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Abstract.
The nuclear reaction code TALYS adopts the Hauser-Feshbach statistical decay
theory, to de-excite fission fragments. This involves for instance the evapora-
tion of prompt fission neutrons and γ-rays. TALYS incorporates databases of
primary fission fragment distribution which consists of primary fission frag-
ment yield and data for excitation energy distribution of fission fragments. We
conducted a sensitivity study on three parameters in TALYS and fitted them in
order to reproduce experimental and evaluated data, in thermal neutron-induced
fission of 235U. Moreover, we demonstrate a large-scale calculation of average
prompt neutron and γ-ray multiplicities for 243 selected actinide isotopes.

1 Introduction

Accurate evaluation of fission characteristics following the emission of prompt neutrons,
known as prompt fission observables, is crucial for both scientific understanding and en-
gineering applications. This includes gaining insights into nucleosynthesis in the universe
and designing safe and efficient nuclear reactors. Empirical models [1, 2], Monte-Carlo
samplings [3–9], and deterministic approaches [10–13] have been developed for evaluat-
ing prompt fission observables. The nuclear reaction code TALYS [14] (version:1.96) has
been adapted to perform Hauser-Feshbach statistical decay calculations for each fission frag-
ment. TALYS employs a deterministic technique using databases of primary fission fragment
distribution implemented to calculate the first-chance fission. The databases provide the pre-
neutron emission physical quantities that are necessary for generating the initial excitation
energy distribution of fission fragments for each incident energy and fissioning nuclide. Sev-
eral computational codes have been employed as pre-neutron fission fragment generators to
prepare these physical quantities, enabling TALYS to calculate prompt fission observables
and facilitate comprehensive comparisons between the adopted fission data.
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In this study, we investigate the sensitivity of the calculated fission observables on pa-
rameters related to the spin-parity distribution and on the number of continuum states. We
employ databases from both the GEF [9] and HF3D models [11, 12], to search for the optimal
parameter values in comparison to experimental and evaluated data. We also demonstrate the
wider applicability of our methodology by showing the neutron and γ-ray multiplicities for a
wide range of actinide isotopes as target nuclei in neutron-induced fission reactions.

2 Fission fragment de-excitation in TALYS

2.1 Fission model in TALYS

TALYS implements the fission fragment database to perform Hauser-Feshbach calculations
for fission fragments. The pre-neutron data is tabulated in the database and consists of the
primary fission fragment yield Yff(Z, A) for each fragment charge Z and mass number A, the
mean excitation energy Ēx of its Gaussian distribution, its width σEx , and the average total
kinetic energy TKE for fragment pair to generate initial excitation energy distribution. Here,
the models implemented in TALYS for (Yff(Z, A), Ēx, σEx ,TKE) data are introduced.

GEF is a Monte-Carlo-based phenomenological fission model, which can be used to feed
TALYS with synthetic primary fission fragment mass- and energy yields. The data are ob-
tained from GEF (version:2021/1.2), and Monte-Carlo sampling was performed with 1 mil-
lion fission events for each nuclide and for each incident energy. TALYS contains the GEF-
generated pre-neutron data for 737 nuclei ranging from 76Os to 115Mc at excitation energies
ranging from 0 up to 20 MeV.

TALYS also has primary fission fragment data from HF3D for the neutron-induced fission
of 235U, 238U, and 239Pu. These data were prepared in a fully deterministic approach with
fitting functions that are determined to reproduce experimental results. The mass distribution
Yff(A) and TKE distribution TKE(A) of primary fragments are generated to reproduce the
experimental Yff(A) and TKE(A), and the charge distribution is obtained from Wahl’s Zp

model [1]. RT model is employed for partitioning the excitation energy of the compound
nucleus into two primary fission fragments. More details can be found in Ref. [11].

The third database incorporated in TALYS originates from the SPY model. The primary
fission fragment distribution of SPY is obtained from a statistical scission point model using
microscopic calculation, and see Ref. [15] for details.

Moreover, users can calculate prompt fission observables using arbitrary fission fragment
data by preparing the same table format as TALYS. For details, refer to Ref. [14, 16].

2.2 Initial distribution in TALYS

TALYS builds the initial population for Hauser-Feshbach statistical decay calculation with
an excitation energy distribution G(Ex) and a spin-parity distribution R(J, π, Ex). The exci-
tation energy distribution in TALYS is represented by a Gaussian distribution with the mean
excitation energy Ēx and its width σEx :

G(Ex) =
1

√
2πσEx

exp

−
(Ex − Ēx)2

2σ2
Ex

. (1)

The spin-parity distribution is expressed as follows:

R(J, π, Ex) =
1
2
· 2J + 1

2 f 2σ2(Ex)
exp

− (J + 1/2)2

2 f 2σ2(Ex)


, (2)

where f 2 is a scaling factor, which governs the distribution of angular momenta in primary
fission fragments. This parameter only affects the primary fragments and assures a reasonable
agreement with prompt fission observables of experimental data. The spin cut-off parameter
σ2(Ex) is defined as σ2(Ex) = 0.01389A5/3/ã

√
a(Ex − ∆), where ∆ is the pairing energy

correction, ã is the asymptotic level density parameter, and a is the level density parameter.
TALYS has another scaling factor, fs, which controls a global adjustment of the spin cut-off
parameter. This impacts all secondary fission fragments and products, and is applicable to
the level density model.

3 Results and discussion

3.1 Sensitivity of prompt fission observables on TALYS parameters

In a recent investigation, we presented a detailed sensitivity study on the TALYS model pa-
rameters relevant for the fission fragment de-excitation methodology [17]. For instance, the
scaling factors f 2 and fs were found to have a major influence on the prompt fission observ-
ables, because they change the spin-parity distribution of the primary and secondary frag-
ments and independent fission products. Moreover, we investigated the effect of the number
of continuum states N because it changes not only the number of states that fission fragments
can transition and affects the prompt fission observables but also the computational time. It
is given by

N = (Emax
x − Elevel

x )/∆bins(Z, A), (3)

where ∆bins(Z, A) is the energy width of discretized continuum state, Emax
x is the maximum

excitation energy, and Elevel
x is the excitation energy of the last discrete level. The prompt

fission observables were calculated using (Yff(Z, A), Ēx, σEx ,TKE) from HF3D model and
identified the parameter values f 2 = 4, fs = 0.4, and N = 300, as optimal values to reproduce
the neutron multiplicity and better γ-ray observables at thermal energy.

3.2 Calculation results for neutron-induced fission of 235U using optimal
parameter values

We employed TALYS to calculate the prompt fission observables of neutron-induced fission
of 235U, using fission fragment data from the GEF and HF3D models. Furthermore, we com-
pared the TALYS results with experimental and evaluated data. The label TALYS(GEF) is
used to denote the TALYS calculations based on the GEF primary fission fragment distri-
butions, whereas TALYS(HF3D) denotes TALYS results using the primary fission fragment
distributions from the HF3D model. The results from the stand-alone GEF code are also
included in the figures for comparison. In this section, we focus on the calculated prompt
fission neutron multiplicity and show that TALYS results are in fairly good agreement with
known data. More results can be found in Ref. [17].

The well known saw-tooth shape of the mass-dependent neutron multiplicities, νn(A), at
thermal energy is well reproduced by TALYS with both used databases in Fig. 1 (a). De-
spite the differences in the decay methods, TALYS and GEF codes give fairly similar neu-
tron multiplicity results. The average neutron multiplicities at thermal energy are 2.41 in
TALYS(HF3D), 2.30 in TALYS(GEF), and 2.41 in evaluated data. TALYS(GEF) underesti-
mates the evaluated data at thermal energy by about 0.1 while TALYS(HF3D) successfully
reproduces the evaluated data as the original HF3D model.

Figure 1 (b) represents νn(A) at two different incident neutron energies, namely 0.5 and
5.55 MeV. Müller et al. reported an enhanced νn(A) only from the heavy fragments [18].
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identified the parameter values f 2 = 4, fs = 0.4, and N = 300, as optimal values to reproduce
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distributions from the HF3D model. The results from the stand-alone GEF code are also
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known data. More results can be found in Ref. [17].

The well known saw-tooth shape of the mass-dependent neutron multiplicities, νn(A), at
thermal energy is well reproduced by TALYS with both used databases in Fig. 1 (a). De-
spite the differences in the decay methods, TALYS and GEF codes give fairly similar neu-
tron multiplicity results. The average neutron multiplicities at thermal energy are 2.41 in
TALYS(HF3D), 2.30 in TALYS(GEF), and 2.41 in evaluated data. TALYS(GEF) underesti-
mates the evaluated data at thermal energy by about 0.1 while TALYS(HF3D) successfully
reproduces the evaluated data as the original HF3D model.

Figure 1 (b) represents νn(A) at two different incident neutron energies, namely 0.5 and
5.55 MeV. Müller et al. reported an enhanced νn(A) only from the heavy fragments [18].
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This implies that the additional excitation energy brought to the compound nucleus is mainly
dissipated by the heavy fragments, which is adopted in GEF via the energy-sorting mech-
anism [19]. As a consequence, we observe that νn(A) of TALYS(GEF) enhances only in
the heavy fragments as the incident energy increases, since the neutron emission is gov-
erned by GEF’s excitation energies. On the other hand, the results from TALYS(HF3D) do
not show this trend because the HF3D model is adjusted to other data at higher excitation
energies [11, 12]. TALYS will consequently produce results that reflect the energy-sorting
adopted in each used model.
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Figure 1. Calculated mass-dependent neutron multiplicities, νn(A), in the neutron-induced fission of
235U (a) at thermal energy and (b) at the incident neutron energies of 0.5 and 5.55 MeV [18].

3.3 Global study on actinides

With the newly implemented feature to incorporate fission-fragment databases, TALYS now
facilitates large-scale benchmarks to investigate systematic trends and biases in contemporary
fission model codes. To demonstrate an example from such large-scale fission calculations,
we performed a global fission comparison study based on the GEF databases [20]. Fission
fragment distributions for 243 selected actinide isotopes were fed into TALYS. We employed
the same parameters, namely f 2 = 4 and fs = 0.4, as discussed in Sec. 3.1, while we adapted
N = 150 to reduce computation time.

We showcase two calculated observables from the fission process, namely the aver-
age prompt fission neutron (ν̄n) and γ-ray multiplicities (ν̄γ). Systematic calculations of
neutron emission by 1 MeV neutron-induced fission of actinides, from thorium to lawren-
cium, have been performed. The calculated neutron multiplicity is generally similar be-
tween TALYS(GEF) and stand-alone GEF (Fig. 2), albeit with a slight underestimation in
TALYS(GEF). A zigzag pattern appears in both TALYS(GEF) and GEF results, which is due
to the odd-even staggering of the neutron separation energy S n of the compound nucleus
since the excitation energy is provided by the capture of an incident neutron.

On the other hand, the calculated ν̄γ is plotted in Fig. 2, as a function of the neutron
number of the compound nucleus, for 1 MeV incident neutron energy. We reported that ν̄γ
decreases by approximately one by using N = 150 in neutron-induced fission reaction of
235U in TALYS calculations [17]. It must be noted that νγ tends to be small with N = 150.
In contrast to the prompt fission neutrons, the calculated ν̄γ reveals significant discrepancies
at higher mass numbers and exhibits different global trends. Such systematic differences call
for further scrutiny and comparison with experimental data.

The γ-ray data are known to be sensitive to the angular momentum population in the
fragments. Thus, different treatments of the fragment angular momenta in GEF and TALYS
could be one reason for such discrepancies. In order to properly evaluate the physical γ-
ray trends and confirm the correct behavior, one needs to carefully analyze the correlation
between the multiplicities and spectra of each observable, which is complicated especially in
the absence of experimental data. Albeit beyond the scope of this work, in the future, we plan
to investigate these discrepancies in view of the angular momentum generation in fission.

The key message from this global study is that fission models govern the fission yields
and energies fed to TALYS, depending on the unique model assumptions. Therefore, the
statistical decay in TALYS will be sensitive to the model descriptions and ingredients. By
performing similar global comparative model studies, one can reveal systematic trends that
shed light on model defects and systematic uncertainties in the model parameters.
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Figure 2. (a) Calculated average neutron multiplicities ν̄n and (b) calculated average γ-ray multiplicities
ν̄γ as a function of the neutron number of the compound nucleus for 1 MeV incident neutron-induced
fission of isotopes from Th to Lr. The solid lines correspond to the results of TALYS(GEF), while the
dashed ones represent those of GEF.

4 Conclusion

TALYS was employed to calculate prompt fission observables by using the Hauser-Feshbach
statistical decay theory. GEF, HF3D, and SPY were used to generate databases of primary
fission fragments in TALYS. The calculation using the database facilitates large-scale fis-
sion model benchmarks and verification, including the treatment of model defects and model
parameter uncertainties.

We conducted a sensitivity study, to study the variations in the calculated prompt fission
observables in TALYS, based on the parameters. We optimized the scaling factor for the
primary fission fragment angular momentum population ( f 2), the scaling factor for the spin
cut-off parameter in the level density formula ( fs), and the number of continuum states (N),
using the neutron-induced fission reaction of 235U. We chose f 2 = 4, fs = 0.4, and N = 300 as
optimal values to accurately reproduce the neutron multiplicity and better γ-ray observables
at thermal energy.

The calculated mass-dependent neutron multiplicities νn(A) showed an expected saw-
tooth shape and a decent agreement with experimental data at thermal energy. TALYS(GEF)
exhibited an enhanced νn(A) at higher incident energies. But this was only observed in the
heavy fragments, contrary to TALYS(HF3D). The difference was attributed to the unequal
energy-sorting mechanism in the models, which is reflected in the results of TALYS.
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Figure 2. (a) Calculated average neutron multiplicities ν̄n and (b) calculated average γ-ray multiplicities
ν̄γ as a function of the neutron number of the compound nucleus for 1 MeV incident neutron-induced
fission of isotopes from Th to Lr. The solid lines correspond to the results of TALYS(GEF), while the
dashed ones represent those of GEF.
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fission fragments in TALYS. The calculation using the database facilitates large-scale fis-
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using the neutron-induced fission reaction of 235U. We chose f 2 = 4, fs = 0.4, and N = 300 as
optimal values to accurately reproduce the neutron multiplicity and better γ-ray observables
at thermal energy.

The calculated mass-dependent neutron multiplicities νn(A) showed an expected saw-
tooth shape and a decent agreement with experimental data at thermal energy. TALYS(GEF)
exhibited an enhanced νn(A) at higher incident energies. But this was only observed in the
heavy fragments, contrary to TALYS(HF3D). The difference was attributed to the unequal
energy-sorting mechanism in the models, which is reflected in the results of TALYS.
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Finally, a large-scale global calculation was performed. TALYS(GEF) and GEF showed
consistently similar trends in the average total neutron multiplicity, ν̄n. However, the av-
erage total γ-ray multiplicity ν̄γ exhibited significant discrepancies, between the results of
TALYS(GEF) and GEF. In this work, we focused on the neutron observables, and it was
found that TALYS can reproduce the trends observed in prompt fission observables. In the
future, we would like to account for the correlation with other fission observables such as
isomeric ratios, γ-rays, and cumulative fission product yields.
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