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Abstract The level density steers transition probabilities
between different states in the decay and de-excitation of
excited nuclei. Reliable level density modelling is, therefore,
key in describing, e.g., de-excitation of fission fragments,
with implications on neutron and gamma-rays multiplicities,
and also manifested in the population of isomeric states. We
test six currently used level density models and the spin dis-
tribution in the level density by comparing calculations with
measured isomeric yield ratios. The model calculations are
performed with the TALYS code and experimental data for
nuclear reactions populating spin isomers are retrieved from
the EXFOR database. On average, calculations are in agree-
ment with measured data. However, we find that the pop-
ulation of the high-spin state in an isomeric pair is clearly
favoured in all of the six studied level density models. Further
studies are then performed on the three used phenomenolog-
ical level density models, to investigate the significance of
their effect. We find that a significant reduction of the spin
width distribution improves the agreement between calcu-
lated and experimentally observed isomeric yield ratios. This
result is independent of the incident particle in the nuclear
reaction. The needed reduction of the spin width distribu-
tion to comply with empirical data has, e.g., implications
for studies in angular momentum generation in fission using
isomeric yield rations, calculations of anti-neutrino spectra
from nuclear reactors, as well as neutron and gamma-ray
multiplicities in nuclear reactor calculations.

1 Introduction

It is well known that fission fragments (FF) carry angular
momenta far in excess of the angular momentum of the fis-
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sioning system [1]. The mechanism generating these angular
momenta in the fission process is among the open challenges
in fission research and has recently generated stimulating
debates [2–7]. Since FF angular momenta are not directly
observable, nuclear model calculations are invoked to derive
empirical data from experimentally accessible observables
that can be tested versus nuclear fission models.

A good description of nuclear level densities (LD), includ-
ing a model for the spin distribution in the LD, is the most
important ingredient of nuclear models for calculations of the
de-excitation of the highly excited FF. Level density models
(LDM) allow for calculating transition probabilities between
different states in the de-excitation of FF, providing predic-
tions of experimentally accessible observables.

Yield ratios for spin isomers produced in a fission reac-
tion are one example of such an observable. Experimentally
obtained data can be compared to predictions from proposed
theoretical models for angular momentum generation in fis-
sion [8–12]. However, such comparisons depend on both the
fission model and the LDM.

In this work, we test the capabilities of the six LDM
implemented in nuclear model code TALYS v1.96 [13,14].
We compare results from model calculations with available
experimental data for spin isomers. Experimental data on iso-
meric yield ratios (IYR), i.e. the ratio between the production
yield of the ground and long-lived excited states of a nucleus,
can be retrieved from the EXFOR database [15]. The amount
of experimental data on isomeric yield ratios contained in
EXFOR is extensive both regarding nuclear reactions [16]
and fissions [17], and efforts are being made to correct pos-
sible inaccuracies [16].

Therefore, these data provide a good global testing ground
for the models describing spin distributions in the level den-
sities and can reveal effects that remain hidden when study-
ing only a few selected cases. We choose to analyse data
of nuclear reactions induced by photons and light particles
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excluding fission because the angular momentum generation
in fission is not yet well understood and initial conditions of
the de-excitation process are influenced by additional factors,
e.g., fission yields. Observed differences between calculated
and experimental IYR might be attributed to both the models
implemented in TALYS to calculate the entrance channel,
e.g. the optical model, leading to a description of the popula-
tion of excited states, and those describing the de-excitation
process of this excited systems. The optical models and pho-
ton strength functions used in TALYS have been extensively
tested and validated with a range of experimental data [14].
We therefore focus on studying the impact of the LD and the
associated spin distribution which have a direct impact on the
population of spin isomers. Recent studies have also shown
that variations of the spin distributions of the level densi-
ties for the de-exciting nuclei may be needed to improve the
agreement of experimental and calculated data. Specifically,
studies with different nuclear model codes like TALYS and
FIFRELIN [16,18–20] show that the width of the spin distri-
bution of the level densities may be overestimated, and thus a
correction factor needs to be added. For these reasons, in this
work we decided to study the effect of LDMs and specifi-
cally the width of their spin distributions. We investigate this
possible correction needed by making use of a large dataset
and investigating the link to the spin of the isomeric states of
the produced nucleus.

2 Method

The database of experimentally measured IYRs used in
this work is built by retrieving data from the Experimen-
tal Nuclear Reaction Data (EXFOR) library (Sect. 3), where
they are organized in entries. They are the basic unit of the
library and each one corresponds to one specific experiment
described in one or more bibliographic references [15]; i.e.
one entry consists of one or more measured IYRs. TALYS
calculations are performed for all the data points in the
selected EXFOR entries (Sect. 4) and then compared with
the experimental information. Thereafter, figures of merit
representative of the code’s accuracy are calculated for every
EXFOR entry and then collected to study the general per-
formances (Sect. 5). This process is performed both on the
complete dataset and on sub-sets, where data are collected
on the basis of common features: incident projectiles of the
reaction, and whether the ground state or the excited state
is the high-spin state. It is also repeated for both different
LDM implemented in TALYS, and for different values of the
parameter influencing the width of the spin distribution of the
level densities. The results then allow for studying the influ-
ence of the parameters on the agreement of the calculations
with the experimental evidence (Sect. 6).

Table 1 Composition of the database divided into the six possible pro-
jectile particles, showing both the number of entries and experimental
data

Projectile Entries Experimental data

n 498 1382

γ 290 1245

α 151 1243

p 138 999

d 40 334

h 13 156

Total 1130 5359

3 Experimental data

For this study, it was possible to retrieve from the EXFOR
library (version of the 2023-02-13) 1.131 entries involving
182 nuclei, for a total of 5.404 experimentally measured
IYRs, divided by incident particle as shown in Table 1 and
distributed by proton and neutron number as illustrated in
Fig. 1. Each entry reports the numerical data of one specific
reaction and can contain more than one datapoint (IYR) in
case the IYRs were measured at different projectile ener-
gies. The entries used in this work were chosen following
the constraints on what TALYS can reproduce, that is reac-
tions involving light incident particles (neutrons, protons,
deuterons, 3He, and α particles) and photons with an energy
lower than 200 MeV. Thus the EXFOR queries are based on
the following request fields: parameters (SIG/RAT, respec-
tively cross section and ratio), projectile (n, p, d, h, a) and
energy. Two more practical constraints were imposed on the
entries in order to use them. The first one is that the target
nucleus was one single isotope, not an element in its natural
isotopic composition. The second constrain is related to the
definition of IYR. In the context of this work, it is defined as:

IYR = Ye
Ye + Yg

(1)

where Ye and Yg are the yields of the excited and the ground
state, respectively. In the EXFOR database, several differ-
ent definitions of the IYR are used. As long as the ratio is
defined based on the energy of the status the entries can be
easily converted to the format of Eq 1. However, for a small
number of entries (7 in total) the IYR is defined based on the
yields of high and low-spin states. These entries are not as
straightforward to convert and were therefore omitted in the
study.
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Fig. 1 Distribution of the nuclei included in the IYR database used in this work on the nuclear chart

4 Nuclear model code and calculations

Several TALYS calculations are run for each experimental
IYR, where models and parameters of the calculation are
changed. Thus we can compare the different LDM and the
variation of the width of the spin distributions. We do so
by repeating the simulations of the 5359 experimental data-
points at different values and comparing the results through
the analysis process described in Sect. 5.

Six LDMs are implemented in TALYS, three of them use a
phenomenological approach, being Constant Temperature +
Fermi gas model (CTM) [21], Back-shifted Fermi gas Model
(BFM) [22], Generalised Superfluid Model (GSM) [23], and
three use tabulated level densities derived from microscopic
models [14,24–26]. These models are used by TALYS to
compute the level density ρ(Ex , J,�) which is defined as
the number of nuclear levels around an excitation energy
Ex for a certain spin J and parity � [27]. In the case of
phenomenological models, it is usually factorized as follows:

ρ(Ex , J,�) = P(Ex , J,�)R(Ex , J )ρtot (Ex ) (2)

where P(Ex , J,�) is the parity distribution, ρtot (Ex ) is the
total LD and R(Ex , J ) is the spin distribution [27]. The LD
can be calculated in several ways depending on the model
and the energy of the nucleus. In the Fermi gas model [14],
which is used in CTM and BFM, it has the following form:

ρF (Ex , J,�) = 1
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(3)

In this equation U is the effective excitation energy and a
is an energy-dependent parameter called the level density
parameter. Equation 3 also contains the so-called spin cut-
off parameter σ 2. It defines the width of the spin distribu-
tion of the LD and it is represented by different equations,
depending on the model and the energy of the nucleus. For
example, in CTM and for energies larger than the neutron
separation energy [14], it is derived from the undeformed
moment of inertia I0 and the thermodynamic temperature t as
follows:

σ 2
F (Ex ) = I0

a

ã
t = 0.01389

A5/3

ã

√
a(Ex )U (4)

Here ã = a(Ex → ∞) is the asymptotic value of the level
density parameter.

Regardless of the way it is calculated, the spin cut-off
parameter σ 2 can be altered when using the phenomenolog-
ical models in a TALYS calculation using a multiplication
factor, in this work called Rsc, which scales the width of the
spin distribution of the LD. It is not possible to apply this
multiplication factor for the microscopic LDMs in the cur-
rent release of TALYS, although this feature is expected to
be present in future releases of the code. Hence we perform
only default calculations for the microscopic LDM and study
the impact of Rsc only for the phenomenological LDMs.

The standard value of Rsc is 1.0 and in this work, the effect
of a variation between 0.25 and 1.5 is studied. The effect of
such variation on the LD is displayed, as an example, in Fig. 2
for 94T c. This plot shows how the value of Rsc affects the
width of the LD distributions.

123



  295 Page 4 of 8 Eur. Phys. J. A           (2023) 59:295 

Fig. 2 Normalized nuclear level density distributions as a function
of excitation energy and spin for 94T c, calculated with TALYS using
CTM level density model.From left to right panel, the plots show how
an increasing Rsc results in a larger width of the spin distributions

5 Analysis

The analysis process starts by calculating, for the i-th EXFOR
entry, the weighted mean Xi of the differences between mea-
sured and calculated IYRs for each item in the entry. It is used
as the estimator of the difference between experimental and
calculated IYRs and it is defined as:

Xi =
∑n

k=1 wi,k xi,k∑n
k=1 wi,k

(5)

where k represents the single data points in the entry, n is the
number of data points, xi,k = IYRexp,i,k − IYRTALYS,i,k, and
wi,k is the squared inverse of the uncertainty of the experi-
mental IYR as given in EXFOR. The value of Xi is calculated
for each entry. This first step is performed in order to con-
dense the information regarding one experiment in one fig-
ure of merit (Xi ), avoiding a small number of isotopes from
being over-represented, as showed in Fig. 1. As an example,
the database contains 236 experimental data-points where
58Co is produced, for a total of 36 entries, i.e. individual
measurement campaigns.

No uncertainty is assigned to Xi due of the signifi-
cant compilation and evaluation challenge of comparing the
uncertainties of a large variety of experiments, measurement
techniques, error analysis methods and error definitions.

After the first step, all the Xi are collected in a frequency
distribution, and the mean value 〈X〉 and its standard error
SE for the data-set are calculated as:

〈X〉 =
∑m

i=1 Xi

m

SE =
√∑m

i=1 (Xi − 〈X〉)2

m(m − 1)

(6)

where m is the total number of entries and Xi are the sin-
gle weighted means, as defined in Eq. 5. Figure 3 shows the

Fig. 3 On the left, experimental and calculated IYRs for the
139La(d, 4n)137Ce reaction [28]. The calculation results are showed
for different Rsc values. On the right, the corresponding X . The spin of
the ground and excited states of 137Ce are Jg = 3/2 and Je = 11/2,
respectively

Table 2 Values of 〈X〉, 〈X〉Jg>Je and 〈X〉Jg<Je for all the six LDM
using default settings of TALYS (R(sc) = 1.0). The three microscopic
LDM are the Skyrme–Hartree–Fock–Bogoluybov (SHFB), Gogny–
Hartree–Fock–Bogoluybov (GHFB), Temperature dependent Gogny–
Hartree–Fock–Bogoluybov(TD-GHFB) models [14]

LDM 〈X〉 〈X〉Jg>Je 〈X〉Jg<Je

CTM −0.006 (7) 0.04 (1) −0.027 (7)

BFM −0.009 (6) 0.04 (1) −0.032 (7)

GSM −0.006 (1) 0.05 (1) −0.029 (7)

SHFB −0.016 (7) 0.06 (1) −0.047 (7)

GHFB −0.025 (7) 0.06 (1) −0.055 (7)

TD-GHFB −0.015 (7) 0.07 (1) −0.051 (6)

comparison between experimental and calculated IYRs for
one specific experiment [28] and how the TALYS results
change as a function of Rsc. In this example, it is evident
that, while the trend of calculated data matches the experi-
mental one, there is an overestimation of the high-spin state,
which is reduced by decreasing Rsc. This is, however, one
example and the illustrated behaviour is not representative of
all entries.

The top plot of Fig. 4 shows the frequency density and
weighted mean for the calculations performed with the
default settings of TALYS (CTM and Rsc = 1.0). In this spe-
cific case, experimental data and TALYS calculations are on
average in agreement, as the most probable value of X corre-
sponds to the bin centered around zero and 〈X〉 = −0.01(1).
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Fig. 4 Top: X distribution for the complete set of data using CTM
and Rsc = 1.0. Bottom: X distributions dividing the dataset based on
the difference between spins of produced nucleus ground and excited
states. All three histograms are normalized with respect to the number
of entries contained as well as step size

Fig. 5 Trend of 〈X〉 as a function of Rsc for empirical LDMs

Possible systematic effects can be studied by repeating the
same process on limited parts of the dataset, decomposing it
into groups of entries sharing common features. The bottom
plot in Fig. 4 shows the distributions collecting nuclei based
on whether the ground state spin Jg is smaller (803 entries) or
larger (328 entries) than that of the excited state Je. The two
histograms display opposite trends, and indeed this differ-
ence is also confirmed by the respective average values of X ,
as 〈X〉Jg<Je = −0.027(7) while 〈X〉Jg>Je = 0.04(1). More-
over, the two-sample Kolmogorov-Smirnov test applied to
the two distributions returns a very small p-value of 5 ·10−5,
far below the conventional significance level of 0.05. This

means that the two distributions are significantly different.
Table 2 shows the result of this comparison for all six LDMs
implemented in TALYS, i.e., even the three microscopic
LDMs not included in further steps of this work. As can
be seen, the observed behaviour is similar for all the six
LDMs. On average, the three phenomenological models per-
form slightly better and the observed preference of populat-
ing the high spin state is somewhat more pronounced in the
case of the three microscopic models.

To investigate the dependence of this bias with respect to
the width of the spin distribution, as already introduced, the
calculations and analysis process have then been repeated
varying the multiplying factor Rsc and studying the impact
on 〈X〉, 〈X〉Jg<Je , and 〈X〉Jg>Je .

6 Results and discussion

The behaviour observed using the default settings of TALYS
(Fig. 4) shows that the code performs differently depending
on the spin of the two nuclear states; specifically, the models
implemented in TALYS tend to overestimate the yield of
high-spin states with respect to the low-spin ones. When the
ground state is the high spin state, one can observe that 〈X〉 >

0, thus on average for these entries IYRexp is larger than
IYRTALYS. When on the other hand the excited state is the
high spin state, we derive that 〈X〉 < 0 and it follows that on
average IYRTALYS > IYRexp.

Figure 5 shows how the 〈X〉 evolves with respect to Rsc for
the three phenomenological LDMs. The calculations show a
similar trend for all the LDMs, with the convergence of the
〈X〉 values for Rsc ≈ 0.5. Additionally, Fig. 6 displays the
p-value of the Kolmogorov-Smirnov test calculated for all
these distributions, which is relevant in this case because the
greater the p-value, the higher the probability that the two
distributions are equivalent. From this plot, it may be inferred

Fig. 6 P-value of Kolmogorov-Smirnov test applied to the X distribu-
tions for Jg ≶ Je sub-sets as a function of Rsc for the three phenomeno-
logical LDMs. Values below 10−8 are not shown
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Fig. 7 Trends of 〈X〉 as a function of Rsc for the subsets corresponding
to reactions involving different projectiles using CTM as LDM

that using Rsc ≈ 0.75 the distributions become more similar,
although not equivalent considering that the p-value is still
far below the threshold significance level of 0.05.

It is also possible to divide the full dataset of reactions
into sub-sets depending on the projectile particle involved,
to study if the showed behaviour can be related to one spe-
cific particle. The results are shown in Fig. 7. While all pro-
jectiles display similar trends with respect to the change in
Rsc, several differences can be observed. Data from neutron-
induced reactions show the least spread between 〈X〉Jg≶Je
and an optimal value closer to Rsc ≈ 0.75. The reactions
induced by protons, α-particles and γ -rays seem to need even
smaller values of Rsc, showing best results for values around
Rsc ≈ 0.5. These differences might be due a different per-
formance on the description of the entrance channel.

Nonetheless, even though different sub-sets show differ-
ent biases on 〈X〉Jg≶Je , and suggesting one specific global
value for Rsc seems not possible, it is clear that a significant
reduction of Rsc improves the agreement between calculated
and measured IYR values.

This implies that a reduction of the width of the LD’s spin
distribution is needed in order to improve, on average, the per-

formances of the phenomenological models used by TALYS.
Qualitatively, such a decrease translates into a lower mean
value for the Rayleigh distribution (in Eq. 3), hence a higher
occupancy of low spin states, while suppressing transitions
to higher spin states. This conclusion is also supported by
the recent work of Hilaire et al. [29]. Using a new approach,
i.e., the boson expansion of QRPA excitations, they calcu-
late nuclear level densities that present a rather narrow spin
distribution and achieve promising results.

There are several possible explanations for this result. One
might be that the assumption of random coupling of the angu-
lar momentum projections entering the derivation of Eq. 4
[30,31] is not generally valid, and that a more quenched dis-
tribution than the used Rayleigh distribution is needed to
describe spin populations in the LDM. Another, maybe more
likely possibility is that the spin cut-off parameter is gener-
ally overestimated in the modeling. The reason might be that
the moments-of-inertia used to describe collective rotational
excitations are overestimated as suggested by, e.g., Sudár and
Qaim [18].

7 Summary and outlook

We have performed a comparison of calculated versus exper-
imentally obtained IYR for spin isomers across the nuclear
chart. An extensive set of calculations was performed with
TALYS 1.96, invoking three phenomenological and three
microscopic LDM, for a total of 1130 EXFOR entries with
5359 experimental data points. We observed significant
favouring of the population of high spin states for default
model calculations (Rsc = 1.0).

For the three phenomenological LDMs, calculations were
then repeated for 5 different Rsc values, ranging from 0.25
to 1.5. We found that a value of Rsc smaller than the default
one is needed to mitigate this behaviour and achieve bet-
ter agreement between model calculations and experimental
observations. Our findings are in line with what was found in
previous works which looked at specific reactions or a subset
of IYRs [16,18–20]. Implementing an improved parametri-
sation to calculate the spin cut-off parameter in a later version
of TALYS would improve its predictive power for isomeric
production and possibly for gamma-ray production cross sec-
tions.

The experimental data in this study cover nuclei over a
wide range of masses in the nuclear chart, several projectile
particles, and energies. We, therefore, acknowledge that the
suggested Rsc value may vary considerably regarding what
is optimal for any specific nuclei. It would be useful to extend
this study and in particular investigate the impact of initial
excitation energy and nuclear deformation.

As examples, we mention two important consequences.
The first concerns the angular momentum of fission frag-
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ments derived from measured IYR. The reduced width of
the spin distribution suggested by our work may imply that
the angular momentum of fission fragments calculated on
the basis of observed IYRs in previous works [10–12] needs
to shift to larger average values, provided that this result is
confirmed also for microscopic LDMs. This would then also
have an impact on neutron and gamma-ray multiplicities as
observed by Piau et al. [20]. Another consequence is that a
smaller width of the spin distributions in the current mod-
elling of fission fragment de-excitation leads to different de-
excitation paths and different IYR for the fission products,
and changes the feeding of the states undergoing beta-decay.
This variation could have an impact on the fission observables
based on the yield after the decay process, such as the calcu-
lated antineutrino energy spectra emitted, e.g., from nuclear
reactor cores, as they depend on fission yields [32].

Acknowledgements This work was supported by the Swedish Research
Council (Ref. No. 2020-04238).

Funding Open access funding provided by Uppsala University.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: The datasets gen-
erated and/or analyzed during the current study are publicly available
and repro- ducible in/by the open-source nuclear reaction model code,
TALYS.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. J.B. Wilhelmy, E. Cheifetz, R.C. Jared, S.G. Thompson, H.R. Bow-
man, J.O. Rasmussen, Angular Momentum of Primary Products
Formed in the Spontaneous Fission of Cf 252. Phys. Rev. C 5(6),
2041–2060 (1972). https://doi.org/10.1103/PhysRevC.5.2041

2. A.N. Andreyev, K. Nishio, K.-H. Schmidt, Nuclear fission: A
review of experimental advances and phenomenology. Rep. Prog.
Phys. 81(1), 016301 (2018). https://doi.org/10.1088/1361-6633/
aa82eb

3. J.N. Wilson, D. Thisse, M. Lebois, N. Jovančević, D. Gjestvang,
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