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Abstract The TALYS nuclear reaction code’s Hauser-
Feshbach statistical decay model has been adapted in order
to calculate prompt fission neutron and y-ray observables
by iterating over deexciting fission fragments. Several fis-
sion fragment generators such as GEF, HF’D, and SPY
were employed to provide TALYS with databases. These
databases contain standardized tables with fission fragment
yields, mean excitation energies and their widths, and aver-
age total kinetic energy, as a function of charge and mass
number of primary fission fragments. The resulting calcula-
tions, including prompt particle multiplicities, spectra, aver-
age energies, and independent fission product yields, were
compared with experimental and evaluated data. This work
first outlines the new methodology implemented in TALYS
and examines the effects of three important parameters on
the final evaporation data. Furthermore, the neutron-induced
fission of 233U is investigated in detail as a function of inci-
dent energy. The results from TALYS, with input from GEF
and HFD, were compared with available experimental data
and the results of the stand-alone GEF code. The proposed
methodology contributes to an improved capability to model
the fission process.

1 Introduction

Prompt particle emission from primary fission fragments
during the nuclear fission process generates various corre-
lated prompt fission quantities. These include independent
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fission product yields, prompt fission neutron multiplicities
v, prompt fission neutron spectra (PFNS), prompt fission
y-ray multiplicities v,,, prompt fission y -ray spectra (PFGS)
and isomeric yield ratios. The characteristics of these prompt
fission quantities contain valuable information for a detailed
understanding of fission physics and are beneficial for many
nuclear applications; e.g., the evaluation of delayed neutron
yields for reactor safety [1], design of a transmutation sys-
tems for minor actinides in nuclear waste management [2],
producing radioisotopes for diagnosis and therapy [3], and
studying nuclear astrophysics, especially during the fission
cycle in the r-process.

However, comprehensive modeling of these observables
for different fissioning systems at various excitation energies
remains challenging. Moreover, the estimation of accurate
fission observables required for the aforementioned appli-
cations still relies on empirical models. For instance, Wahl
systematics for fission yields [4—6], and Madland-England
model [7] for isomeric ratios have been used in ENDF/B-
VIII [8] and JENDL-4.0 [9] evaluations. The Los Alamos
(Madland-Nix) model for PFENS [10] is based on physical
considerations; however, it takes into account only one frag-
mentation (the so-called most probable fragmentation).

During the fission process, the compound nucleus under-
goes deformation, therefore, may approach the scission point.
In binary fission, the nucleus splits into two complementary
fission fragments. Typically, this process may lead to several
hundred different fission fragment pairs. After the mass split,
the Coulomb repulsion between the nascent fragments accel-
erates them, back-to-back. The summation of the excitation
energy of the compound nucleus and the Q-value of the reac-
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tion is divided between the total kinetic energy (TKE) and
the total excitation energy (TXE). When the fragments reach
their full acceleration, the highly excited fragments deexcite
by emitting prompt fission neutrons and prompt fission y-
rays until they reach their metastables or ground states. Then
the fission products undergo 8~ decay. 8~ decay takes place
in neutron-rich independent fission products. The delayed
neutrons and delayed y-rays are emitted from the indepen-
dent fission products to become the final stable or long-lived
cumulative fission products.

Since the fission process consists of several different phys-
ical phenomena, the stages are described by different physics.
The current modeling for the prompt fission observables
often does not consider correlations among the independent
fission product yield and the other prompt fission observ-
ables, which partly causes inconsistency in the model cal-
culations [11]. Therefore, more recently, studies are also
being conducted to evaluate prompt fission observables con-
sistently.

Several computer programs have been developed to sim-
ulate the particle emission based on the sequential emission
from the excited fission fragments with or without applying
the Hauser-Feshbach statistical decay theory. These codes
are either by Monte Carlo samplings, such as CGMF [12,13],
FREYA [14,15], FIFRELIN [16-18], and GEF [19], or by
deterministic approaches, such as the Point-by-Point model
(PbP) [20], the Deterministic Sequential Emission model
(DSE) [21], and HF?D [22-24].

In this study, we propose the use of a common, con-
sistent, well-documented, and transparent nuclear deexcita-
tion code to probe biases and systematic errors in the initial
assumptions in fission physics. These systematic errors can
be compensated by fine-tuning parameters during the deex-
citation stage. We employ existing fission fragment gener-
ators to yield pre-neutron emission fission fragment mass
and energy yield distributions, including both microscopic
models [25] and phenomenological models [19,22,23]. The
nuclear reaction model code TALYS [26] calculates the evap-
oration of neutrons and y-rays from the excited fission frag-
ment to obtain prompt fission observables. In the Hauser-
Feshbach statistical decay calculation, TALYS adopts deter-
ministic techniques similar to the HF?*D model [22,23], while
so far the calculation is limited to the first-chance fission only,
in which no neutron is evaporated prior to fission.

We examine the detailed calculation of the neutron-
induced fission on 2>3U and show the calculated neutron and
y-ray multiplicities, PENS, PFGS, and independent fission
product yields, which are compared with the available exper-
imental and evaluated data.

@ Springer

2 Fission models in TALYS

The TALYS code (version: 1.96) includes several modules
for calculating fission observables. The first implementation
of mass yields in TALYS was based on a revised version of
the multi-modal random neck-rupture model (MM-RNRM).
The original model was developed by Brosa [27] to calcu-
late the properties of fission fragments at zero temperature.
The temperature is added to the model calculation of the
potential energy landscape of the nucleus [28]. A search for
the fission channels in deformation space yields the super-
long (SL), standard I (ST I), and standard II (ST II) fis-
sion barriers and pre-scission shapes as a function of tem-
perature. The obtained temperature-dependent fission barrier
and pre-scission shape parameters serve as an input option
for the fragment mass distribution computations in TALYS.
However, this model fails to agree with most experimental
fission yields [29]. Another approach to enhance the pre-
neutron mass distributions was to combine the GEF code with
TALYS through direct code translation to Fortran. However,
this method locks the code version and does not facilitate a
smooth transition to an updated fission code version. It can
also result in large discrepancies compared to recent versions
of GEF [30].

A third approach was recently implemented [31,32] and
makes use of phenomenological and empirical codes, such
as GEF [19,30], HFD [22,23], and SPY [25,33], as fission
fragment generators to create a fission fragment database
for TALYS. Employing these databases one can facilitate
comprehensive model comparisons that address systematic
errors and model defects. Figure 1 shows the workflow of
the intended approach. The starting point involves the initial
conditions defined by the fission fragment yield Yg(Z, A)
for each fragment charge Z and mass number A, the mean
excitation energy E, of its Gaussian distribution, the width
o, of the excitation energy distribution, and average total
kinetic energy (TKE) for fragment pair. TALYS uses these
databases to calculate evaporation data, e.g., neutron and y -
ray emissions sequentially until both fragments are relaxed
and reach their ground states. In this methodology, one may
iterate the calculations to tweak parameters and perform sen-
sitivity studies to reveal compensating trends and other cor-
related effects [34,35].

2.1 Generating fission fragment distribution database

This section describes two models of fission fragment gen-
erators used to produce fission fragment databases as input
to TALYS. The first model, HF?D (Hauser-Feshbach Fission
Fragment Decay), which is a statistical decay code [22,23],
has been developed to study prompt neutron and y-ray
observables from the neutron-induced fission of 239U, 238U,
and 2°Pu by the Hauser-Feshbach statistical decay code,
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Fig. 1 The proposed workflow,
where various fission models are {
used to create pre-neutron
emission databases for TALYS.
The necessary inputs to TALY'S
are fission fragment yields
Y#(Z, A), the mean excitation
energy E v, its width o, , and
average total kinetic energy
(TKE). The output from the
Hauser-Feshbach formalism of
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BeoH, with the deterministic approach so that it can calcu-
late contributions including fission fragments having very
low yield and also to ensure that isomeric production comes
from a proper decay scheme including discrete level infor-
mation. In the HF?D model, the fission fragment distribution
is generated by fitting the experimentally available Y¢r(A),
TKE(A) data and distributing excitation energy between the
complement fission fragments based on a ratio of nuclear
temperatures, the anisothermal model parameter Ry [36].
The generated (Yis(Z, A), E,, ok, , TKE) are stored in the
TALYS fission fragment database in tabulated format.

The second model, GEF [37], is a Monte Carlo-based phe-
nomenological fission model that generates both pre-neutron
emission quantities as well as deexcitation data, albeit by
employing a simple evaporation scheme. In this work, GEF
(version: 2021/1.2) was employed to produce the mass and
charge yields of primary fission fragments and correspond-
ing energies [30]. The Monte Carlo sampling was based on 1
million fission events for every reaction. The list-mode data
feature was activated to allow for an event-by-event output
of each fission simulation. In total, data files from 737 fis-
sioning nuclei were calculated, ranging from 760s to 115Mc,
at excitation energies ranging from 0 to 20 MeV. The gen-
erated (Y (Z, A), E v, 0g,, TKE) were stored in the TALYS
fission fragment database in a tabulated format. The data were
modified to include only first-chance fission. In the future,
TALYS will be responsible for assigning the multi-chance
fission probability, thus allowing for interpolation between
first-chance fission files.

L

3 Deterministic approach to the fission fragment
deexcitation

3.1 Generating the initial distributions

TALYS calculates fission fragment deexcitation by integrat-
ing the Hauser-Feshbach statistical decay calculation over the
distribution for all fission fragments, instead of Monte Carlo
sampling. The main advantage of the deterministic treatment
is that this can take account into the small probability of fis-
sion events. A technique for this is explained in Refs. [22-24].

Figure 2 shows a schematic view of the multiple neutron
and y-ray emission process from an excited fission frag-
ment (Z, A). The initial fragment (Z, A) is in the continuum
excited state and it decays to either the continuum or dis-
crete states of (Z, A — 1) by emitting a neutron and either
the continuum or discrete states of (Z, A) by emitting y-rays.
This sequential process continues until each state reaches the
ground or isomeric state.

To calculate such a deexcitation process, it requires the pri-
mary fission fragments’ quantities. TALYS reads such initial
distributions from the fission fragment databases described
above and builds an excitation energy distribution G (Ey) and
a spin-parity distribution R(J, 7, E,). The initial population
Po.z. 4 of a given fission fragment is expressed as follows:

PO,Z,A(Jv T, EX):R(Js T, EX)G(EX) (1)

TALYS assumes a Gaussian fragment excitation energy dis-
tribution with the mean excitation energy E, and the width
GEX )

1
G(E) = = )
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Fig. 2 Schematic view of the multiple neutron and y-ray emission
process from a fission fragment (Z, A). The vertical axis shows the
excitation energy and S, is the neutron separation energy. The solid
arrows represent neutron emission and the dashed vertical arrows rep-
resent y-ray emission

The angular momentum generation remains a challenge
for contemporary fission modeling [38—42]. TALYS adopts
the spin-parity distribution R(J, w, E,) by following the
functional dependency of the level density formula [43].
Since the parity distribution is 1/2, the spin-parity distribu-
tion R(J, m, E,) is assumed to be expressed as

2
RU.TE) =+ -2 F1 0 {_M} 3)
2 2f%0%(Ey) 2f20%(Ex)

A scaling factor f2 is introduced in order to assure a rea-
sonable agreement with experimental data. This new scaling
parameter controls the distribution of angular momenta for
primary fission fragments.

Another important parameter is the spin cut-off parameter
o2(E,) entering a level density model [44,45], defined as

5/3

o2(Ey) = 0.01389%,/61(@ —A), 4)

where A is the pairing energy correction, a is the asymptotic
level density parameter, and a is the level density parameter.
TALYS uses another scaling factor, f;, which represents a
global adjustment factor of the nuclear spin cut-off param-
eter, applicable for the level density model. This parameter
is multiplied to 02(E,) and affects all independent fission
products which are populated by the emission of prompt
neutrons. The distributions G(E,) and R(J, =, Ey) should
satisfy the normalization condition, i.e., f G(E\)dE, =1
and ), R(J, 7 E;) =1.

The other ingredients in the Hauser-Feshbach model cal-
culations include the optical model potentials for neutron
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and charged particles, the level density parameters, the y-
ray strength function, and the discrete level properties for all
residual nuclei. For this study, we used the Koning-Delaroche
global optical potential [46] for neutrons, a composite level
density formula (Gilbert and Cameron model [47]) using
the level density parameters and systematics from Ref. [48],
TAEA-CRP SMLO 2019 tables and IAEA GSF CRP 2018 for
El and M1 y-ray strength functions [49-51], and the discrete
level data from RIPL-3 [52].

3.2 Calculated prompt fission observables

The statistical Hauser-Feshbach calculation is performed
from the initial condition (J, , E,) of a fission fragment
(Z, A) while the results for the emitted neutrons and y-rays
arev,(Z, A, J,m, Ex)andv,(Z, A, J, 7, E,). Theseresults
are then weighted using the initial fission yields to calculate
the final observables.

The prompt fission neutron multiplicity v,(Z, A) of a
given fission fragment is calculated by adding the fission
neutron production resulting from the initial population
Po,z,.a(J, 7, Ex),

Dn(Z,A)=//Zvn(Z,A,J,n, Ey)
J.

xPENS cMms)(z,4,0,7)(€) Po,z, A(J, , Ey)dedEy, (5)

where v,(Z, A, J, , E,) is the neutron multiplicity and
PENS cMms)(z,4,7,7)(€) is the neutron kinetic energy spec-
trum in center-of-mass system (CMS). The PENScms)(z, 4)
(¢) produced by the fragment (Z, A) is given by

1
PFNS = — Z,A J, 1, E
(CMS)(Z,4) (€) S Z A /;Vn( 7, Ey)

xPENS cMms)(z,4,7,7)(€) Po,z,a(J, 7w, Ex)dE,. (6)

The fission neutron spectrum of a fragment in the labora-
tory frame, PENS 1 AB)(z,4)(E),is converted from the center-
of-mass system by Feather’s formula [53-55]:

(WE+,/E)? PENS cums) (€)
PENS .AB)(E) = ————"de,
WE-Ep? 4 JEfe
where E  is the kinetic energy per nucleon of the fission frag-

ment. The PFNS is usually plotted as ratio to a Maxwellian
spectrum:

(N

E
dm(E) = VE exp (—T—). (8)

3 M
nTM

In this work, we adopted Ty = 1.32 MeV for comparison
with experimental and evaluated data.

The y-ray observables can be obtained in a similar way to
the neutron observables. The prompt fission y-ray multiplic-
ity v, (Z, A) is calculated by using the initial population and
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the y-ray spectrum PFGS(z 4,7 7)(€) in the center-of-mass
system:

ay(z,A)Z//Zuy(z,A,J,n, E.)
J.z

XPFGS(Z,AJ’”)(G)P(),Z,A(J, T, Ex)dEdEx.
)

The PFGS 7, 4)(E) produced by the fragment (Z, A) is given
by

PFGS(Z,A)(G) = / Zvy(z, A, J,m, Ey)
J,

xPFGS(z A,7,7)(€)Po,z,a(J, 7w, Ex)dE;. (10)

Due to prompt neutron emission, the mirror symmetry
seen in the primary fission fragment yield is broken and char-
acteristic peaks appear. The independent fission product yield
Y(Z, A) is deduced from the primary fission fragment yields
Yi(Z, A):

Y(Z,A) =) Pzap(WYi(Z, A +v), (1)

where Pz 4(v) is the probability to emit v neutrons by the
primary fragment (Z, A).

4 Results and discussion
4.1 Sensitivity of fission observables on input parameters

We identified several key input parameters essential for con-
trolling the statistical decay calculation of fission fragments.
To evaluate the observables from the fission fragment deex-
citation, a sensitivity study was performed on the spin-parity
distribution and the number of continuum states. The scal-
ing factor f2 in Eq. (3) modulates the angular momentum
distribution. The other scaling factor adjusts the spin cut-
off parameter, o%(E,), by the multiplication factor f;. The
energy width of discretized continuum state Apipg is given
by

Abins(Z, A) = (EM™™ — EVl) /N, (12)

where N is the number of continuum states, £?* is the max-
imum excitation energy, and E}fvel is the excitation energy
of the last discrete level. In TALYS, N varies in response to
the number of nucleons emitted. If the number of emitted
nucleons is less than 4, the value of N remains the same as
the input value. However, if the number of emitted nucle-
ons is less than 8, the revised number of continuum states
denoted as N’ can be: N' = (1—-0.1(x —4)) x N, where x
is the number of emitted nucleons. If the number of emitted
nucleons is greater than 8, the value of N’ is reduced to half
of the initial value of N.
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Fig. 3 Sensitivity of spin cut-off parameters on PENS; o) as ratio to
aMaxwellian spectrum at Tps = 1.32 MeV with N = 300. The reaction
is 235U(nth,f), and the input data is obtained from HF?D model

4.1.1 Sensitivity on spin cut-off parameters

In our previous investigation [22], the HF*D model indicated
that f = 2.5 was necessary to reproduce the neutron observ-
ables in the neutron-induced fission of 233U up to 5 MeV
incident energy. We have chosen to set £ to a range of 46,
based on rough estimates from the same study [22]. Addi-
tionally, another recent study [56] has suggested that setting
fs within the range of 0.4-0.5 is optimal for reproducing iso-
meric yield ratios observed in experiments involving neutron
capture and other reactions.

We conducted a sensitivity analysis by varying the f2
parameter between 3 and 6 (changing in unit steps), and
the f; parameter between 0.4 and 1.0 (changing by 0.2 in
step size). The input for the TALYS calculation was based
on (Yg(Z, A), Ex, og,, TKE) obtained from HF*D. Table 1
presents a summary of the calculated values for v, vy,
(€y), and (€,). Results obtained with f 2 = 4 yield better
v, values, but smaller v, compared to those obtained with
f2 =5, 6. The results indicate a clear trend in which (€y)
decreases with increasing values of fZ and f;, respectively.
(en) also decreases as f; increases. Figure 3 shows the cal-
culated PENS 1 aB) as ratio to a Maxwellian spectrum with
f? = 4 that gives good 7,. f; value has a significant impact
on both the peak position and shape of the PENS 1 ap) above
2 MeV. Our priority is to accurately reproduce the neutron
observables, particularly v,. Therefore, the optimal spin cut-
off parameters are f> = 4 and f;, = 0.4 (see Table 1).

4.1.2 Sensitivity on the number of continuum states

A sensitivity analysis was performed to study the role of the
number of continuum states, N. The HF*D model employs

@ Springer
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Table 1 Sensitivity of prompt TALYS (HF°D)
neutron and y-ray multiplicities
(¥, and ¥y, respectively) and #of N 12 fs vy Vp (€y) (MeV) (€n) MeV)
average energies ({€,) and (€, ),
respectively) to changes in the 300 3 0.4 5.06 2.49 0.869 2.049
spin cut-off parameters for the 3 0.6 5.76 2.47 0.818 1.945
235 : ;
 Ulnun,f) reaction. (e, ) is 3 0.8 621 2.45 0.786 1.915
given in the laboratory frame
(LAB), while () ) is given in the 3 1.0 6.50 2.44 0.764 1.907
center-of-mass system (CMS) 4 0.4 6.05 241 0.772 2.079
4 0.6 6.92 2.40 0.728 1.941
4 0.8 7.48 2.39 0.699 1.899
4 1.0 7.85 2.38 0.677 1.887
5 0.4 6.85 2.35 0.714 2.107
5 0.6 7.90 2.34 0.675 1.938
5 0.8 8.55 2.33 0.646 1.886
5 1.0 8.96 2.33 0.625 1.869
6 0.4 7.45 2.30 0.681 2.132
6 0.6 8.66 2.29 0.646 1.935
6 0.8 9.36 2.29 0.617 1.876
6 1.0 9.85 2.29 0.593 1.855
ENDEF-B/VIILO [8] 8.58 241 0.85 2.00
JEFF-3.3 [57] 8.74 241 0.81
Table 2 Sensitivity of prompt TALYS (HF°D)
neutron and y-ray multiplicities
(v, and vy, respectively) and #of N 12 fs Vy Vn (€y) (MeV) (€n) (MeV)
average energies ((€,) and (e, ),
respectively) to changes in N 50 4 0.4 3.46 2.49 1.192 1.990
for the 2> U(ng,f) reaction. (€,) 100 4 0.4 487 2.43 0.923 2.045
is given in the laboratory frame 4 0.4 578 2.41 0.804 2.072
(LAB), while (e, ) is given in the
center-of-mass system (CMS) 300 4 0.4 6.05 2.41 0.772 2.079
ENDEF-B/VIILO [8] 8.58 241 0.85 2.00
JEFF-3.3 [57] 8.74 241 0.81

a constant Apips size of 100 keV for both the primary fis-
sion fragment and the decaying nucleus, while TALYS par-
titioned the excitation energy into the specified number of
N. To ensure a maximum Ap;ys Size of 500 keV, we set the
N range to be between 50 and 300. Regarding y -ray observ-
ables, both v,, and the prompt fission y -ray spectrum (PFGS)
multiplied by v,, exhibit sensitivity to N. As seen in Table 2,
the higher N value leads to more emitted y-rays. A broader
spin distribution also increases the average spin of the fission
fragment. Fission fragments with high angular momenta are
unable to reach low-excitation levels directly since the y-ray
transition is generally governed by dipole transitions. There-
fore, larger values of initial spins lead to an increase in the
number of emitted y-rays. This stands in contrast to neu-
tron emissions, highlighting a significant difference between
the two types of emissions. The v, also becomes large as N
increases because the number of continuum states increases

@ Springer

as well. TALYS sequentially gives the same number of bins
to the residual nucleus as the input, therefore, the size of bins
becomes smaller as neutrons are emitted. Figure4a shows
vy, (A), and (b) shows PFGS with different number of N. Itis
suggested that the prominent peak below 0.2 MeV in PFGS is
mainly caused by the number of continuum states effect. We
have verified that the impact of the bins parameter on neu-
tron observables is negligible, and thus we select N = 300
for improved consistency with experimental and evaluated
data. Regarding independent fission product yield, we have
confirmed that the effects of these parameters are sufficiently
insignificant.

Consequently, we have identified the input parameter set,
consisting of f 24, fs = 0.4,and N = 300, as the optimal
selection for obtaining accurate prompt neutron multiplicity
and better y-ray observables at thermal energy.



Eur. Phys. J. A (2023) 59:178 Page 70f 13 178

8 [ ;Ple;son‘ton Gorny ‘ ‘ ‘ ‘ T TALYS(QEF) and sta.nd—.alone GEF highlights.important .dif—
7l oA S0 . ferences in the deexcitation procedure, and might shed light

Z [0 ne200 - - i on valuable model discrepancies, given that the very same

T 6|4 =04, N=300 i )

s l } t input pre-neutron data was employed.

i

E Al 2 1%

> 4+ F 1 i

T b ik NG 4.2.1 Prompt neutron observables

S 2L \LL ) ; | l I /} ! W Figure 5a shows the v, (A) at thermal neutron energy. The

v Y Jﬂ fé/‘" ' - 7, (A) calculated by TALYS(GEF), TALYS(HF’D), and GEF
1 B } @@ | all show the saw-tooth shape that is consistent with experi-
0 | | M \ mental data. The TALYS(HF’D) agrees fairly well with the

I T I R I T
100 110 120 130 140 150 160

Mass number
102 T
1 Peelle(1971)
1 0 ! ) Oberstedt(2013)

/g Makii(2019) +—e—
~ o b ENDF/B-VII.O ——
> 10" E , £=0.4, N= 50
= , £70.4, N=100 ----
= 1 , £=0.4, N=200 — — -
9 10 , 1=0.4, N=300 ——-~
8 -2
= 10
I>>- 3
8 10

-4
L
b 10
1070
1076

0 2 4 6 8 10
Outgoing photon energy [MeV]

Fig. 4 Sensitivity on N of fragments after the first neutron emission to
a the mass-dependent y -ray multiplicity and b PFGS multiplied by the
y-ray multiplicity. Both calculations are the 233U(ng,,f) reaction, and
the input data is obtained from HF*D model. The enlarged view of the
lower energy region is displayed in the inset of the b

4.2 Application of the present method to neutron-induced
fission of 23U

In this section, we compare the TALYS calculation of fis-
sion observables with experimental and evaluated data of
235U(n,f) in the incident energy range from thermal up to 5
MeV. The calculations were performed for two sets of input
data, namely:

1. TALYS Hauser-Feshbach statistical decay employing the
fission fragment distributions from HF>D (denoted in the
following as TALYS(HF>D)),

2. TALYS Hauser-Feshbach statistical decay utilizing the
fission fragment distributions from GEF (denoted in the
following as TALYS(GEF).

The results of the stand-alone GEF code are also plot-
ted, they being denoted as GEF. The comparison between

experimental data, around the most probable masses. How-
ever, for far asymmetric mass splits, larger discrepancies are
observed. In case of TALY S(GEF) and GEF however, a clear
overestimation can be seen in v, (A) for the heavy fragments
and underestimates the v, (A) for the light mass region, com-
pared both with the TALYS(HF?D) and the literature data.
Around double magicity, Z = 50 and N = 82, the v,(A)
exhibits a pronounced minimum. Recent experimental find-
ings indicate a striking shift towards lighter masses [58].

Table 3 shows a summary of the calculated v,, v, aver-
age energy of neutrons and y -rays, denoted as (¢,) and (€, ),
respectively, obtained from TALYS(GEF), TALYS(HF3D),
and GEF, along with experimental and evaluated data for
comparison. The v, from TALYS(GEF) is lower than that
from GEF because v,(A) is lower over a wide mass range.
Comparing TALYS(GEF) and GEF with experimental data,
the v, (A) underestimates in the light fragment and overesti-
mates in the heavy fragment. These deviations cancel each
other, therefore, both of v, are in good agreement with the
evaluated data. For (€,), both TALYS results agree with the
evaluated value.

U, (A) of 22U(n,f) at the incident energies of 0.5 and 5.55
MeV are plotted in Fig. 5b. The results from TALYS(GEF)
are in better agreement with the experimental data from
Ref. [59] at both 0.5 and 5.55 MeV, compared to the ther-
mal data. This could probably be due to the important role
these fission data play in fine-tuning the GEF excitation
energy sharing. The energy-sorting mechanism in GEF [37]
is responsible for the higher average neutron multiplicity
from the heavy fragments. As measured by Miiller et al. [59],
the added excitation energy is mainly shared among the
heavy fragments, leading to an increase in v, (A) from the
heavy fragments. Since TALYS(GEF) uses the excitation
energies of GEF directly, it reproduces this effect where
a significant increase in v,(A) is observed for the heavy
fragment mass region. In contrast, the results obtained from
TALYS(HF?D) do not exhibit this observed trend. This dis-
crepancy is attributed to the fact that the energy-sorting in
the HF?D model is adjusted to reproduce the energy depen-
dence of v, [22,23]. TALYS reflects the difference in the
energy-sorting mechanism from GEF and HF’D model.
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Fig. 5 Mass-dependent neutron multiplicity v,(A) in the 235U(n,f)
reaction a at thermal energy and b at the incident energies of 0.5 and
5.55 MeV [59]

Figure 6 represents the v, as a function of incident neu-
tron energy ranging from thermal up to 5 MeV. The calcu-
lations show an enhanced number of emitted neutrons as a
function of incident energy, which is consistent with known
data. TALYS(HF’D) successfully reproduces the evaluated
value at thermal energy. On the other hand, TALYS(GEF)
underestimates the evaluated data at thermal energy by
about 0.1, but it agrees with the data as the incident energy
increases.

The calculated PFNS( Ap) as ratio to a Maxwellian
spectrum at Tpy = 1.32 MeV is shown in Fig. 7. Both
PFENSap) results of TALYS(GEF) and TALYS(HF’D)
do not describe the shape of experimental data above 2
MeV outgoing energy, TALYS(HF?D) has a harder tail and
TALYS(GEF) has a softer tail of PENS 1 ap). Moreover, the
results differ much between TALYS(GEF) and GEF, which
reflects the difference in the evaporation scheme in these
codes.

@ Springer

4.2.2 Prompt y-ray observables

The experimental data on the number of emitted y-rays,
vy, (A), is unfortunately still scarce. In recent years, however,
the accuracy of the v, measurements has improved due to
the development in instrumentation and novel detector sys-
tems [60]. As a consequence, recent investigations [64] shed
more light on the saw-tooth shape in v, (A).

The mass-dependent y -ray multiplicity, v, (A), calculated
in this work, shows some significant differences between
TALYS(GEF) and GEF as seen in Fig. 8a. While GEF has a
flatter v, as a function of the fragment mass, TALYS results
exhibit a more pronounced saw-tooth shape. The results agree
fairly well with the experimental data, albeit smaller y-ray
multiplicities are observed around fragment mass numbers
A = 100 to 110. Other contemporary fission codes, such as
FIFRELIN [65], PbP, and DSE [66], also verify the saw-tooth
shape in several fissioning systems.

Another important fission observable is the evolution of
the total number of released y-rays as a function of the inci-
dent neutron energy, which can be seen in Fig. 8b. A higher
excitation energy leads to an increased v,, similar to the trend
observed in the prompt fission neutrons. TALY'S agrees gen-
erally with GEF and with the evaluated data files. The cur-
rent evaluation data indicate higher v, as it is based on the
current experimental and theoretical underlying data. Tak-
ing into account these factors, TALYS tends to underesti-
mate the v,,. This underestimation is not fully understood
yet but could arise from a non-optimal spin cut-off param-
eter, which is known to strongly influence the number of
emitted y-rays. Another possible explanation is that older
experimental data pointed to a lower total number of emitted
y-rays, which is around 6.5 y-rays/fission as can be seen in
Table 3. In contrast, this value has been increasing as a func-
tion of time, where recent experimental studies indicated a
number as high as 8.2 y-rays/fission. The older data might
still be used in fine-tuning of excitation energies and spin
distributions, which could affect the current calculations.

Another aspect is the energy spectrum of the y-rays. Fig-
ure9 shows calculated PFGS multiplied by v,, compared
with experimental and evaluated data. A pronounced peak
is observed around 0.2 MeV in both TALYS(HF’D) and
TALYS(GEF) results. This peak is due to the treatment of
bins in the TALYS as mentioned in Sect.4.1.2. As a con-
sequence, the average energy of emitted y-rays tends to be
lower for TALYS results compared to other data, as shown
in Table 3.

4.2.3 Independent fission product yields
Figure 10 shows the calculated independent fission product

yield as a function of mass Y (A) for 23U(ng,,f). The results
show an agreement between TALYS(GEF) and stand-alone
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Table 3 Multiplicities of prompt neutrons and y-rays, v, and v,, and the average energies of neutrons and y-rays, (€,) and (€, ) for the B5U(ngy,f)
reaction. (e, ) is given in the laboratory frame (LAB), while (€, ) is given in the center-of-mass system (CMS)

vy Vn (€y)(MeV) (€n)(MeV)

TALYS(GEF) 6.13 2.30 0.761 1.991
TALYS(HF3D) 6.05 2.41 0.772 2.079
GEF 6.61 2.42 0.962 1.997
Oberstedt et al. [60] 8.19 £ 0.11 0.85 £ 0.02
Verbinski et al. [61] 6.70 + 0.30 0.97 £ 0.05
Pleasonton et al. [62] 6.51 +£0.30 0.99 £+ 0.07
Peelle et al. [63] 7.45 £ 0.35 0.96 + 0.05
ENDF-B/VIIL.O 8.58 2.41 0.85 2.00
JEFF-3.3 8.74 2.41 0.81
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Fig. 7 PENSap) as ratio to a Maxwellian spectrum at Ty = 1.32
MeV in the 23U(ng,,f) reaction

GEF, which could result in a similar treatment in both TALYS
and stand-alone GEF on neutron emissions that is strongly
related to the neutron separation energy. Both results repro-

Mass number
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Fig. 8 a v, (A) for thermal neutron-induced fission on >>U and b 7,
as a function of incident energy for neutron-induced fission on 2°U

duce the prominent peaks in the fission product yields, for
instance around A = 138 for heavy fragments and around
A = 94,100 for light ones. The peak at A = 134 is repro-
duced in TALYS(GEF), however, TALYS(HF’D) does not

@ Springer
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reproduce the peak while the original HF’D model repro-
duces [22].

The calculated Y (Z, A) for several fission products were
compared with the experimental data from Rudstam et
al. [67], as shown in Fig. 11. Both the TALYS(GEF) and
TALYS(HF?D) results align well with the experimental data,
with the calculated/experimental (C/E) ratio approaching 1.0
for yields above 0.001. However, there is greater disper-
sion in the C/E for Y (Z, A) below approximately 0.001.
Both TALYS results, TALYS(GEF) and TALYS(HF’D), are
roughly consistent with the tendency shown in the experi-
mental data where experimental uncertainties are also large.

5 Conclusion
A new approach for calculating nuclear fission data is pro-

posed. This procedure consists of the use of fission codes to
provide input for the Hauser-Feshbach formalism of TALYS.
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Fig. 11 Comparison of the calculated independent fission product
yield Y (Z, A) with the experimental datareported by Rudstam et al. [67]
in 25U(n,f) at thermal energy

To illustrate this method, two fission codes, GEF and HF>D,
were utilized to create databases that were subsequently used
as input for TALYS. The TALYS results are compared with
both experimental/evaluated data and the results of the stand-
alone GEF code. The development of such a database has
streamlined the inclusion of fission data from other code
developers due to the implementation of a standardized for-
mat that contains information on fission fragment yields and
their excitation energy distributions. The adoption of this new
standard format encourages fission model developers to pre-
pare and supply TALYS with input data.

The neutron-induced fission of 233U at incident energies
from thermal up to 5 MeV was chosen for the validation
of this procedure. We investigated the sensitivity of fission
observables on mainly three parameters, namely the number
of continuum states (/NV), the scaling factor for the spin cut-off
parameter in the level density formula ( f;), and the scaling
factor for the primary fission fragment angular momentum
population (f2). We chose f> = 4 and f; = 0.4 because
they showed a good agreement with neutron observables.
Moreover, we selected N = 300 particularly fine-tuned for
the average total y-ray multiplicity.

During the investigation, TALYS showed a decent agree-
ment with the experimental data of prompt neutron observ-
ables, e.g., the saw-tooth shapes of v,(A) and the total
average number of prompt neutrons as a function of inci-
dent energy. Significant differences were however observed
between TALYS(GEF) and TALYS(HF?D) results, high-
lighting again the importance of different physical consid-
erations and assumptions on the energy partition in fission.
The prompt neutron spectrum results of both TALYS(GEF)
and TALYS(HF?D) do not describe the shape exhibited by
the experimental data, pointing to the need for further inves-
tigations and model adjustments.
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Regarding the prompt y-ray observables, the TALYS
results tend to show a saw-tooth shape of v,, (A), which agrees
with recent experimental findings. Despite this, the v, is
underestimated in absolute scale. The total prompt fission
y-ray spectrum (PFGS) exhibits a strong peak around 0.2
MeV, which is believed to be a binning effect in the TALY'S
code, and it underestimates the experimental data in some
regions e.g., below 2 MeV and after 6 MeV.

The independent fission product yield Y(A) of
TALYS(GEF) is in overall good agreement with the experi-
mental data and the recent evaluations, reproducing the pro-
nounced peaks (at A = 134, 138, 100, 94) and dips in the
independent fission product yield structure. For Y (Z, A),
both TALY'S results are generally consistent with the litera-
ture data.

In the future, more correlated physical quantities will
be studied, such as cumulative fission product yield, y-ray
observables, and isomeric yield ratios. TALYS has been ear-
lier employed, to calculate isomeric yield ratios based on dif-
ferent assumed angular momentum generation in the nascent
fission fragments [68—71]. However, these calculations focus
on individual isomeric yield ratios and utilize an external
spin-energy matrix implementation. Moreover, no particu-
lar emphasis was put on the other fission observables. The
outlook from this work is to exploit the new implementation
of internal looping to generate systematic global isomeric
yield ratio investigations as a function of mass and excitation
energy taking into account the correlation between different
fission observables.
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