well with Viola, while our 239Pu is
5.4 MeV higher. This is due to a smaller fJ parameter of
1.58 for 239Pu than 2.96 for 235,238U in Ref. [17]. The fJ

parameter and T are anticorrelated and different estimates of
fJ and T may give similar results. By comparison to the Viola
systematics, a higher fJ might be favorable; nevertheless, a
definitive conclusion cannot be cast at this point due to the
limited experimental information as well as the compensation
error between fJ and T .

In our past analysis of neutron-induced fission [14], the
total kinetic energy for 235U is estimated to be T = 171.2 −
0.18En MeV. Since T weakly depends on the target mass [33],
it might be similar to the n + 234U reaction. By shifting the
neutron separation energy of 5.298 MeV to obtain an equiv-
alent photon-incident energy, T for the γ + 235U reaction
is estimated to be 171.2 − 0.18(Eγ − 5.298) = 172.2 − 0.18
Eγ MeV. On the other hand, Viola’s systematics [33] shown
in Table I gives 170.4 MeV. These two numbers, 172.2 and
170.4 MeV, are 0.4% higher and 0.6% lower than the obtained
T (Eγ = 0) of 171.5 MeV. Although data fitting is not an ob-
jective of this study, such a difference might be compensated
by readjusting fJ to obtain the similar quality of fit to ν p, since
fJ changes the competition of neutron and γ -ray emission.
However, in such a case a survey of the experimental data on
prompt γ emission would be in order.

Experimental total kinetic energy data are generally not
monoenergetic. De Clercq et al. [54] reported measurements
of the total kinetic energy with the bremsstrahlung γ -ray
source that has the maximum γ -ray energy of 25 MeV. Their
data are 170.6 ± 2 MeV for 235U and 170.9 ± 2 MeV for
238U. The multichance fission probability weighted average
of values in Table I are 169.7 and 171.1 MeV for 235U and
238U, which agree with the experimental data.

The HF3D results slightly deviate from the linear func-
tion as assumed in the IAEA/JENDL evaluations, and this is
mainly due to the multichance fission effect. As demonstrated
by Lovell et al. [16], fission occurs at relatively low excitation
energy due to the multichance fission even though the inci-
dent particle brings large energies into the system, and ν p is
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FIG. 4. The calculated prompt fission γ -ray spectra for the photo
fission on 235,238U and 239Pu at 5, 10, 15, and 20 MeV. Each of
histograms, except for Eγ = 5 MeV, is shifted by 1.

determined by the main fissioning compound nucleus in each
multichance fission realm.

Note that although we calculate photo-induced reactions
for low energy photons as well, they are often below the
fission barriers and these calculated yields are understood to
be for the subthreshold fission. In addition to the fact the
photo-absorption cross section at a few MeV is very small,
they are rarely observed experimentally.

FIG. 5. The calculated prompt fission γ -ray spectra for the photo
fission on 235,238U and 239Pu at 10 MeV. The bottom curve is for the
case of thermal-neutron-induced fission on 235U.

B. Prompt γ-ray energy spectra

Many prominent discrete prompt fission γ -ray lines are
seen in the energy spectra, which are produced by the discrete
γ -ray transitions in the fission products shortly after scission,
or slightly delayed due to the isomer production [55,56]. We
aggregate the discrete γ rays separately and then add them
to the continuum spectrum using 10-keV energy bins. This
width roughly corresponds to the Doppler effect caused by
the moving fission fragments. The calculated γ -ray energy
spectra for selected incident γ -ray energies are shown in Fig. 4
up to 2 MeV. Sometimes a peak in the spectrum is produced
by a single discrete transition, while one histogram bin may
include a few γ lines in many cases. The calculated spectra
extend to more than 20 MeV, which is also observed in the
thermal-neutron-induced fission case [57]. Their shapes all re-
semble one another and are less informative; hence, we show
the spectra at the 10 MeV case in Fig. 5. We also compare
these spectra with the case of thermal-neutron-induced fission
on 235U, where the model parameters are the same as those by
Okumura et al. [17].

C. Cumulative fission product yields

The experimental data of cumulative fission product yields,
YC (Z, A), for photo-fission reactions are rather inaccessible.
Krishichayan et al. [58] reported 37 YC (Z, A) data for γ+235U
and 36 for γ+238U at 13 MeV; those are measured with the
monoenergetic photon beam at the HIγ S facility. We compare
our calculated results with the data of Krishichayan et al. [58]
in Fig. 6. Here we do not specify the atomic numbers for the
sake of simplicity. Each of the calculated points corresponds
to those measured values. The calculated YC (Z, A) for 235U
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FIG. 6. Calculated cumulative fission product yields at Eγ = 13
MeV compared with the experimental data of Krishichayan et al.
[58]. The top panel (a) is for 235U, and the bottom (b) is 238U.

agrees with the data reasonably well, while the case of 238U
has a large deviation in the mass range 90–95. We cannot
reproduce such high YC (Z, A) while maintaining a good fit
to the data in the heavy mass range.

Thierens et al. [59] measured the cumulative mass yields
by the bremsstrahlung photon source that has the maximum
energy of 25 MeV. Since an exact photon energy spectrum
for this measurement is unknown, we average our calculated
results with the weighting factor of w(Eγ ) = cσ f (Eγ )/Eγ ,
where σ f is the evaluated photo-fission cross section in the
IAEA photonuclear data library and c is a normalization fac-
tor. Although this would not be an exact comparison because
of an uncertain photon energy spectrum at the sample loca-
tion, Fig. 7 compares the energy-averaged mass yield

Y C (A) =
∫ ∑

Z

w(Eγ )YC (Z, A, Eγ )dEγ , (11)

which seems to be in reasonable agreement except for the
symmetric region, even though the extension of the calcula-
tion to 25 MeV is a rather long-range extrapolation. For better
reproduction of the experimental data, we may need steeper
energy dependence of the symmetric fission component.

FIG. 7. Calculated cumulative fission product yields averaged
over an estimated bremsstrahlung photon energy spectrum that
has the maximum energy of Eγ = 25 MeV compared with the
bremsstrahlung data of Thierens et al. [59]. The top panel (a) is for
235U, and the bottom (b) is 238U.

D. Average number of delayed neutrons

The average number of delayed neutrons, νd , is another
important quantity to validate the calculated YC (Z, A). When
a β-decay branch of the precursor (Z, A) includes a delayed
neutron emission mode, the delayed neutron yield from this
precursor is calculated as YC (Z, A)bNd , where b is the branch-
ing ratio to the neutron-decay mode, and Nd is usually unity
unless multiple neutron emission is allowed. The total delayed
neutron yield is thus νd = ∑

YC (Z, A)bNd , and the summa-
tion is performed on all the delayed neutron emitters. There
are about 200–300 delayed neutron emitters included in this
study.

The calculated νd is shown in Fig. 8 as a function of the
incident γ -ray energy, where the agreement with the experi-
mental data [46–48,60,61] is rather remarkable. It should be
emphasized that the calculated νd was not fitted to these data,
but they were just consequences of model calculations that
are based on the neutron-induced fission as well as the total
kinetic energies estimated from the average prompt neutrons
ν p. We also plot the evaluated νd ’s in the IAEA photonuclear
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FIG. 8. The calculated average number of delayed neutrons νd

as functions of incident γ -ray energy compared with the available
experimental data [46–48,60,61]. The dashed lines are the evaluated
νd in the IAEA Photonuclear Data Library 2019 [52].

data library in the same figure, which is again the same as
JENDL photonuclear data file [53]. It is unclear whether this
evaluation comes from a fit directly to the experimental data
or from a simple functional form. In contrast, our calcula-
tions well reproduce the data without any further adjustments.
Notable structures in the calculated νd are seen near 11 and
17 MeV, which is clear evidence of the multichance fission
effects.

As discussed before, the average prompt neutron multiplic-
ity, ν p, is evidence of energy conservation that determines the
available excitation energies for prompt particle emissions.
Even in the multi-chance fission cases, the energy conserva-
tion is still governed by the separation energy of prefission
neutrons and the average kinetic energy of the emitted prefis-
sion neutrons. Although we modestly adjusted the total kinetic
energy T to reproduce the experimental ν p, the changes in T
should be within the experimental uncertainties.

On the other hand, many other factors are involved in the
delayed neutron yields, namely the energy dependence of the
fission fragment yields YP(A), the even-odd effect, and so on.
The multichance fission probabilities change νd significantly,
because a shift of one mass unit replaces many of the delayed
neutron precursors. As shown in the decent reproduction of
νd by applying the neutron-induced fission parameters, it is
unlikely that the produced fission fragments after scission
remember the spin and/or parity of the fissioning system. Our
observation supports a traditional assumption that the photo
fission could be approximated by the neutron-induced fission

at the same excitation energies. This is in contrast to the very
different populations of spin states in the compound nucleus
between the neutron and γ -ray induced reactions as shown in
Figs. 1 and 2. Okumura et al. [17] reported an energy shift of
1.5 MeV between the experimental and theoretical νd for the
neutron-induced fission on 235U at the second-chance fission
opening of 5 MeV. Although this is still an open question,
the second-chance fission occurs near 10 MeV for the photo-
fission cases, and hence the shift if exists it becomes less
visible, together with the fact that the experimental data in
Fig. 8 are relatively scattered.

IV. CONCLUSION

The spin dependence of the nuclear fission was investigated
by applying the statistical Hauser-Feshbach fission fragment
decay (HF3D) model to the photonuclear reactions on 235,238U
and 239Pu. We performed the HF3D model calculations for
these targets by employing the model parameters obtained
for the neutron-induced fission cases, with re-adjustment of
the total kinetic energies to reproduce the average num-
ber of prompt fission neutrons. The calculated results were
compared with the experimental cumulative fission product
yields at monoenergetic 13 MeV as well as a continuous
bremsstrahlung photon source. We also conducted compar-
isons of the average number of delayed neutrons, obtaining
fairly good agreements with the experimental data. While the
populated spin and parity states in the fissioning system for
the neutron and γ -ray induced reactions are very different,
we found that the cumulative fission product yields and the
average number of delayed neutrons seem to be insensitive to
the spin and parity of the fissioning systems. This observation
supports the traditional assumption that the photofission might
be similar to the neutron-induced fission at the same excitation
energies regardless of the quantum numbers of the fissioning
systems.
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[6] P. Marević, N. Schunck, J. Randrup, and R. Vogt, Angu-
lar momentum of fission fragments from microscopic theory,
Phys. Rev. C 104, L021601 (2021).

[7] I. Stetcu, A. E. Lovell, P. Talou, T. Kawano, S. Marin, S. A.
Pozzi, and A. Bulgac, Angular Momentum Removal by Neu-
tron and γ -ray Emissions During Fission Fragment Decays,
Phys. Rev. Lett. 127, 222502 (2021).

[8] A. Bulgac, I. Abdurrahman, S. Jin, K. Godbey, N. Schunck,
and I. Stetcu, Fission Fragment Intrinsic Spins and Their Cor-
relations, Phys. Rev. Lett. 126, 142502 (2021).

[9] A. Bulgac, I. Abdurrahman, K. Godbey, and I. Stetcu, Frag-
ment Intrinsic Spins and Fragments’ Relative Orbital Angular
Momentum in Nuclear Fission, Phys. Rev. Lett. 128, 022501
(2022).

[10] B. Becker, P. Talou, T. Kawano, Y. Danon, and I. Stetcu, Monte
Carlo Hauser-Feshbach predictions of prompt fission γ rays:
Application to nth + 235U, nth + 239Pu, and 252Cf(sf), Phys. Rev.
C 87, 014617 (2013).

[11] O. Litaize and O. Serot, Investigation of phenomenological
models for the Monte Carlo simulation of the prompt fission
neutron and γ emission, Phys. Rev. C 82, 054616 (2010).

[12] D. Regnier, O. Litaize, and O. Serot, An improved numerical
method to compute neutron/gamma deexcitation cascades start-
ing from a high spin state, Comput. Phys. Commun. 201, 19
(2016).

[13] P. Talou, R. Vogt, J. Randrup, M. E. Rising, S. A. Pozzi, L.
Nakae, M. T. Andrews, S. D. Clarke, P. Jaffke, M. Jandel, T.
Kawano, M. J. Marcath, K. Meierbachtol, G. Rusev, A. Sood,
I. Stetcu, J. Verbeke, and C. Walker, Correlated prompt fission
data in transport simulations, Eur. Phys. J. A 54, 9 (2018).

[14] S. Okumura, T. Kawano, P. Jaffke, P. Talou, and S. Chiba,
235U(n, f ) independent fission product yield and isomeric ratio
calculated with the statistical Hauser-Feshbach theory, J. Nucl.
Sci. Technol. 55, 1009 (2018).

[15] P. Talou, I. Stetcu, P. Jaffke, M. Rising, A. Lovell, and T.
Kawano, Fission fragment decay simulations with the CGMF
code, Comput. Phys. Commun. 269, 108087 (2021).

[16] A. E. Lovell, T. Kawano, S. Okumura, I. Stetcu, M. R.
Mumpower, and P. Talou, Extension of the Hauser-Feshbach
fission fragment decay model to multi-chance fission,
Phys. Rev. C 103, 014615 (2021).

[17] S. Okumura, T. Kawano, A. Lovell, and T. Yoshida, Energy-
dependent calculations of fission product, prompt, and delayed
neutron yields for neutron induced fission on 235U, 238U, and
239Pu, J. Nucl. Sci. Technol. 59, 96 (2022).

[18] W. Hauser and H. Feshbach, The inelastic scattering of neu-
trons, Phys. Rev. 87, 366 (1952).

[19] T. Kawano, Unified description of the coupled-channels and
statistical Hauser-Feshbach nuclear reaction theories for low
energy neutron incident reactions, Eur. Phys. J. A 57, 16 (2021).

[20] J. A. Silano and H. J. Karwowski, Near-barrier photo fission in
232Th and 238U, Phys. Rev. C 98, 054609 (2018).

[21] T. Kawano, CoH3: The coupled-channels and Hauser-Feshbach
code, Springer Proc. Phys. 254, 27 (2021).

[22] J. L. Ullmann, T. Kawano, T. A. Bredeweg, A. Couture, R. C.
Haight, M. Jandel, J. M. O’Donnell, R. S. Rundberg, D. J.
Vieira, J. B. Wilhelmy, J. A. Becker, A. Chyzh, C. Y. Wu,
B. Baramsai, G. E. Mitchell, and M. Krtička, Cross section
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