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Abstract

We calculate the deexcitation process of fission fragments based on the Hauser-Feshbach
statistical decay theory which was implemented in the nuclear reaction code, TALYS.
As the input of TALYS, fission fragment distribution parameters produced by three phe-
nomenological and microscopic models, GEF, HF3D, and SPY, are introduced. We review
the calculated prompt neutron observables by comparing them with available experimental
and evaluated nuclear data.

In this report, we describe (1) the method of the deterministic fission fragment distri-
bution implemented in TALYS, (2) the fission fragment distribution parameters file, and
show (3) the results on 239Pu+n system at incident neutron energy at thermal to 5 MeV.
In addition, we also examine (4) the practicality of TALYS-calculated independent fission
product yields by calculating β-decay observables, cumulative fission product yield, decay
heat, and delayed neutron yield, by the standalone Python code.
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1 Introduction

In nuclear fission, a nucleus splits into two or smaller nuclei releasing about 200 MeV energy.
It has been of interest for not only nuclear engineering applications but also the understanding
of the rapid neutron-capture process (r-process) which is the nucleosynthesis proceeding in
stellar environments. In nuclear fission, observables such as the fission product yields and the
number of emitted neutrons are quite valuable information and have been measured especially
for nuclear reactor operation and nuclear security.

Figure 1 shows the schematic view of the binary fission process. We divide the process into 3
main stages, (1) fission, (2) prompt decay, and (3) β decay.

Figure 1: The process of fission reaction

(1) The fission process starts with forming a compound nucleus by capturing a neutron at a target
nucleus and forming a compound nucleus (CN). The CN deforms and splits into two fragments
(when the binary fission is taken into account) caused by the large-amplitude collective motion.
There are many approaches to the theoretical description of nuclear fission such as fully micro-
scopic models describing the fission process by assuming the nuclear interaction between the
nucleons [1]. However, there have been limited experimental measurements performed to date,
and the majority of the existing data is after the prompt and β decay which is not comparable to
the yields calculated by fission theories. To compare the theoretical fission calculation with the
experimental observables, prompt neutron and γ evaporation and β decay processes need to be
taken into account, which are different processes from nuclear fission itself.

(2) Shortly after the scission, two split fragments accelerate due to their mutual Coulomb re-
pulsion and are highly excited, triggering the emission of prompt neutrons and γ rays to reach
the ground or metastable state. This process is generally simulated by the Hauser-Feshbach
statistical decay theory [2] and/or phenomenological models to calculate prompt γ and neutron
emission multiplicity and energy spectra as well as the independent fission product yield. The
sequential emission of prompt neutrons and γ rays have been calculated with Monte Carlo ap-
proaches in CGMF [3] followed by many works of theoretical and phenomenological model
developments such as FREYA[4], FIFRELIN[5], GEF[6], Point-by-Point[7], HF3D[8, 9, 10],
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and more works are underway. Until recently, most nuclear data evaluation works related to the
prompt fission observables were limited to the average number (multiplicity) of prompt neu-
trons and γ rays, average energy distribution (spectrum), and fission product yields produced
by combining experimental data and phenomenological models [11, 12], where more compre-
hensive models are desired.

(3) Most of fission products are unstable and therefore radioactive due to the excess of neutrons
that lead to β− decay. The fission products approach stable nuclides with rates depending on
their β−-decay half-lives and the fission product yields cumulated at a certain time is called cu-
mulative fission products. While β decaying, the β and γ heats released as a result of β− decay
and some delayed neutrons emitted from the neutron-rich fission products are also important
because they are precisely measurable fission observables.

The Nuclear Data Section in the IAEA initiated the Coordination Research Project on “Updat-
ing fission product yield data for applications”[13]. The project reviews the current possible
theoretical and phenomenological fission and decay models that have been advanced in the past
decades. In line with the CRP activities, the nuclear reaction code, TALYS [14], we added a
new feature to calculate independent fission product yield and prompt fission observables from
fission fragments based on the Hauser-Feshbach statistical decay theory [2]. In the current ver-
sion of TALYS (later than version 1.96), three different fission fragment distribution models are
prepared. In this report, we explain the outline of each fission fragment model, and how they
work in TALYS, and we report calculated results compared with experimental and evaluated
data. In addition to that, we also report the β-decay observables calculated by a standalone
Python β-decay code using calculated independent fission product yields by TALYS.
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2 The Hauser-Feshbach statistical decay theory for the fission fragment
deexcitation

2.1 Deexcitation of fission fragment

Highly excited fission fragment deexcites by emitting neutrons and γrays. The probabilities
of neutron and γ-ray emissions from fission fragment as a compound state are calculated with
neutron and γ-ray transmission coefficients, where the particle and γ competition is always in-
cluded at each stage of the compound nucleus decay, as shown in Fig. 2. The model can predict
prompt particle emission spectra, probabilities, and multiplicities, then YI(Z,A), simultane-
ously by integrating over the distribution of initial configurations.

Z, A-1Z, A

Sn(A)

Sn(A-1)

Z, A-2

Figure 2: Schematic view of the multiple neutron and γ-ray emission process from a compound nuclide (CN),
(Z,A). The solid arrows represents the neutron emission, and the dotted arrows represents the γ-ray emission.

To perform such Hauser-Feshbach statistical decay calculation, an initial configuration of each
fission fragment, namely Yff(Z,A,Ex, J,Π) of fragment yield Yff , charge Z, mass A, excitation
energyEx, spin J , and parity Π distributions are required. These distributions are often obtained
by some theoretical and/or phenomenological models for the dynamical fission process. Instead
of performing the integration, several Monte Carlo (MC) tools have been developed to calculate
the fission deexcitation process and to reproduce these observables. Although the MC technique
gives correlations in the prompt particle emissions, its lengthy computation makes it difficult to
reproduce an extremely small probability of fission fragment production and it never samples
such a case in a reasonable computational time.

Recently, the Hauser-Feshbach statistical decay theory [2] applied for the fragment deexcita-
tion process has been implemented in the HF3D model [8] using a phenomenological fission
fragment distributions fitted by the experimental Yff(A) and TKE data, which is described in
the Section 3.5. The methodology used in this report implemented in TALYS is to apply the
deterministic technique that produces the fission fragment distribution deterministic manner in
the same methodology as HF3D model, but read the distribution from the file that stores the
fission fragment distribution parameters.
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2.2 Prompt decay physical quantities

The results of statistical decay calculations may be post-processed to construct some fission
quantities, which are then compared with available experimental data. Typical quantities that
are often given in the literature are summarized in Table 1. In this report, we limit to examining
prompt neutron observables.

Table 1: Representative fission quantities comparable to experimental data.

Type Description
Yi(A) Independent fission yield as a function of mass number
Yi(Z,A,M) Independent fission yield of all isotopes including meta-stable state
ν Average number of neutrons per fission
γ Average number of γ-rays per fission
ν(A) Average neutron multiplicity as a function of fission product mass
γ(A) Average γ-ray multiplicity as a function of fission product mass
〈En〉 Average prompt neutron energy
〈Eγ〉 Average prompt γ-ray energy
〈En〉(A) Average neutron energy as a function of product mass
〈Eγ〉(A) Average γ-ray energy as a function of product mass
P(ν) Neutron multiplicity distribution
χ(ν) Prompt fission neutron energy spectrum (PFNS)
φ(γ) γ-ray energy spectrum
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3 Fission fragment distribution models in TALYS

3.1 General description

The deexcitation of the fission fragments by the Hauser-Feshbach statistical decay theory is
implemented in TALYS (later than version 1.96). As explained in Section 2.1, the methodology
used here is to apply the deterministic technique for primary fission fragment decay calculation
similar to the HF3D model [8]. In order to calculate the deexcitation of the fission fragment,
input of the initial conditions, namely Yff(Z,A,Ex, J,Π), are necessary.

Recently, Nordström et al. [15] produced a substantial fission fragment distribution dataset for
more than 700 fissionable nuclides for the 0–25 MeV incident neutron energy range for fission-
able isotopes ranging from Os to Mc by the GEF code [6]. Including the GEF produced dataset
mentioned above, TALYS incorporates three fission fragment distribution parameters dataset
produced by GEF [6, 15], HF3D [8, 9, 10], and Scission Point Yield (SPY) [16] models, so far.
The HF3D model is available for 235U, 238U, and 239Pu. The SPY model is available for Am
and Pu isotopes. The covered nuclides are shown in Fig. 3. The user can specify the fission
fragment model in TALYS input with ffmodel keyword (See TALYS manual and Section 3.3
for details).
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Figure 3: Valid range of each model.

The available models, compound nuclides, and energy ranges are expected to be extended and
be updated from time to time.

Brief descriptions for the three models will be given in Section 3.4,3.5 and 3.6.

3.2 Fission fragment distribution parameter file

The fission fragment distribution parameters generated by above models are stored in a tabulated
format file in

/talys/structure/fission/ff/ffmodel/,
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where ffmodel can be "gef", "hf3d", or "spy" for three models mentioned above. The file name
must consist of 3 fields, CN, energy, and type of ffmodel such as

/talys/structure/fission/ff/ffmodel/Elaaa/Elaaa_energyMEV_ffmodel.ff,
where El and aaa stand for the element with capitalize the first letter and mass number in 3
digit for CN, energy stands for the sum of the neutron separation energy (SN ) of CN and the
incident neutron energy (Ein) in case of the neutron induced reaction.

The example of the file format, which is inspired by the format used in the HF3D model [8], for
235U+nthermal reaction from the GEF model is shown below as an example.

# Z = 92

# A = 236

# Ex (MeV) = 6.55e+00

# Ntotal = 195

# Zl Al Zh Ah Yield TKE[MeV] TXE[MeV] El[MeV] Wl[MeV] Eh[MeV] Wh[MeV]

30 74 62 162 3.0000e-06 1.4373e+02 2.5550e+01 9.7733e+00 1.7875e+00 1.5777e+01 5.7377e+00

30 75 62 161 1.1000e-05 1.4544e+02 2.2786e+01 5.7400e+00 3.1184e+00 1.7046e+01 6.9337e+00

31 75 61 161 2.0000e-06 1.4076e+02 2.6930e+01 5.7300e+00 5.5013e+00 2.1200e+01 2.4042e+00

30 76 62 160 5.0000e-05 1.4532e+02 2.6206e+01 6.1234e+00 2.4469e+00 2.0082e+01 6.5358e+00

(omission of a middle part)

46 117 46 119 9.0000e-05 1.6262e+02 3.4208e+01 1.7155e+01 8.5389e+00 1.7053e+01 7.6726e+00

47 117 45 119 7.0000e-06 1.6130e+02 3.2700e+01 1.9750e+01 7.0597e+00 1.2950e+01 4.2823e+00

45 118 47 118 7.0000e-06 1.6167e+02 3.1759e+01 1.4299e+01 1.0776e+01 1.7460e+01 8.7686e+00

46 118 46 118 9.0000e-05 1.6435e+02 3.5416e+01 1.7522e+01 6.7362e+00 1.7893e+01 7.0032e+00

47 118 45 118 1.1000e-05 1.6072e+02 3.2713e+01 1.6269e+01 5.4600e+00 1.6444e+01 7.6689e+00

The first 5 lines represent the information of the reaction; the charge Z, the mass A of a CN
in (13x,i4) format, excitation energy Ex which is a sum of neutron separation energy SN and
incident neutron energy Ein of the compound nucleus in (13x,e8.2) format, and the number
of fragment pairs Ntotal in (13x,i4) format. In the numerical part, Zl,h, Al,h, and Y ield are
the charge, mass, and yield of the complemental fission fragments that are supposed to be
symmetric with respect to ACN/2. Therefore,

Yff(Zl, Al) = Yff(ZCN − Zl, ACN − Al) = Yff(Zh, Ah) , (1)

where CN, l, and h denote the compound nucleus, light, and heavy fragment. TKE and TXE
are the mean value of total kinetic energy and total excitation energy, and El,h and Wl,h are the
Gaussian mean and width of the partitioned TXE into two fragments. Therefore,

El + Eh = TXE . (2)

TALYS reads these parameters for each fission fragment from the file and reconstructs the
excitation energy distribution Gl,h(Ex) assumed to be a Gaussian form expressed as

Gl,h(Ex) =
1√

2πWl,h

exp

{
−(Ex − El,h)2

2W 2
l,h

}
. (3)

The spin distributionR(J,Π), which is the probability of having the state of J and Π, is assumed
to be proportional to the available spin states in the level density formula

R(J,Π) =
J + 1/2

2f 2σ2
l,h(U)

exp

{
−(J + 1/2)2

2f 2σ2
l,h(U)

}
, (4)

where σ2
l,h(U) is the spin cutoff parameter that can be altered by a keyword Rspincut which is

set to 1 by default, f 2 is the global adjustable constant for the spin cutoff parameter for fission
fragments that can be altered by a keyword Rspincutff set to 9 by default following Ref. [8],
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and U is the excitation energy corrected by the pairing energy. After creating an initial popula-
tion P (Ex, J,Π) = R(J,Π)Gl,h(Ex) for the individual fission fragment, the Hauser-Feshbach
statistical decay calculation is performed for each fission fragment. An optical potential for
neutron, γ-ray strength functions, and nuclear level densities are also essential ingredients for
such decay calculations. For them, TALYS reads information from RIPL-3 [17].

In case the exact Ein that the user specified in the input is not available, TALYS interpolates the
distribution between the nearest energy files. Some models are available for Ein > 5 MeV, but
we haven’t examined above 5 MeV at the time of compilation of this report, since the fission
fragment decay including the multi-chance fission has not yet been implemented.

3.3 TALYS input

The fission fragment model can be specified in the TALYS input, for example, ffmodel 1 for
GEF, ffmodel 2 for HF3D, and ffmodel 3 for SPY model. The fission fragment deexcitation
by the Hauser-Fesbach statistical decay needs to be specified by setting fymodel 4.

The following example shows typical input keywords to calculate 239Pu(nth,f) observables that
takes fission products with yield more than 1.0E-09 into account and outputs spectra and mass
distribution in separate files.

projectile n

element Pu

mass 239

energy 2.53E-8

ejectiles g n

filespectrum g n

massdis y

ffmodel 1

fymodel 4

Rfiseps 1.0e-9

outspectra y

bins 60

channels y

maxchannel 8

The input keyword that can affect on the calculated fission observables significantry are bins,
ldmodel, and Rfiseps. We also report the sensitivities over these two parameters in Sec-
tion 4.3.

3.4 GEF model

The GEF code [6] is the fission modelling code that attempts to provide a general description
of fission observables based on benchmarking the model with empirical datasets. The GEF
code calculates the fission observables based on the Monte Carlo sampling, which preserves
the event-by-event correlation between fission observables, such as fragment yields and kinetic
energies and the kinematics of fragments and emitted particles. A macroscopic approach is uti-
lized by deriving global fit parameters to a large set of experimental data such as fission mass
and charge yields, prompt fission neutrons, and gamma rays. The code estimates fission bar-
rier heights from the topographic theorem and derives fission fragment yields by utilizing the
Brosa model [18] with Gaussian fitting. It estimates the sharing of available energy (Q value)
between Total Kinetic Energy (TKE) and Total Excitation Energy (TXE). It further employs
statistical mechanics and the law of entropy to share the excitation energy between the frag-
ments. The TXE partitioning is determined according to a probability distribution that is given
by the product of the level densities of the individual fragments [19].
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Nordström et al. [15] used GEF as a fission event generator and performed 1,000,000 random
samplings. Then the Python script was used to calculate the average TKE and TXE of the
fission fragment pair, and to produce mean and standard deviations, El,h and Wl,h, of light and
heavy fragments from the list mode output file.

Figure 4 shows the fission fragment mass distribution for 240Pu(n,f) constracted from the Nord-
ström’s data.
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Figure 4: The energy dependence of fission fragment yield with logarithmic scale for 240Pu(n,f) with incident
neutron energies from 1 eV to 5 MeV generated by the GEF code [15].

3.5 HF3D model

The Hauser-Feshbach fission fragment decay model (HF3D) [8, 9, 10] has been developed based
on the full deterministic technique to calculate fission observables. In the HF3D model, the pri-
mary fission fragment yield Y (A) and TKE are determined by fitting experimental data with
simple analytical functions. In order to generate charge distribution Y (A,Z), ZP model [20]
is employed, and the excitation energy divide is made by the anithothermal model [21] to re-
produce ν(A). For the TALYS fission fragment distribution parameter dataset, 3 compound
nuclides, 235U, 238U, and 239Pu, for which some fittable experimental data exist, are provided.
The details of the HF3D model are explained below.

The fission fragment mass distribution Y (A) is made of the sum of multi (5 or 7) Gaussian
functions.

Y (A) =
5∑
i=1

Yi√
2πσi

exp

{
−(A− Am + ∆i)

2

2σ2
i

}
, (5)

where σi and ∆i are the Gaussian parameters, Am (= Ac/2) is the symmetry point of the mass
distribution, and Yi is the component of yield. Yi is divided into the principal peak curves Y1,5,
the inner peak curves Y2,4, and the central peak curve Y3.

Principal curves
Y1,5 are the main component of the mass distribution for high and low energy fission, and
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The shape of curves depends on the charge of the fissile nuclide ZF and the precursor
excitation energy (the projectile incident energy Einc plus the separation energy SN )

Inner peak curves
Y2,4 especially affects the shape of mass distribution for Ah = 130 and Al = Ac − 130.
The large kinetic energies and the small amount of the prompt neutron emission derives in
Y2,4.

Central peak curve
The intensity of Y3 increases with getting the precursor excitation energy bigger.

The Gaussian parameters are determined with the least square method.
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Figure 5: Fission fragment yield defined in the HF3D model. Solid lines represent each Gaussian component and
the dashed line is the sum of these Gaussians.

Every Y (A) has the charge distribution and Wahl’s ZP model [22] is employed to get yield
Y (A,Z) in HF3D model. The ZP model treats a dispersion of fractional independent yields
of primary fission products with Z for each A. In this calculation, this yield is regarded as
the fragment yield. Gaussian dispersion, modified for even-odd proton and neutron effects,
is assumed. Parameters for the model are determined by the method of least squares from
fractional independent and fractional cumulative yield values derived from experimental data.
The equations are shown with the error function of x, erf(x):

Y (A,Z) = 0.5F (A)N(A) {erf(V )− erf(W )} ,

V =
Z(A)− Zp(A) + 0.5

σZ(A)
√

2
,

W =
Z(A)− Zp(A)− 0.5

σZ(A)
√

2
,

Zp(Al,h) = ZUCD(Al,h)±∆Z(Al,h),

= Al,h × Zc/Ac ±∆Z(Al,h). (6)

where N(A) is the normalization factor, and F (A) is the even-odd factor. As shown be-
low, this factor is distinguished by even or odd for neutron and proton numbers. Parameters
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for Z for N F (A)

even even FZ(A)× FN(A)
even odd FZ(A)/FN(A)
odd even FN(A)/FZ(A)
odd odd 1/ {FZ(A)× FN(A)}

Table 2: The even-odd factors for the fission fragment yield

σZ ,∆Z, FZ , FN and their slopes with respect to A are determined in contiguous regions of A
for each fission reaction by the method of least squares. Zp(Al,h) is the most probable charge in
the fission fragment. In the UCD (Unchanged Charge Distribution) assumption, Zp(Al,h) is the
same charge proportion as its fissile nuclide. However, the actual ZP seems to be different from
ZUCD, the charge from UCD approximation, and the difference between actual one and UCD
one is called the charge polarization ∆Z.

The total kinetic energy TKE is given by a Gaussian function:

TKE(Ah) = (p1 − p2Ah)

{
1− p3 exp

(
−(Ah − Am)2

p4

)}
+ εTKE

∝ exp

(
−(Ah − Am)2

2W 2
TKE

)
(7)

where p1, p2, p3, and p4 are fitting parameters and εTKE is a small correction. Both parameters are
fitted to agree with evaluated TKE. Moreover, TKE is also represented with a width parameter
WTKE which is empirically known to be about 8-10 MeV. The total excitation energy TXE which
is shared with the light and heavy fragments is shown with this TKE,

TXE(Al, Zl;Ah, Zl) = Qf (Al, Zl;Ah, Zl)− TKE(Al, Zl;Ah, Zl)

= [Mn(Ac, Zc)−Mn(Al, Zl)−Mn(Ah, Zh)] c
2

+Einc + Sn − TKE(Al, Zl;Ah, Zl), (8)

where Qf is the Q value of the fission reaction, and Mn represents the nuclear mass. The TXE
is distributed using the RT parameter which is defined as the ratio of effective temperatures in
the fission fragments,

RT =
Tl
Th

=

√
El
Eh

ah(Eh)

al(El)
, (9)

where al,h(El,h) are the level density parameters related to shell correction at El,h. Therefore,
the energies are:

Eh = TXE
ah

R2
Tal + ah

, El = TXE
R2
Tal

R2
Tal + ah

. (10)

The TXE distribution G is also represented by a Gaussian but the width is different from the
width WTXE which propagates from WTKE due to the RT ;

G(Ex) =
1√

2πWl,h

exp

{
−(Ex − El,h)2

2W 2
l,h

}
. (11)
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In (11), Wl,h is

Wl,h =
WTXE√
E2
l + E2

h

El,h (WTXE = WTKE). (12)

Figure 6 shows the fission fragment mass distribution for 240Pu(n,f) used in Ref. [9] and are
imported to TALYS fission fragment distribution dataset.
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Figure 6: The energy dependence of fission fragment yield with logarithmic scale for 240Pu(n,f) with incident
neutron energies from thermal to 5 MeV provided from the HF3D model [9].

3.6 SPY model

The SPY model [16] is a static and statistical scission-point model that assumes a statistical
equilibrium at scission. This model is fully based on microscopic inputs, computed within the
constraint Hartree-Fock-Bogoliubov (HFB) mean-field model using the Skyrme BSk27 [23]
nucleon-nucleon effective interaction. This interaction can predict all the 2353 experimental
masses with a root-mean-square deviation of 0.5 MeV and also describe infinite homogeneous
nuclear matter properties. The main advantage of using the HFB model is it can describe nuclear
structure properties for a wide range of nuclei without phenomenological parameters apart from
those of the effective interaction.
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Figure 7: The energy dependence of fission fragment yield with logarithmic scale for 240Pu(n,f) with incident
neutron energies from thermal to 5 MeV generated by the SPY model [24].

In the SPY model, the scission configuration is defined by the proton density at the scission
neck of the fissioning nucleus. The fission fragment yields are obtained by counting the number
of available states at scission for all possible fragmentations. In regard, TKE is defined as the
mean value of Coulomb repulsion plus nuclear attraction energy between fragments. TXE is the
sum of the deformation energy and the intrinsic energy of the fission fragment pair. As TALYS
input, the SPY model provides pre-neutron fission yields of 4 compound nuclei with excitation
energies ranging from 0 to 20 MeV with a step of 2 MeV.

Figure 7 shows the fission fragment mass distribution for 240Pu(n,f) that are imported into
TALYS fission fragment distribution dataset [24].

3.7 User’s model

In the latest TALYS, users can also introduce their own fission fragment distributions by prepar-
ing the same format and by setting ffmodel 0 in the input as shown below as an example.

projectile n

element U

mass 235

energy 2.53E-8

ejectiles g n

massdis y

ffmodel 0

fymodel 4

Rfiseps 1.e-9

outspectra y

bins 60

channels y

maxchannel 8

The guidance is explained in the below Section 3.7.1 and 3.7.2.

3.7.1 Filename convention

For example, user can produce and store the fission fragment parameters in
/talys/structure/fission/ff/local/.
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For the case of thermal neutron induced fission of Am242, file name should be
/talys/structure/fission/ff/local/Am243/Am243_8.36e+00MeV_local.ff.

Note that Am243 is the CN of this reaction. The excitation energy, 8.36e+00 MeV, is the sum
of SN of CN and Ein, namely, Sn + Ein = 8.36 MeV + 2.58× 10−8 MeV. local is the fixed
keyword for the user’s model and should be in lowercase. Underscores, "_", are necessary for
the separation of fields. The extension must be "ff".

The SN of Am243 can be easily check either by TALYS calculation using following keywords
as input, from Live Chart of Nuclide 1, or from LANL SN calculator 2.

Projectile g

Element Am

Mass 243

Energy 0.1

Spherical y

Outbasic y

3.7.2 File format

The first 5 lines are the information of this input: the charge Z, the mass A of the CN, exci-
tation energy Ex which is a sum of incident neutron energy and neutron separation energy of
compound nucleus, and the number of fragment pairs Ntotal.

# Z = 92

# A = 236

# Ex (MeV) = 6.55e+00

# Ntotal = 195

# Zl Al Zh Ah Yield TKE[MeV] TXE[MeV] El[MeV] Wl[MeV] Eh[MeV] Wh[MeV]

30 74 62 162 3.0000e-06 1.4373e+02 2.5550e+01 9.7733e+00 1.7875e+00 1.5777e+01 5.7377e+00

30 75 62 161 1.1000e-05 1.4544e+02 2.2786e+01 5.7400e+00 3.1184e+00 1.7046e+01 6.9337e+00

31 75 61 161 2.0000e-06 1.4076e+02 2.6930e+01 5.7300e+00 5.5013e+00 2.1200e+01 2.4042e+00

30 76 62 160 5.0000e-05 1.4532e+02 2.6206e+01 6.1234e+00 2.4469e+00 2.0082e+01 6.5358e+00

31 76 61 160 3.0000e-06 1.4263e+02 2.5660e+01 6.4367e+00 5.2480e+00 1.9223e+01 6.4374e+00

32 76 60 160 2.0000e-06 1.4519e+02 2.4145e+01 7.6750e+00 1.6617e+00 1.6470e+01 3.2103e+00

30 77 62 159 4.0000e-05 1.4511e+02 2.4878e+01 5.8477e+00 3.0190e+00 1.9031e+01 7.3666e+00

31 77 61 159 4.6000e-05 1.4866e+02 2.2875e+01 5.2296e+00 2.7442e+00 1.7646e+01 6.6627e+00

29 78 63 158 3.0000e-06 1.3886e+02 2.1887e+01 3.8267e+00 1.5105e+00 1.8060e+01 1.2674e+01

There are some pointers on the preparation of user’s model files and to read files from TALYS
correctly.

Format
In the fourth line of the format, the number of fragment pairs is required to run calcula-
tions.
Z, A: format must be (13x,i4).
Ex: format must be (13x,e8.2).
Ntotal: format must be (13x,i4).
Column header should be at line 5.

File name
Each fission fragment file includes the sum of the projectile incident energy and the neu-
tron separation energy in the title. TALYS calculates neutron separation energy and refers
to the title when TALYS reads fission fragment files. Therefore, we need to pay attention
to the title when fission fragment files are prepared.

1https://nds.iaea.org/livechart
2https://t2.lanl.gov/nis/data/astro/molnix96/sepn.html
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.E file
Each nuclide directory must have a .E (i.e. Energy) file. In this file, available Ex, which is
the sum of the neutron separation energy of CN and projectile incident energy should
be listed. This file will be used when TALYS reads fission fragment files and inter-
polates between energies. For the case of the Am243 as CN, the file name must be

/talys/structure/fission/ff/local/Am243/Am243_local.E.
6.53e+00

7.03e+00

7.53e+00

8.53e+00

1.05e+01

1.25e+01

1.65e+01

2.05e+01

2.65e+01
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4 Calculated results

The calculated results of (1) the independent fission product yield YI(A), (2) the probabilities of
prompt fission neutron multiplicity Pν , (3) the number of prompt fission neutron as a function of
fragment mass ν(A), and (4) the prompt fission neutron spectra (PFNS) at the incident energy
Einc = 0.0253 eV (thermal) are compared with experimental and evaluated data.

Figure 8 shows Yff(A) at thermal neutron energy and the results are shown in Section 4.1.
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Figure 8: The fission fragment yields Yff(A) of three models are shown for comparison.

4.1 Thermal neutron induced fission

Figure 9 shows the calculated YI(A) together with experimental and evaluated data. The quali-
tative shape of the fragment yield is good in all models. The peak positions of YI(A), especially
for the GEF and HF3D model, are in good agreement with experimental and evaluated data.
The peak positions of GEF and HF3D are around A = 135 whereas that of the SPY is around
A = 140. This difference brings disagreement also with other fission observables.

The calculated ν are summarized in Table 3 and ν(A) are shown in Fig. 10. Rhe SPY model
shows large ν(A) around A = 130, which may lead the large ν in total. Figire 11 shows the
calculated Pν and the SPY model is approximately 1 larger neutron emission probabilities than
other models.
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Figure 9: The calculated independent fission product yields YrmI(A) shown together with the evaluated and ex-
perimental data for 240Pu(nth,f).
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Figure 10: Rhe number of prompt fission neutron ν̄(A) compared with experimental data.
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Figure 11: The prompt fission neutron multiplicity Pν .

Table 3: The calculated average number of fission neutrons ν at thermal energy compared with the evaluated value
in ENDF/B-VIII and JENDL-4.0.

GEF HF3D SPY ENDF/B-VIII JENDL-4.0
2.72 2.62 3.69 2.870488 2.87234

Figure 12 and 13 represent PFNS with a logarithmic scale and ratios to the Maxwellian at the
temperature of 1.32 MeV. Although the calculation results seem to agree with the evaluated data
in the logarithmic scale, the bump appears at around 2 MeV in all TALYS calculation results as
ratios to Maxwellian at the temperature of 1.32 MeV.
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Figure 12: The incident energy dependence of an average number of neutrons.
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Figure 13: The incident energy dependence of an average number of neutrons.

4.2 Energy dependence

The incident energy dependence of calculated ν are shown in Fig. 14 together with experimental
and evaluated data. The calculated ν for the SPY model are 1 larger than other data in entire
incident energy range. This is due to the larger excitation energies of fission fragments produced
by the SPY model than that of the other models.
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Figure 14: The incident energy dependence of an average number of neutrons.

4.3 Input keyword sensitivities

We report sensitivity analysis, that determines how different input keyword values affect a fis-
sion observables, using Rfiseps, bins, and ldmodel as variables. (See TALYS manual for the
details of these keywords.) We use the GEF model as the example.
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4.3.1 Yield cut-off: Rfiseps

The keyword, Rfiseps, is the lower limit of the fission fragment in the unit of the cross-section
that is used in the calculation. It is also expected to significantly affect the calculated yields,
the number of fission fragments, and thus the number of emitted prompt neutrons. Figure 15
shows the calculated fission observables by decreasing Rfiseps from 1.0E-02 down to 1.0E-
09. The decrease in the Rfiseps value means the increase in the number of fission fragments
being taken into account in the calculation. For the case of Rfiseps is 1.0E-02, many fission
fragments around the symmetric region are omitted from the calculation and the ν(A) loses
continuity, while Pν and PFNS are less sensitive for the Rfiseps. Generally, major evaluated
fission yield libraries contain the fission product yield even less than 10−10, therefore we take
1.0E-09 as a default, although the calculated results with less than 1.0E-09 does not look any
different in YI(A) and ν(A).
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Figure 15: Input keyword sensitivities of Rfiseps YI(A) (left top), ν(A) (right top), Pν (left bottom), and PFNS
(right bottom).

4.3.2 Excitation energy bins: bins

The excitation energy bins, bins, which is the number of divisions between the last discrete level
and the total excitation energy for the initial compound nucleus. This parameter is expected to
affect the energy release of fission fragments coarse or fine. As shown in Fig. 16, bins does not
have a large effect on YI(A) while the neutron observables change with increasing bins value
and are saturated above 60. Therefore, in this report, we use bins = 60 for all calculations.
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Figure 16: Input keyword sensitivities of 20 ≤ bins ≤ 100 on YI(A) (left top), ν(A) (right top), Pν (left bottom),
and PFNS (right bottom).

4.3.3 Level density model: ldmodel

The level density model is another important variables for the fission fragment evapolation
calculation. The ldmodel = 1, 2, 3 are Constant Temperature + Fermi gas model (CTM), Back-
shifted Fermi gas Model (BFM), and Generalised Superfluid Model (GSM), respectively, and
ldmodel ≥ 4 are from theoretical models. In this report, we examine 1 ≤ ldmodel ≤ 5.

Figure 17 shows the calculated results by changing ldmodel in the input. For the case of
ldmodel = 3, it gives significant difference in YI(A) at the heavy mass region as well as
ν(A) and probability of neutron multiplicity distribution. For ldmodel = 5 case, the neu-
tron emissions from light fragments surpress compared to that of the other ldmodel, and as a
result the probability of neutron multiplicity distribution is also different trend than the other
ldmodel. There is a large difference in the high-energy tail of PFNS between ldmodel = 1 and
ldmodel = 2, 3. In this report, we use ldmodel = 1 as a default so that we can compare the
calculated results to that of by the other Hauser-Feshbach based codes.
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Figure 17: Input keyword sensitivities of ldmodel YI(A) (left top), ν(A) (right top), the Pν (left bottom), and
PFNS (right bottom).
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5 β decay

5.1 Stand alone Python β-decay module

The fission products undergo β decay after prompt neutrons and γ emissions. They also emit
β- and γ-rays while β decaying. Additionally, some neutron-rich nuclides, so-called delayed
neutron precursors, emit β-delayed neutron with a very small probability Pn. Figure 18 shows
the β-decay scheme of A=141. The independent yields, which is produced directly after the
prompt emission decay, accumulate to the cumulative yields by following the decay chain, and
the build-up yields at the final nuclide in the beta-decay chain in the same A is called mass
chain yield.

𝐗𝐞𝟓𝟒
𝟏𝟒𝟏

𝐂𝐬𝟓𝟓
𝟏𝟒𝟏

𝐁𝐚𝟓𝟔
𝟏𝟒𝟏

𝐋𝐚𝟓𝟕
𝟏𝟒𝟏

𝐂𝐞𝟓𝟖
𝟏𝟒𝟏

𝐏𝐫𝟓𝟗
𝟏𝟒𝟏

𝐈𝟓𝟑
𝟏𝟒𝟏

β–

β–

β–

β–

β–

β–

n

n

n

A=141  β- decay chain

Independent yield

Cumulative yield

Mass chain yield

Figure 18: β-decay scheme of A=141 accompanied by delayed neutron emissions.

The time evolution of nuclide yield undergoing a linear decay chain is governed by a set of
a first-order differential equations, called Bateman equations [25]. The Bateman equations
for radioactive decay case of i-nuclide series in linear chain describing nuclide yield are as
follows:

dN1

dt
= −λ1N1(t)

dNi

dt
= λi−1Ni−1(t)− λiNi(t) (i = 2, n) , (13)

where λi is the decay constant of ith nuclide. By assuming zero yields of all progeny after time
t, the yield of nth nuclide in the specific decay chain is given by:

Nn(t) =
N1(0)

λn

n∑
i=1

λicie
(−λit)

cn =
n∑

j=1,i 6=j

λj
λj − λi

, (14)

where C is the length of the decay chain and the decay chain must be linearized like shown in
Fig. 19. Such decay chain is produced from the evaluated decay data libraries [26, 27, 28]. The
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Bateman equations usually assume that a decay chain involves no branching (i.e. linear) and
that there are only nuclides with a unique λ in the chain, so one needs to linearize all possible
decay paths. If there is the same λ, infinite terms appear in the equation, thus the sum does
not converge. The presence of infinities does not affect a lot in our case to estimate bulk β-
decay observables, so we artificially shift the constants 0.001% that are equal and obtain an
approximate solution [29].

Chain 1

Chain 2

Chain 3

Figure 19: β-decay chain of 99Mo.

In order to calculate decay heats, the average energies of β and γ components 〈Eβ,γ〉 from
fission products are imported from the evaluated decay data libraries, and the weighted sums of
them as a function of time t following a single fission event are calculated based on the yield
from the solution of the Bateman equation Ni(t) as follows:

DHβ,γ(t) =
∑
β,γ

〈Eβ,γ〉λβ,γNi(t) (15)

Similarly, delayed neutron yields νd as a function of time t and the average total delayed neu-
tron emission νd at a long enough time (t=1000y) from independent fission products can be
calculated by:

νd(t) =
∑

PnλnNi(t) (16)

νd =
∑

PnNi(t) (t = 1, 000y) . (17)
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5.2 Calculated β-decay observables from TALYS’ independent fission product yields

We further asses independent fission yields calculated by TALYS with ffmodel 1 + fymodel

4 for 239Pu(nth,f) by calculating β-decay observables. For this purpose, the standalone Python
β-decay code described above is employed. The JENDL2015 decay data library is used for the
decay information and average β and γ energy releases 〈Eβ,γ〉.

5.3 Thermal neutron induced fission

Figure 20 shows the β (top left), γ (top right) components and total decay heat, and delayed neu-
tron yields as a function of cooling time after a fission burst. In the legends, "GEF+TALYS" and
"JENDL-5", stand for calculated results using independent fission yields calculated by TALYS
with ffmodel 1 and fymodel 4 and independent fission yields data in JENDL-5.0, respectively.
For the decay heats, β (top left), γ (top right) components and total well reproduce the exper-
imental data, while the delayed neutron yields are overestimated at all time steps compared to
JENDL-5.
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Figure 20: β (top left), γ (top right) components, and total (bottom left) of decay heats and delayed neutron yield
(bottom right) as a function of cooling time calculated using 239Pu(nth,f) independent fission product yields from
TALYS output using GEF model.

5.4 Energy dependence

The calculated decay heats and delayed neutron yields for the incident neutron energies from 1
to 5 MeV are shown in Fig. 21. Though the experimental data of the incident neutron energy
dependence are not readily accessible, we see the tendency of decreasing with increasing the
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incident neutron energy for the decay heats. This can be explained as follows: The asymmetric
distributions of fission product mass distribution is well-known for the fissioning system such
as 235U(nth,f) or 239Pu(nth,f), and it becomes considerably broader at higher neutron energy.
Then the decay heat dominant nuclides decrease as the asymmetric components decrease and
symmetric components increase. For the energy dependence of delayed neutron yield, it slightly
increases once at 1 MeV and then decrease with increasing the incident neutron energy.
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Figure 21: Calculated decay heats (left) and delayed neutron yield (right)as a function of cooling time for 1–5 MeV
incident neutron energy of 239Pu(n,f) independent fission product yields from TALYS output using GEF model.

The average delayed neutron yield νd, which is an integral of the cooling time dependent de-
layed neutron yield shown in Fig. 21 (left), as a function of incident neutron energy is shown
in Fig. 22. Generally, the delayed neutron yields are very sensitive to the yields of so-called
"delayed neutron precursors" such as 91−97Rb, however, we don’t fit any data to reproduce these
β-decay observables, which is out of the scope of this report.
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6 Summary

In this report, we described the capability of the deexcitation process for fission fragments calcu-
lating with the Hauser-Feshbach statistical decay theory in the nuclear reaction code, TALYS.
The implementation is important for the nuclear data evaluation work, where consistent and
correlated fission observables are required.

Three different fission fragment models, GEF, HF3D, and SPY are available for currently
TALYS (version 1.96) as inputs of fission fragments distribution, which is characterized by
mass A, charge Z, total excitation energy (TXE), spin J , and parity Π, Yff(A,Z,TXE, J,Π).
For users’ sake, TALYS also read the users’ original distribution in files produced by theoretical
or phenomenological fission fragment models to assess their competencies.

We calculated prompt neutron fission observables at incident neutron energy from thermal to
5 MeV. The results for 239Pu + n reaction starting with GEF (ffmodel 1), HF3D (ffmodel 2),
and SPY (ffmodel 3) model fission fragment distribution parameters and the Hauser-Feshbach
statistical decay (fymodel 4) calculation are shown. We see the characteristics of fission frag-
ment distribution models from the calculated results. The agreement with experimental and
evaluated data can be seen for independent fission product mass yield Y (A), ν̄, and P (ν) for
GEF and HF3D models’ cases. For the result starting with the SPY model, since the starting
fission fragments have large yields around the symmetric region (A = 120) compared to GEF
and HF3D models, the prompt neutron observables tend to be overestimated.

Additionally, we connected the calculated independent fission product yields for 239Pu + n re-
action starting with GEF (ffmodel 1) and the Hauser-Feshbach statistical decay (fymodel 4)
calculation to the standalone β-decay code. The results reproduced the β and γ decay heat com-
ponents, while the delayed neutron yields are somehow overestimated in low incident neutron
energy compared to that of experimental and evaluated data.

We will look into the details of the prompt fission neutron spectra (PFNS) and the γ observables
anytime soon, and will implement the multi-chance fission energy regions as well as sponta-
neous and the other projectiles induced fission reactions. We also will improve and extend the
fission fragment distribution parameters steadily. Currently, more and updated fission fragment
distributions are expected for GEF and SPY model.
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