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Fission of light actinides has shown to exhibit features, which abruptly deviate from the monotonous
trend established for heavier systems. More specifically, the description of their fission excitation
functions and fragment angular anisotropies was found impossible to reconcile with the statistical-
model framework employing a double-humped fission barrier profile, which was successfully applied
to heavy nuclei. This was referred to as the “thorium anomaly” in the 1970’s, and was interpreted in
terms of the occurrence of a triple-humped barrier. Over the years, its impact on other fission
quantities, in particular on the fission yields, has nevertheless been overlooked. In this work we show
the drastic influence of the third barrier on the fission-fragment mass (equivalently, charge) and total
kinetic energy at excitation energies close to the barrier. The analysis of these observables, and of their
variation as a function of initial excitation energy, reveals the suppression of compact (and possibly
very elongated) shapes at scission in light actinides. An extension of the semi- empirical GEF code [K.-
H. Schmidt et al., Nucl. Data Sheets 131 (2016) 107] is developed that relates this suppression to the
influence of the third barrier. Accounting for this specific feature of light actinides is crucial for a
proper description of the fission of the nuclides involved in **U-driven reactors, and, to a higher
degree, those of the Th-U cycle. These features are not considered in present official nuclear-data
tables. Systematic fragment-yield predictions are provided.
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1. Introduction

Since its discovery in the late 1930’s ['] , nuclear fission has been extensively studied, due to its
significance for both fundamental physics as well as for its role in various societal applications. While a
certain level of understanding has been reached with several general trends and systematics, which are
now well established, a comprehensive picture is still missing. This is in particular true for fissioning
nuclei in specific areas of the nuclear chart, even though those can have a substantial impact on both
the fundamental and applied domains.

For the design and for the operation of nuclear power plants, a good knowledge of the relevant nuclear
data is mandatory. This includes the yields of the fragments, produced in the fission of the nuclear
species that are present in the fuel induced by neutrons of different energies E,, the fragment kinetic
energies, the multiplicities and the spectra of the prompt and delayed post-scission neutrons as well as
the properties of the prompt and delayed gammas. In the past, great effort has been invested in
measuring these data with different methods as complete and as accurate as possible.

The early experiments were focused on the needs of the Manhattan project [*] and on the simulation of
nuclear power plants that are based on the neutron-induced fission of *°U. They were performed with
large effort. However, the experimental knowledge on fragment yields is still very much limited: Even
the most comprehensive evaluations [*] only cover fission induced by thermal, fast (energy E, around
0.5 MeV) and E, ~ 14-MeV neutrons of a handfull of target nuclei.

It is known that thorium-based nuclear power generation, which is fueled primarily by the neutron-
induced fission of the isotope ***U produced from the fertile element thorium, has important advantages
[*]. It is currently envisaged as a viable alternative to fossile combustibles [*°], and a demonstrator of a
molten-salt reactor, which uses thorium as a fuel, has been built [®]. This means that the data on the
neutron-induced fission of ***Th, *'Pa, ***Pa, *U, and **U, the key nuclei involved in the Th-U cycle,
are gaining significantly in importance.

While it is clear that the experimental knowledge concerning the uranium-based reactors is very
limited, the data on the fission of the nuclei involved in the Th-U cycle, are clearly insufficient.
Moreover, the experiments for a full coverage of the data needed for the relevant nuclides in a desirable
excitation-energy range are presently far beyond the technical and financial limits. However, a crucial
need to invest special effort into these systems comes from the fact that they are precisely located in a
region of the nuclear chart, which has shown to exhibit abnormal features as compared to the
regularities and trends observed in heavier actinides. This is known since the 1970’s as the “thorium
anomaly”. Based on fission probabilities and angular anisotropies, this was attributed to the presence of
a triple-humped fission barrier in the lighter actinides. Though, modern models challenge the
quantitative impact of this third minimum (see the discussion in section 4.2). The lack of data and the
limited predictive power of fission models lead to large uncertainties in the simulation of thorium-
based reactors, in particular because they operate with fast neutrons in the range up to a few MeV,
where, according to our analysis, the fission yields show a strong variation as a function of energy.

In the present work, we collect and analyze relevant empirical information in order to improve the
description of the complexity of fission of light actinides. We eventually connect it with the presence of
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a triple-humped fission barrier, and confront it with the semi-empirical GEF (General description of
Fission observables) code [’,]. Finally, we develop a dedicated theoretical model and produce the
missing nuclear data by performing systematic model calculations.

2. Indications for abnormal features in the fission of light actinides

In the 1970’s a tremendous effort has been invested in measuring high-accuracy fission excitation
functions and fragment angular anisotropies (see e.g. Refs. [°,'°,"']). Compared to heavier actinides,
thorium isotopes show an odd behaviour. Due to the model-dependence of the analysis, the magnitude
of the influence of the third barrier remains controversial even today as will be summarized in Section
4. In the present work, we introduce for the first time the fission fragment mass (equivalently, charge)
distribution and the Total Kinetic Energy (TKE) as experimental signatures for the occurrence of a third
barrier. As we show below, the latter can have a large quantitative impact on these observables.
However, this influence can also be very subtle due to the interplay with other effects. Accordingly, a
proper theoretical treatment is critical for calculations of future thorium-based nuclear reactors, as well

as for their safe operation.

In Figs. 1 and 2, the fission-fragment nuclear-charge (Z) distributions from thermal and E, # 14 MeV
neutron-induced fission, respectively, are shown for a sample of actinide targets. Figure 1 reveals a
clear deviation in position and shape of the Z distribution of the system ***Th(ng,f) from the systematics
of the heavier systems. The heavy peak is shifted to higher Z values, and the skewness is reversed. The
odd-even effect in the Z yields, which is particularly strong for the system ***Th(ng,f), is not of interest
in the present context. It is a well known effect of the pairing correlations. The slight deviations of the
heavy peak for the systems **Cm(ng,f) and **Cf(ng,f) are caused by systematic gradual variations of
the yields of the S1, S2 and SA channels.

The Z distributions were chosen for this comparison, because of the leading role of the proton shells for
the position of the heavy peak of the asymmetric component in the fission of the actinides that had been
deduced in a previous work [**]. Therefore, most of the strong shift of the light peak is a consequence
of the variation of A and Z of the fissioning system and, thus, it is not relevant for the present
discussion.

As Fig. 2 shows, at higher incident energy, the heavy peak of the system ***Th(nsmev,f) fits much better
to the systematics of the heavier systems. Concerning the slight overshoot near Z = 55, we remind the
reader that also in fission induced by 14-MeV neutrons, there is a contribution due to multi-chance
fission, where the system fissions at excitation energies (E*) close to the fission barrier. The influence
of multi-chance fission can result in a complex interplay, and a careful analysis is required to avoid
misinterpretation. Table 1 lists the neutron-to-proton (N/Z) ratios of the systems and illustrates that the
compound nuclei corresponding to Fig. 1 have almost identical values. Thus, the striking deviation (or
“anomaly”) appearing at the lowest excitation energy in Fig. 1 for the system ***Th(ng,f) cannot be
attributed to a different neutron excess. Considering the distribution for the system **Th(nimev,f) of
Fig. 2, and neglecting the possible influence of the different N/Z values of **Th and ***Th, this anomaly
seems to disappear at higher initial excitation energies. The cogency of proof of this conclusion is
corroborated by the data shown in Figs. 4 and 5.
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Figure 1: Nuclear-charge (Z) distributions of the fission fragments, formed by thermal-neutron-induced
fission of a series of actinide target nuclei. The data are taken from the ENDF-B/VII evaluation [*]. The
distribution of the system **Pu(ng,f) is added in red to the distributions of the other systems. The
abnormal position and shape of the heavy peak of the system **Th(ng,f), which does not fit to the
systematics of the heavier systems, is clearly seen.
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Figure 2: Nuclear-charge distributions of the fission fragments, formed by neutron-induced fission (E,
= 14 MeV), of a series of actinide target nuclei. The data are taken from the ENDF-B/VII evaluation
[*]. Because there are no data on fission induced by 14 MeV available for *Th, the fission-fragment Z
distribution of **Th(namev,f) is shown. The distribution of the system **Pu(nismev,f) is added in red to
the distributions of the other systems.

The Z distributions were chosen for this comparison, because of the leading role of the proton shells for
the position of the asymmetric component in the fission of the actinides that had been deduced in a
previous work ["“].For four of the systems shown in Fig. 1, there exist also dedicated complete
measurements of the fission-fragment Z distribution (for *°Th see Ref. [**], for **U see Ref. [**], for
*Ppu see Ref. [°], and for *Cf see Ref. ['°]). They are not shown here in the interest of a consistent and
homogeneous comparison, because there exist no such measurements for spontaneous fission and for
fission induced by 14-MeV neutrons.

Nucleus 20T 23Th 26y 240py, 26Cm B0Cf
N/Z 1.555 1.589 1.565 1.553 1.563 1.551

Table 1: List of the neutron-to-proton ratios (IN/Z) of the compound nuclei corresponding to the Z
distributions shown in Figs. 1 and 2.
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Recently, fragment distributions for fission of **Pa as induced by protons impinging on ***Th were
measured over a larger excitation-energy range with small energy increments ['’]. They show regular
shifts in the position of the asymmetric peaks of the mass distribution at the onset of the different stages
of multi-chance fission. It seems reasonable to assume that this finding is closely connected with the
anomaly of the system **Th(na,f), shown in figure 1. Unfortunately, this structure is not a direct
signature of the fission at low excitation energies, because it is mixed with fission in previous stages of
the multi-chance fission, and because the spread of the kinetic energies of the pre-fission neutrons tends
to wash out the signature produced by the last-chance fission. We will get back to this difficulty and its
handling within the GEF code in Section 5.

We would like to mention that the deviation of the directly measured Z distribution of the system
*Th(ng,f) from the systematics of the heavier systems has already been noticed long time ago ['®].
Abnormal features in mass distributions and total kinetic energy (TKE) have been reported, for
example in bremsstrahlungs-induced fission of #°Th, see Ref. [°] and references therein. Also a strong
dependence of the Z distribution from the kinetic energy of the light fragment has been seen and
attributed to the shrinking of the phase space at high TKE value that almost exhausts the Q value. In
the present work, we focus on the properties of the TKE-integrated fission-fragment distribution and, in
particular, on the dependence on the initial excitation-energy, because this is of prime importance for
the technical applications considered here.

As we mentioned already, also the TKE at low E* seems to be a very good signature of the suppression
of compact shapes. This aspect will be discussed in detail in section 5.

3. Incomplete data basis

Since it is impossible to measure all the systems of concern for present and future applications (note
that some isotopes of interest are shorted-lived, and excitation energies above the fission barrier from
zero to several MeV are of interest), a reliable evaluation is required. The latter is generally based on
existing measurements for a few systems. There exist also cases where missing measurements are
supplemented by model predictions. Unfortunately, the accuracy achieved by current evaluations
remains limited due to the lack of suited experimental data. We give a brief summary below.

Over the years, the experimental techniques improved substantially, but the determination of the yields
of fission fragments with full resolution in mass A and atomic number Z still remains a challenge. Most
data were obtained with radiochemical techniques for the fission induced by neutrons. Radiochemical
techniques are among the few options that provide a full identification of the fragments in A and Z.
However, there are several restrictions:

(i) Appropriate target material is required. The target material must be stable or long-lived.

(ii) Neutrons with high flux and well defined energy must be available. By this reason, most
experiments were performed with thermalized, “fast” and 14-MeV neutrons.

(iii) The identification of the fragments by gamma radiation often requires chemical separation and
transport of the sample to a background-free location. This sets a lower time limit in the order of
seconds or minutes and, thus, makes it impossible to detect short-lived fragments.
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Additional problems arise, because fission attributed to "thermal neutrons" often has contributions from
fission at higher energies, due to incomplete thermalization of the incident neutrons. For targets that are
not fissile by thermal neutrons, the data named "(n,f)" have their origin in reality mainly from higher
neutron energies [*]. This is true for many systems included in the official evaluations.
Also "fast neutrons" are not well defined, and their energy distribution can be large. Evaluated data
listed in the category fast-neutron-induced fission reach from an average of 500 keV to about 2 MeV
(in particular for **U(ng.s,f), due to the high fission barrier) [*°]. The energy is distributed over a more
or less broad energy range, and the variation of the average energy from system to system hides a clear
signature of the excitation-energy dependence of fission observables.

Other techniques have been developed recently, but only few provide a full identification of the
fragments in A and Z, which is mandatory for the generation of suitable high-quality nuclear data.
However, they suffer from other problems:

(i) Experiments at GSI, Darmstadt, measure the fragments produced in the fission of heavy, relativistic
projectiles induced by electromagnetic excitation in a Pb or U target in inverse kinematics. [*,**]. The
resolution in A and Z is excellent, but the excitation-energy distribution is broad and not tunable.
Furthermore, the nuclei that can be studied are produced in fragmentation reactions from stable or long-
lived material. Thus, their variety is limited to nuclei lighter or with a mass equal to the primary
projectiles.

(ii) Experiments at GANIL, Caen, measure the fragments produced in the fission of heavy projectiles
with energies slightly above the Coulomb barrier, where fission is induced by transfer reactions from
light target nuclei [*], Here, again, the projectiles must be stable or long-lived, and the variety of
transfer products is limited. Cuts on excitation energy with a range below a few MeV are difficult due
to limited resolution and statistics.

In summary, the evaluated data on fission yields for so-called thermal, fast and 14-MeV neutrons that
exist only for a handful of target nuclei lack the needed precision. In particular, high-quality direct data
on the evolution of the fission yields as a function of the initial excitation energy in the technically
most important range of a few MeV above the fission barrier do not exist to our knowledge. To
circumvent the limitations of current evaluations, a theoretical model with high predictive power is
required. In the context of modern applications, it is crucial that the selected model manages to describe
the abnormal features of fission of light actinides. In this work, we propose the GEF code [?] as a fast
and flexible approach to provide reliable fission yields, consistently from light to heavy actinides, and
from the threshold to high energies.

4. Physics ideas and implementation in GEF

4.1 Framework of the GEF code

GEF is a semi-empirical model of the fission process, which is being widely used. It combines a good
description of measured data due to the combination of the presence of adjustable empirical parameters
with the power for extrapolations to unmeasured systems due to its theoretical backbone [].
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Previous releases of the GEF model were already very successful in describing fission observables for
the heavier actinides with Z > 92 up to Z=100 and beyond. However, for lighter actinides, deviations
with respect to the systematic behaviour of the heavier systems have been observed: In spontaneous
fission and in thermal-neutron-induced fission for Z < 92, the dominant asymmetric component became
narrower, and it was shifted towards higher asymmetry, as discussed in Section 2. In previous GEF
versions, these deviations were considered by introducing purely empirical (“local”) parameters for the
concerned systems. Recently, the experiment of Berriman et al. ['’], mentioned above, revealed by a
comparison with GEF-Y2018/V1.1 that this empirical parametrization was insufficient. In the present
work, we propose a common explanation to these deficiencies of the previous GEF versions. The ideas
and the formalism implemented recently to enhance the model in this respect are detailed in the
following sections. It is based on the presence of a third barrier in the potential-energy surface of light
actinides evolving towards the scission-point configurations. The formalism described here is already
incorporated in the most recent versions of the GEF code, starting with version 2013/V3.1, and it
describes the experimental observations well.

4.2 A third barrier in the light actinides

As mentioned above, the abnormal features of the fission-fragment mass (charge) distributions of light
actinides are attributed to a third barrier on the fission path. We assume that the third barrier tends to
increase the potential energy near scission so much that, at low initial excitation energies, the nascent
fragments under certain conditions may be hindered to reach the scission point due to lack of energy.

The peculiar behaviour of some light actinides was noticed in the 1970’s based on measurements of
fission excitation functions and fragment angular distributions (see Refs. [*'*"] for representative
publications on such experiments). In particular, within a statistical-model analysis assuming a double-
humped fission barrier profile, the parameters extracted for the fissioning systems *'***Th were found
to be incompatible with theoretical estimates based on the Strutinsky method (a theory, which was
otherwise successful in explaining asymmetric fission of actinides). On the contrary, the parameters
extracted for the fissioning isotope **’Pu were seen to match theoretical predictions well.

A connection between the presence of a third minimum in the fission path, resulting in a triple-humped
barrier, and the “thorium anomaly” was first made by Moller and Nix [*'] at the IAEA symposium in
Vienna in 1973 . A wealth of experimental information on fission probabilities and angular anisotropies
were collected in a more widespread area of the actinide region I n the following three decades. All
confirmed the necessity to consider a triple-humped fission barrier to understand the lightest actinides
at low excitation energy (see e.g. Refs. [*,%,7,%**]). As a general rule, the depth of the third
minimum required by the statistical-model calculations of these works was rather shallow, in
accordance with the early predictions by Méller [*']. In the 1990’s, new calculations by Cwiok et al. [*]
predicted, however, deep third minima. While some subsequent experiments, see e.g. Ref. [*],
confirmed the calculations of Cwiok et al., other, e.g. Ref. [**], did not, re-starting the debate about the
magnitude of the third potential well. In this context, Kowal et al. [**] recently pointed to a flaw in the
calculations of Ref. [*], and corroborated the shallowness of the third minimum obtained in the
pioneering predictions [**']. That led to a resurgence of interest, and new calculations within most

modern models were done over the past decade [*,”,*,**]. Independently of the approach, the
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macroscopic-microscopic or the self-consistent, all results predict a shallow third minimum in the
lighter actinides, typically between thorium and uranium, and which vanishes with increasing neutron
number.

All studies on the shape of the fission barrier, and, in particular, on the occurrence of a third minimum,
rely on fission excitation functions and angular anisotropies. The analysis and interpretation are based
on statistical-model calculations, with typically 5 to 10 parameters. The extracted barrier profile
therefore suffers from a considerable uncertainty due to large model-dependence, which may have
contributed to the aforementioned debate. Additional signatures are highly desirable. To the best of our
knowledge, no investigation of the specific impact of the third minimum on the fission fragment mass
(charge) and TKE distributions, and their evolution with excitation energy, was performed prior to this
work. As the present study shows, these quantities are subtle signatures of the last stage of the barrier
profile, as will be discussed in section 4.4.

4.3 Updated formalism used in GEF

The following section describes the technical aspects of the formalism implemented in the GEF code
that accounts for the effects attributed to the third barrier. The physical arguments for these changes
will be given in section 4.4.

4.3.1 Variation of the shape of the S2 peak

The original aim of GEF was to calculate the distributions of the different observables (for example
mass distributions) by considering the populations of levels in a potential pocket representing a given
fission valley associated with a certain fission channel. This is a rather customary procedure in the
domain of (semi-)empirical models of fission, and it has proven to be successful. In the GEF code,
assuming that the potential is parabolic, the population of levels is given by that of an harmonic
oscillator, and the resulting mass distribution is therefore a Gaussian. While this was found to work
well for the standard 1 (S1) and super-asymmetric (SA) channels, for the standard 2 (S2) channel,
however, the observed mass (charge) distributions showed deviations from a Gaussian. To account for
this special feature of S2, an empirical modification was introduced in GEF, involving the
multiplication of the Gaussian with an additional shape function. In practice, the shape of the mass
distribution was modified by convoluting the Gaussian of a (simplified) parabolic potential pocket with
a "box" (rectangular distribution),

In a semi-empirical model, a fission channel is primarily defined by the appearance of a bell-shaped
component in the fission-fragment mass distribution. It is assumed that it is related to a fission valley at
a certain mass-asymmetric distortion that is caused by a shell in the potential-energy surface. The shape
of the potential valley in direction of mass asymmetry is not necessarily a parabola, and, thus, the bell-
shaped component may differ from a Gaussian function. Such deviations are most easily seen for the
S2 channel, because it is often dominant in low-energy fission and, thus, it is most intensively
investigated. In contrast, the bell-shaped components of the S1 and the SA channels, which are much
weaker and partly covered by the S2 channel, are well described by Gaussian functions within their
experimental uncertainties. GEF describes the components in the fission yields (considered in mass,

10



The manuscript of this preprint has been published in Annals of Nuclear Energy 208 (2024) 110784.

TKE and other properties) by a small number of fission channels that are present in systems over large
regions of the chart of the nuclides [*']. More details can be found in Ref. ["].

The key parameter that is expected to govern the influence of the postulated third barrier is assumed to
be the intrinsic excitation energy available at the third barrier. Unfortunately, there is no direct
experimental information available on this quantity. It is estimated here by use of quantities that are
closely related to empirical observations. This method is rather approximate, but it is expected to
reproduce the major trends.

The height of the third barrier (E) is deduced from the semi-empirical systematics of the first and the
second barrier (E, and E},) used in the GEF code by a linear extrapolation:

E.=E,+E,~E,| 1)
The available energy above the third barrier is given by:
Eimr — El;gtr _ EC (2)

E’;s" is the initial excitation energy of the fissioning nucleus above the ground state.
In the GEF code, the mass distribution of the S2 fission channel is given by the convolution of a
Gaussian with a rectangular distribution, as discussed above. To account for a third barrier, the shape
variation of the heavy peak of the S2 fission channel is expressed by a multiplication with the
following linear function:

Fcorr:(A_Ac)/Lbox >l<Rslz)13e>kan)rm (3)

A is the mean value of the calculated mass distribution in the heavy S2 peak, when the influence of the
third barrier is disregarded. Negative values of F. are set to zero, while R,.m keeps the integral of the

S2 peak. Ly is the size of the rectangular box that is used for the description of the mass peak of the
S2 channel.

The formula that determines the slope is:

Ryppe=0xp(—E." g*exp(2.6%(S,—S,))) (4)

slope

intr
c

We found that the data of Fig. 6 are better reproduced, when the term E
replaced by

, defined in equation (2), is

=B +E™=AE . (5)
E™is the dissipated energy present at scission that is used in GEF, and AE=3 MeV is a constant
adjustable parameter. The values of these two quantities are rather close [’]. Thus, they nearly cancel.

However, this modification introduces a dependence on the dissipation that seems to be present in the

11
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data. The quantity E™ is rather well determined by the odd-even effect in fission-fragment Z
distributions. Note that different approaches obtain rather similar relations between the excitation

energy at scission and the magnitude of the odd-even effect [,

43 44

b

For a good agreement with the data, it was necessary to add an empirical term with (S,-S;), the
difference between the separation energies of neutrons and protons of the fissioning nucleus, in order to
account for an apparent influence of the neutron excess.

The parameters characterizing a few systems are given in Tables 2 and 3. They illustrate, how fast the
shape change of the S2 channel decreases towards heavier systems and higher excitation energies.

System E. E, Ev-E, E™ EM S, S, Sa-Sp Slope
(MeV) | (MeV) | (MeV) | (MeV) | (MeV) | (MeV) | (MeV) | (MeV)

Th229T |5.70 6.09 0.39 1.53 -1.86 |6.02 5.84 0.18 3.5
U233T |5.69 5.57 -0.12 3.72 +0.84 6.18 5.35 0.82 1.79
U235T |5.76 5.73 -0.026  |2.53 -045 |5.93 5.77 0.16 0.54
Pu239T |5.70 5.09 -0.61 4.87 +2.48 6.08 5.28 0.80 0.24
Pu241T |5.61 5.10 -0.50 4.10 +1.61 5.84 5.69 0.15 0.068
Cm247T 6.07 4.96 -1.11 4.02 +3.84 |5.87 5.40 0.47 0.026
Cf249T |6.02 4.08 -1.94 9.07 +8.01 |6.15 4.74 1.41 0.0083

Table 2: Characteristic parameters for a few systems with long-lived target nuclei that enter into the
description of the shape variation of the mass peak of the S2 component.
Note: Th229T indicates the reaction **Th(ng,f), and so on. E, and E, are the heights of the first,

respectively, second barrier used in GEF, see ["]. E!' is the intrinsic excitation energy at scission,
used in GEF, see ["]. Eiri‘;od is the schematic estimation of the intrinsic excitation energy at the third

barrier given by equation (5). The separation energies are taken from Ref. [*]

Neutron energy (MeV) Ei”f[no ;  (MeV) Slope
0.5 -1.15 2.85
1 - 0.45 2.36
1.5 +0.08 1.48
2 +0.57 0.90
5 +3.56 0.045

Table 3: Evolution of the characteristic parameters that determine the shape of the S2 mass peak for
incident neutrons with different kinetic energies for the system ***Th(n,f).
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4.3.2 Suppression of the S1 and the SA fission channel

In addition to the shift of the mean value and the complex shape of the S2 peak (in A and/or Z), there is
an additional deviation that can be deduced from the Z distributions shown in figure 1, namely the
suppression of the S1 fission channel. The suppression of S1 has a sizable influence on the shape and
the position of the asymmetric peak (in A and/or Z). The yield of SA is, on the contrary, very small for
the nuclei of interest so that it is hardly observable [*°]. However, we also introduced a suppression of
the super-asymmetric fission channel in GEF in order to obtain agreement with the measured yields in
the tails of the mass distributions at large asymmetry, see below.

The corrected yields for S1, Yeor(S1), and SA, Yer(SA), respectively, are given by:

Y, [S1]=Y(S1]x* 1/(1+exp(4 %(E,~E,|- E™ —Ediss+AE)) ©)
Ycorr(SA):Y(SA)*1/(1+eXp (4*(Eb_Ea)_E;7mr_Ediss+AE)) (7)
with E;)"=E, —E, (8)

Equations (6) and (7) resemble the equations for the transmission through a potential barrier of an
inverted parabola. The factor of 4 and the energy shift AE = + 3 MeV are the two adjusted parameters
in these equations.

The above formalism is implemented in GEF and applied to all systems. It can be seen from equations
(1-8) as well as from the numerical values of Table 2, that the height of the third barrier progressively
decreases with increasing size of the system. Actually, for Z>94 the third barrier becomes lower
than the second one, and it finally vanishes for the heaviest systems. Accordingly, its influence on the
fragment mass distribution gradually decreases.

The calculations of this work have been performed with GEF-Y2023/V3.2. As we demonstrate in
Section 5, the approach works well. That is, the observed deviations in the observables can be
understood by a suppression of very compact and of very elongated configurations at scission, leading
to a reduction of the S1 and the SA fission channels, as well as to a concentration on the more
asymmetric side of the S2 channel. Since the yield of the SA channel is very small in the fission of light
actinides, the suppression of very elongated shapes at their fission is deduced from GEF calculations.
While GEF reproduces well the mass distribution for spontaneous fission of ***Cf with a yield of 7.2 %
for SA and the mass distribution of the **Pu(ng,f) reaction with a yield of 1 %, a suppression by a
factor of 5 is necessary to reproduce the measured mass distribution of the ***U(ng,f) reaction in the far
asymmetric wings with a yield of 0.3 % in the SA channel.

We may thus conclude that in lighter actinides, fission paths with extremely compact and extremely

elongated configurations are suppressed for low excitation energies at freeze-out. Note that the freeze-
out is defined as the moment, when the final mass and/or Z distribution of the fission fragments is
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defined. This happens, before the scission configuration is reached, due to the influence of inertia and
friction on the collective dynamics. See also the following section 4.4. All these effects are attributed to
the influence of the third barrier.

4.4 On the topology and the dynamics around the third barrier

GEF is based on the assumption that the fragment shells are present to a high degree at the second
barrier [*]. This imposes that the fragment shells are also dominant at the third barrier. It is not
consistent, if we assume other, different, potential valleys at the third barrier. However, this argument
still allows for systematic changes of the macroscopic potential. For example, the curvature of the
macroscopic potential against mass-asymmetric distortions and against more or less elongated
configurations may vary [*]. The observations of the suppression of very compact and, possibly, very
elongated shapes may be explained that way.

Concerning the dynamics, two effects are expected: (i) Because the valleys of the different fission
channels should be present consistently from the second barrier until scission, the flux captured in one
valley should not be able to leave it. Still, the shape of the fissioning nucleus may be modified by
shifting to one or the other side of the valley in terms of the mass-asymmetry degree of freedom by the
modified macroscopic potential. (ii) The excitation energy of the fissioning nucleus might fall below
the potential energy that is needed to pass the third barrier and to reach the scission configuration. In
that case, fission is forbidden and the flux will return back to the second minimum or start again
towards fission in another valley. These ideas are based on the picture of individual trajectories of the
system in the multi-dimensional deformation space by the solution of the Langevin equations. It
explains both the change of the shape of the mass distribution of S2, and the suppression of trajectories
of a specific fission channel that is characterized by a Gaussian-like accumulation of trajectories near
the minimum of a fission valley in the potential-energy landscape and a corresponding peak in the
fission-fragment mass distribution. Due to the different character of the dynamics of (i) and (ii), the
functions that describe the two possibilities, need to be somewhat different. This may be the
explanation for the absence of an ( S,—S, ) dependence of the yield suppression of S1 and SA. A
more detailed discussion of this physics will be the topic of a dedicated publication [*°].
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4.5 Evolution of abnormal features with excitation energy

The deviation seen in the fission of light actinides from the systematic behaviour of the heavier
actinides appears only at low excitation energies E* and disappears already by increasing E* by a few
MeV, as illustrated in Figs 1 and 2. This gives rise to a drastic variation of the fission-fragment yields
as a function of excitation energy, and, in particular, at energies close to the fission barrier. In this
sense, it behaves in a similar way as the odd-even effect in the fission-fragment Z distributions [*°],
although the physics behind is different. While the fragility of pairing effects in fission against modest
thermal excitations is well known, shell effects usually survive up to excitation energies in the order of
10 to 20 MeV. Thus, the fast disappearance of the suppression effect is a priori unexpected. The above
detailed formalism permits to naturally take the evolution with E* into account in GEF.

5. Benchmark

The measured fission yields of **Th(nwm,f), 2*U(n,f), 2*U(na,f), and >*U(sf) gave us the impetus for
the idea of the suppression of very compact and very elongated configurations at scissions, introduced
in this work, and for the development of its quantitative description in GEF. The parameters appearing
in the enhanced GEF formalism were determined by a fit to these data. The measured mass
distributions are compared with GEF calculation with and without the suppression effect in figure 3,
demonstrating the capability of the updated code to describe the abnormal features discussed
previously.
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Figure 3: Empirical fission-fragment mass distributions [*] of four key systems (black symbols and
error bars) that reveal the suppression effect that is attributed to the influence of a third barrier in this
work are compared with GEF calculations (blue circles) with (left part) and without (right part) the
suppression effect.

The suppression of compact shapes and its interplay with multi-chance fission is seen in the data on the
fission of ***Pa by Berriman et al. ['’]. Figure 4 shows the mean mass of the light fragment (defined by
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the left half of the full mass distribution) from GEF in comparison with the position of the light peak
from Ref. ['"] as a function of the incident proton energy. The angular momentum induced by the
incident proton is considered in the calculation. Similar to experiment ['’], the calculation exhibits very
clear structures. The change of slope at E, = 7, 13, 21 MeV is caused by the onset of the successive
fission chances, which imply an abrupt decrease of the excitation energy of the residual system. This
decline leads to a suppression of compact shapes in the population of the favored heavy fragment,
which means that its mean mass increases. Accordingly, the mean mass of the light fragment decreases.
This contribution of a portion of low-energy fission above the threshold for different stages of multi-
chance fission is clearly seen by the regions with negative slope. The overall trend of the mean light
mass to increase in the lower panel of Fig. 4 is due to the increasing contribution of the symmetric
fission channel with increasing incident-proton energy and, to a smaller part (0.5 mass units at E* = 25
MeV according to the GEF model) by the increasing angular momentum introduced by the indicent
proton. The calculation of Fig. 4 is at least qualitatively compatible with the experimental results of
Berriman et al. ["]. Unfortunately, a direct quantitative comparison is hampered by the analysis
procedure used in Ref. ['"]: The mean mass of the heavy fragment was evaluated there from a local
(Gaussian) fit around the maximum of the peak. Symmetric fission, therefore, does not contribute, but
the extracted value depends somehow on the range of the fit and on the mass resolution of the
experiment. A more quantitative comparison is postponed to a forthcoming publication [*].
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Figure 4: The result of GEF calculations for the mean value of the Ilight part

(A < 116) of the mass distribution prior to prompt-neutron emission from the reaction ***Th(p,f) as a
function of the incident-proton energy (open symbols) is compared with the position of the light
asymmetric peak of the measured pre-neutron mass distribution from Ref. ['’] (closed symbols). The
lines are drawn to guide the eye. Downward kinks appear at the thresholds of higher-chance fission
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contributions (E, = 7, 13, 21 MeV). The global slope in the lower panel is mainly caused by the
increasing yield of the symmetric fission channel.

The influence of the suppression of compact and very elongated shapes on the TKE observable is
finally shown in Fig. 5 for neutron-induced fission of **U. ***U, as a non-fissile nucleus by thermal
neutrons, is particularly well suited to show the effect, which appears most strongly at energies close to
the fission barrier, because states in the vicinity, and even below the barrier can be populated with
incident low-energetic neutrons. The difference between the two calculations below E* = 8 MeV
illustrates the energy dependence of the suppression effect, which is implemented in the updated GEF
code. Although the absence of experimental data below E* = 6.2 MeV (E, = 1.4 MeV) prevents us to
study the slope of the decrease in detail; the beginning of the decline is clearly shown in the data.

Fig. 5 shows that low TKE value of 169 MeV for spontaneous fission (E* = 0) of *°U, obtained by
GEF, falls as low as 169.4 MeV. This is consistent with the low yield of the S1 fission channel in the
measured mass distribution of the spontaneous fission of ***U, see Fig. 3. (The mass distributions of the
two neighbouring isotopes, **U and *°U, may be assumed to be very similar.) This “bridge” between
the mass distribution and the TKE confirms nicely the idea of the suppression of very compact
configurations by the third fission barrier. The suppression of very elongated shapes, mentioned above,
does not have a sizable effect on the TKE due to the low yield of the super-asymmetric fission channel
in the light actinides.
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Figure 5: Pre-neutron total Kinetic energy of the fission fragments from the reaction **U(n,f) as a
function of the incident-neutron energy (upper scale) and the excitation energy (lower scale). The
measured data [*',>*] are compared with the results of the GEF code with and without the application of
the suppression of very compact and very elongated configurations. The lines are drawn to guide the
eye. The horizontal error bars correspond to the widths of the incident-neutron energy ranges of the
data from Ref. [**]. The GEF calculation has been extended to fission of the compound nucleus **U
from lower excitation energies until E* = 0 (spontaneous fission) that cannot be reached by incident
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neutrons on a U target in order to show the behaviour in an extended excitation-energy range in a
consistent way, in spite of the extremely low fission probabilities.

19



The manuscript of this preprint has been published in Annals of Nuclear Energy 208 (2024) 110784.

Figure 5 shows that the TKE is a very sensitive, and particularly subtle, signature of the presence and
the fading out of the suppression effect. This effect counteracts the negative slope above E* ~ 7 MeV,
which is caused by the decreasing yield of the S1 fission channel above E, =2 MeV and the increasing
yield of the symmetric fission channel.

6. Quantitative predictions

The new feature presented in this work has important impact on the planning and on the operation of
modern and future power plants, in particular the Th-U fuel cycle, where fission occurs at variable
energies, from threshold up to typically a few MeV above the fission barrier. ***Pa is a key isotope for
Th-U fuel cycle. Its importance in the operation of nuclear facilities like fission reactors or accelerator-
driven systems connects with two aspects (known as a “protactinium effect”): First, decrease of the
reactivity of the reactor due to capture of neutrons and, second, increase of the reactivity after reactor
stop due to inventory transformation of **Pa into **U via f-decay. Any knowledge on the fission
properties of **Pa is thus essential.
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Figure 6: Illustration of the suppression effect on the fission-fragment mass distributions after prompt-
neutron emission for neutron-induced fission of several target nuclei (**'Th, **Pa, **U, *°U). The
results of GEF-Y2023/V3.2 are shown for incident-neutron energies from thermal to 3 MeV in
increments of 0.5 MeV from top to bottom. The uppermost panels for the ***Pa target, which is not
fissile by thermal neutrons, are included for the sake of a systematic comparison, although the fission
probability is very low.

To our knowledge, the GEF code is the only tool that is able to reproduce the observed abnormal
features and to estimate the effect on (nearly) all fission observables for all nuclei in the light actinides

as well as the variation with excitation energy. The GEF code is available in the internet [*,>*,>].

21



The manuscript of this preprint has been published in Annals of Nuclear Energy 208 (2024) 110784.

The fission yields from neutron-induced fission of 144 target nuclides with 86 < Z < 98 and incident
neutron energies between thermal and 30 MeV have been calculated, and they are made available to the
community [*°,”"]. These GEFY data tables are also distributed by the NEA via the JANIS software [*°].
The mass distributions for a few representative systems with technical relevance are presented in
Fig. 6.

7. Conclusion

In this work, complex and abnormal features in the yields from the fission of light actinides at low
excitation energies are investigated. We revisited previously noticed deviations of the yields in thermal-
neutron-induced fission from the monotonous trend that is observed for heavier systems. We widened
the analysis to higher excitation energies, and, by the use of recent data, to structures appearing in
multi-chance fission as well as to a pronounced drop in the total kinetic energies.

These complex features were attributed to the influence of a third minimum, respectively barrier, in
these nuclei, and, based on this idea, we have developed a model description and recently implemented
it in the GEF code. The enhanced modeling successfully grasps the complexity of light actinides by
reproducing properly their critical impact on the earlier mass-yield measurements, as well as on other
fission observables, and, in particular, on the total kinetic energy, which was not addressed in the past.
The GEF code finally offers a consistent description over the entire region of actinides. It is used to
provide systematic predictions on fission yields, and in this work, more specifically where the
abnormal features appear. This concerns nuclei involved in the Th-U fuel cycle but also all uranium
isotopes that are present in conventional fission reactors. Thus, the results of the present study are
highly relevant for the design and the operation of conventional and future reactors.
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