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Figure 6. Left: the excitation energy distribution for each fission fragment leading to 134I after neutron
emission. Normal distributions were fitted to each distribution to retrieve average energies and spreads
σE. Right: the spin versus E∗ distribution for all distributions in Fig. 5, superimposed. The spin values
of ground state and meta-stable state are indicated on the spin axis. The average excitation energies
(left plot of this figure) and Jrms values are indicated for each individual fragment by numbered circles.
The total GEF P (J) distribution has a Jrms value of 9.5 !.

function of fragment spin J due to the increase in rotational energy:

Ē(J) = C1
(
J2 + J

)
+C2 ∝

!2

2J J (J + 1) . (2)

where J is the moment of inertia. C1 and C2 act as free fit parameters. The coefficient
C1 seems to be independent of the parent mass while C2 depends on the neutron separation
energy.

In this work, we provide TALYS with input files parameterising the excitation energy with
Gaussian distributions, which is a good first order approximation for each neutron emission
channel. We deduce the average energy and spread of energy (σE) from each Gaussian fit
as seen in Fig. 6 (left). More refined excitation energy parameterisation is currently under
development, where the functional dependencies of Eq. (2) and Fig. 5 will be implemented.

The superposition of all the neutron channels is plotted in Fig. 6 (right) together with
the respective average energies (from the Gaussian fits) and Jrms as indicated by numbered
circles (mass number, A). The total angular momentum distribution from GEF, summed over
all fission fragments, has a Jrms of 9.5 !. As expected, there is a positive correlation between
the average energy and the average spin [13].

All in all, 56 TALYS IYR calculations were performed (eight spin distributions for each
of the seven pre-cursors), all of which are plotted in Fig. 7. The IYR is defined as the ratio
of high-spin cross section to the total production cross section. As the B parameter increases,
higher spin values are populated by the de-exciting nucleus. Therefore, the population of the
high-spin state will increase with B. The vertical lines correspond to Jrms as extracted from
the GEF distributions plotted in Fig. 4. GEF predicts an IYR of about 0.55. Based on this
value the average Jrms from TALYS is between 9.5 and 10.5 !, for the case of 134I.

4 Conclusions and outlook

With the different techniques employed, we have thus far measured IYR for 34 different
products for three different reactions at the IGISOL facility in Finland [1, 2, 14]. The bulk of
the data, 30 IYR, are in the 132Sn region and for 238U(p,f) at 25 MeV. The analysis carried out
on the data this far have already revealed interesting trends. It remains to be seen what can be
learned from the most recent data-set, offering to study the behaviour across the N = 82 line
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3FISSION FRAGMENT MASS YIELDS 

Institut Laue–Langevin (ILL)

Schmidt and Jurado, Rep. Prog. Phys. 81 (2018) 106301

Takatoshi Ichikawa, Phys. Rev. C 86, 024610 (2012)

Potential energy landscapes of 
fissioning nuclei 

determine the mass split

CONTRASTING FISSION POTENTIAL-ENERGY . . . PHYSICAL REVIEW C 86, 024610 (2012)

very short and low in energy so the asymmetry at the
vanishing point might not be closely related to the final
fragment mass asymmetry.

V. TWO TYPES OF ASYMMETRIC FISSION

Asymmetric fission in the actinide region has since its
discovery been “explained” in terms of strong “shells” in
the heavy fragment related to its proximity to doubly magic
132Sn. But it should be observed that in fission of actinides, the
heavy fragment is not exactly 132Sn and just small changes
in Z and N from the doubly magic nucleus drastically
decrease the extra binding due to the proximity to a doubly
closed shell. For example, the most probable mass split of
240Pu is MH/ML = 140/100. This corresponds to the heavy
fragment 140

55Cs85 with a ground-state microscopic correction
of −2.96 MeV [21], which is not even close to the 132Sn
ground-state microscopic correction of −11.55 MeV. But,
when the nascent fragments start to emerge, they have not
absorbed some nucleons in the neck regions. Thus, the partially
formed heavy fragment in the case of 240Pu is closer in
size and shape to 132Sn than it is to 140

55Cs85, which could
significantly affect the microscopic correction. For example,
just removing one proton and one neutron from 140

55Cs85 leads
to 138

54Xe84, with a ground-state microscopic correction of
−5.35 MeV [21].

Clearly, one should only invoke such hand-waving argu-
ments related to fragment properties as a starting point for
understanding the mass-asymmetric fission-fragment division
in the actinide region. A more complete understanding should
involve the potential energy from the ground-state shape to
separated fragments in terms of a sufficiently large number
of shape degrees of freedom [11]. It has indeed been shown
that a deep asymmetric valley separated from a symmetric
fission valley for most actinides extends from the saddle
region to scission configurations [11,12]. As an example,
we show in Fig. 6 calculated energies along symmetric and
asymmetric optimal fission paths and the separating ridge
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FIG. 6. (Color online) Potential energy along two valleys (paths)
and one ridge, and at minima and saddle points for 236U from a
spherical shape to very deformed configurations. Here the symmetric
valley is well separated from the asymmetric valley by a ridge that
is about 5 MeV high along the entire deformation range between the
saddle and the asymmetric scission configuration.
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FIG. 7. (Color online) Two-dimensional potential-energy surface
for 180Hg which shows some essential features of the full 5D potential-
energy surface. Two crossed (red) lines show the locations of some
saddle points. Note in particular that the valley across the asymmetric
saddle disappears slightly beyond q2 = 10.

for 236U. Here an asymmetric valley extends from the outer
saddle region to scission. It is shielded from the symmetric
valley by an about five-MeV-high ridge along its entire
path. This contrasts very much with the situation in the
Hg region.

To illustrate more clearly the differences between Hg and
actinides in the fission potential-energy surfaces, in particular
the presence and absence of fragment shell effects in the
potential-energy surfaces of the compound system, we plot
in Fig. 7 a by necessity somewhat schematic two-dimensional
representation of the most important features of the full 5D
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FIG. 8. (Color online) Two-dimensional potential-energy surface
for 236U which shows some essential features of the full 5D potential-
energy surface. Two crossed (red) lines show the locations of some
saddle points. Note in particular that the valley across the asymmetric
saddle continues to the largest q2 shown. It also continues beyond to
a point where the nucleus separates into two fragments. This is very
much in contrast to the potential-energy surface for 180Hg.
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4. Theoretical innovations

In the following, we will give a survey of the ability of the 
different presently used theoretical approaches and ideas 
to closely reproduce experimental !ssion observables and 
to reveal the physics behind them. Because the dynamics 
of the !ssion process and the in"uence of shell effects and 
pairing are considered to be essential assets for under-
standing low-energy !ssion, static and purely macroscopic 
approaches are not included. The survey comprises micro-
scopic self-consistent approaches, stochastic models and a 
recently developed semi-empirical approach. In contrast to 
the self-consistent and the stochastic approaches, which are 
presently restricted to the description of a rather small sub-
set of !ssion observables, this semi-empirical model [228] 
covers essentially all !ssion quantities and their mutual 
correlations. This is why the physics background and the 
abilities of this model will be described in more detail in 
this review.

The self-consistent microscopic theory aims to describe the 
!ssion process in a quantum-mechanical framework under the 
in"uence of an effective nuclear force, see section 4.1. This 
is the most ambitious and the most fundamental approach, 
but it still faces considerable technical and computational dif-
!culties. Also, several formal or conceptual issues have not 
fully been solved. A review on the present status of this type 
of model, in particular the implementation, solution methods 
and results of microscopic self-consistent !ssion modeling 

based on the nuclear-density-functional formalism, is given 
by Schunck and Robledo [81].

Stochastic models describe the !ssion process by a trans-
port equation, whereby the concepts of statistical mechanics 
are applied to describe the irreversible approach towards sta-
tistical equilibrium, see section 4.2. In recent applications, the 
stochastic processes are introduced by a random force in the 
numerical solution of the Langevin equations or by a random-
walk approach. These stochastic models are essentially clas-
sical, while quantum-mechanical features only enter partially, 
e.g. by the macroscopic–microscopic description of the poten-
tial-energy landscape. Detailed considerations on the validity 
of transport theories and a survey of the respective theor-
etical approaches can be found in [285, 286]. Also, stochastic 
models are computationally demanding and restricted to the 
description of a limited number of degrees of freedom. The 
reader who is interested in an exhaustive overview on self-
consistent and stochastic !ssion theories can !nd it, among 
other topics, in the textbook of Krappe and Pomorski [287].

A recently developed semi-empirical model description 
[228] by-passed the great complexity that is encountered 
when striving for the ab initio modeling of the !ssion process 
by concentrating on the essential features of the process that 
mostly in"uence the observables, see section 4.3. Qualitative 
and semi-quantitative ideas in this direction were developed 
a long time ago, see for example [288]. The ability to obtain 
rather accurate consistent quantitative results for practically 
all !ssion observables was achieved by linking the observables 

Figure 2. An updated overview of !ssioning systems investigated up to  ∼2016 in low-energy !ssion with excitation energies up to 10 
MeV above the !ssion barrier. In addition to the systems where !ssion-fragment mass distributions (FFMDs) were previously obtained 
in particle-induced and spontaneous !ssion (⚬), the nuclei for which the !ssion-fragment Z distributions after electromagnetic excitations 
were measured in an experiment in 1996 [258] and in the recent SOFIA experiment [171, 192] in inverse kinematics at the FRS at GSI 
(×) and the !ssioning daughter nuclei studied in β-delayed !ssion (⋄) are also shown. Full diamonds mark systems produced after beta 
decay for which the FFMD were measured; the data are from [154, 252] and the references therein. Furthermore, 25 nuclei are marked 
(+), including the FFMDs obtained from multi-nucleon-transfer-induced !ssion with the 18O+232Th [183] and 18O+238U [255] reactions. 
Several examples of measured FFMDs are shown; data from [254, 278, 283, 284]. For orientation, the primordial isotopes are indicated by 
squares. Adapted from [249]. © IOP Publishing Ltd. All rights reserved.

Rep. Prog. Phys. 81 (2018) 106301



4BROSA FISSION MODES

Brosa et al. PHYSICS REPORTS 97, (1990) 167—262.

F.-J. Hambsch et al. / Nuclear Physics A 679 (2000) 3–24 15

Fig. 11. Comparison of the experimental data (symbols) to the simultaneous fit of the mass yield (left
upper part), of the TKE(A) (right upper part), of the σTKE (left lower part) and of the dissymmetry
of the TKE distribution (right lower part), at En = 5.5 MeV, respectively.

The theoretical calculations predicted four modes [7]. The experimentally measured
Y (A,TKE) distribution can now be understood as a superposition of the individual mass
and TKE distributions of the different modes.
The parameterization proposed by Brosa and Knitter [22] is used to decompose the

Y (A,TKE) distribution at each investigated incoming neutron energy. It includes three
modes with energy-dependent average mass and mass dispersion and energy-dependent
TKE and σTKE. These parameters are at each energy determined by a fit to the experimental
data. The result of the decomposition is compared in Fig. 11 with the experimental data
obtained at En = 5.5 MeV.
Since no real physical argument could be found to fix the parameters of the average mass

and TKE, for the present comparison all parameters have been kept free (except mean mass
and width for the symmetric mode).
According to usual terminology [6], the labeling of the standard modes has been done

in the growing order of the asymmetry of the modes. Hence, S1 is the least asymmetric
mode, whereas S2 is the most asymmetric one. The superlong mode SL is related to
symmetric scission of the compound nucleus. Since the experimental data did not show
clear evidence for the existence of the theoretically predicted additional asymmetric mode
S3 [7] the fitting procedure has been applied as common practice (see, e.g., Ref. [3]) using

F.-J. Hambsch et al. / Nuclear Physics A 679 (2000) 3–24

Fission mode signatures

U. Brosa et a!., Nuclear scission 213

252Cf

Q3
1. 1 = 9.1 fm r = 7.1 fm z = 0.2 fm
2. 10.2 6.6 0.1
3. 10.8 6.0 0.1

ci~super—short

1. 1 = 11.6 fm r —5.2 fm z = 1.6 fm
2. 12.5 2.8 0.0
3. 14.0 1.1 0.0

© standard

1. L —11.7fm r —5.4 fm z = 2.6 fm
2. 14.0 4.0 1.6
3. 18.0 1.3 0.6
© super—long

1. 1 — 12.5 fm r — 5.7 fm z — 1.0 fm
2. 16.1 4.2 0.1
3. 20.7 2.9 0.3

Fig. 7.2. Visualization of the fission channels shown in fig. 7.1 by sequences of shapes. Part (a) depicts the evolution from the ground state to the
second minimum. Part (b) illustrates deformation in the supershort fission channel, starting from the bifurcation and ending at prescission (+ in fig.
7.1). Part (c) shows a similar change along the standard channel, but the first outline in the series displays the shape of largest asymmetry. Finally
part (d) is like part (b) but is for the superlong case. The formulas relating these shapes with the coordinates (I, r, z) are (2.3), (2.9, 2.10) and
(2.15). The figure is taken from [3.15].

by pluses. In principle, the trails of the supershort and superlong channels can also be seen in the other
projections (r, z) and (z, 1). But since these channels deviate little from symmetry, z = 0, their lines
almost coincide with the axes, so that only some bulges appear. Pictures of typical shapes on supershort
and superlong channels can be found in fig. 7.2b, d.
The fourth part of fig. 7.1, right bottom, shows the potential energy contained in the nucleus as it

S. Oberstedt et al./Nuclear Physics A 644 (1998) 289-305 293 

10 

5 

-s 

-10 

-15 
6 

i I I I I I I l .'~ 

. . . .  , .  • 

% % ~ f  . • . • 

~..~' . 

• • 

~ ~.40..... 
, I , I , , I ~ I , I "~'" I , 

8 lO 12 14 16 18 20 22 24  

D (fin) 
Fig. 3. Overview of all calculated minimized points in the potential energy landscape of 239U, The gross shape 
of the existing fission modes as well as the double-humped fission barrier is visible. 

larger r, which corresponds to a higher g, and z = 0, the superlong symmetric fission 
mode appears. For higher shape asymmetry, at z-values around 2.0 fm, two further local 
minima exist, one which corresponds to the recently found standard III mode [5], and 
a further local minimum at higher elongation. 

(2) The three-dimensional subsets (g, r, z) from figures similar to Fig. 2 are then 
transformed into an equivalent five-dimensional representation as outlined in Ref. [ 3 ]. 

(3) Finally, a complete fission mode is sought by calculating the minimized trajectory 
in the potential energy landscape between corresponding parameter sets obtained at 
different offsets (.  The calculations were performed statically minimizing the potential 
energy at 20 equally spaced parameter sets in the direction of the search vector defined 
byg,  r andz .  

In total about 3800 minimized shape configurations have been calculated between 
ground state and scission. The gross shape of the existing fission modes in 239U are 
shown in Fig. 3. 

In this representation the minimized potential energy E of each calculated shape 
configuration is shown as a function of D, which is the distance of the center of mass 
of the forming future fragments, and the typical double-humped structure of the fission 
barrier is visible, where at least two different outer barriers appear, the standard and the 
superlong barrier. On the descent from the outer saddle points towards scission the data 
are well grouped around three pathways, which in case of 238Np have been labeled as 
standard (splitting in standard I and II hardly visible), superlong and standard III. 

In order to identify each distinct fission mode, the following clear selection criteria 
have been worked out, which should be valid as long as we describe the fission motion 
from ground state to scission statically. 

(1) Sorting of the calculated data with respect to D, which is the distance of the 
forming future fragments and is calculated for each obtained set of shape parameters: 



of 239U at the typical excitation energy of 2 MeVabove the
fission barrier (corresponding to the fission of 238U induced
by 3.5 MeV neutrons) is shown in Fig. 9 as calculated with
the ABRABLA code [25–28].

This overview reveals the following general character-
istics: (i) Spallation-evaporation residues populate
neutron-rich isotopes of a few elements below the target2)
with strongly decreasing cross sections by cold-
fragmentation reactions [29]. This is an option for the
production of neutron-rich isotopes above the fission re-
gion. However, the limited choice of target elements im-
poses a severe restriction on this option. (ii) The main
nuclide production by spallation-evaporation reactions
gradually tends towards the proton-rich side and extends
to roughly 10 to 15 elements below the target element.
Saturation in the production of the most neutron-deficient
isotopes is reached around 5 elements below the target,
where the cross sections already decrease. The limited
choice of target elements imposes again some restriction
on this option to produce isotopes at the proton drip line.
Lighter residues are situated closer to the beta-stability
line. (iii) Spallation-fission reactions with actinide targets
(uranium and thorium are technical options) produce
neutron-rich isotopes in a wide element range (extending
from about Z ! 10 to Z ! 60 and further) with high cross
sections, see Fig. 8. (iv) Spallation-fission reactions with
lighter targets (e.g. lead, see Fig. 11) are not interesting for
the production of radioactive beams, because they produce
nuclides rather close to the beta-stability line. Moreover,
the cross sections are rather low. (v) The nuclide produc-
tion by fission of a 238U target induced by neutrons of a few
MeV is focused on about 8 very neutron-rich isotopes of a
limited number of elements between Z " 30 to Z " 62
with a dip around symmetric fission (Z " 46), see Fig. 9.

These characteristics were already qualitatively known
before and were exploited, e.g., for the production of
radioactive species at the ISOLDE facility. However, the
new experimental results and the improved codes provide a
better quantitative and systematic knowledge, which is
important for the prediction of yields.

The high-power target option deserves some additional
remarks: Because of the deposition of the primary-beam
energy in the converter target and the concentration of the
production to a very limited number of nuclides, one
obtains very high in-target production rates. Best condi-
tions for very high secondary-beam intensities by the ISOL
method are provided for nuclides around 132Sn. The double
shell closure is responsible for several peculiarities:
(i) High production yields in the heavy fission-fragment
group go in line with an enhancement of the N=Z ratio due
to strong charge polarization, see Fig. 9. (ii) Long half-lives

extend to rather large values of the neutron excess, see
Fig. 4.

Luckily, the mostly produced elements of the heavy
fission-fragment group (tin to lanthanum) can be extracted
from the production target with rather high efficiencies by
the ISOL method. In addition, their long half-lives allow
for using rather large target volumes, which are connected
with long extraction times, without introducing excessive
decay losses.

The nuclides in the light fission-fragment group are less
favored: First, they are less neutron-rich; second, they have
shorter half-lives. However, also here the elements from
zinc (Z ! 30) to strontium (Z ! 38) can be extracted from
the production target with rather high efficiencies by the
ISOL method. However, moderate target volumes should
be used in order to limit the decay losses.

IV. SOME POSSIBILITIES TO ENHANCE THE
PRODUCTION YIELDS FOR SPECIFIC NUCLIDES

In the course of the intense discussion on the design of
future secondary-beam facilities, different scenarios for the
production of secondary beams have been introduced. In
particular, numerous ideas have been developed, which
exploit specific aspects of nuclear reactions and technical
solutions, e.g., with respect to limitations on heat load,
ISOL efficiencies, and background intensities. The follow-
ing sections present, in a qualitative way, the basic ideas of
several of these propositions, which seem to be promising
for the EURISOL facility. The assessment of the quantita-
tive benefit in comparison with the standard 1 GeV proton-
driver option of the EURISOL project will be given in
Sec. V.

A. Extending the mass range of spallation-evaporation
residues by a 2 GeV primary beam

It has been observed that the intensities of several nu-
clides increase strongly if the energy of the primary beam

 

FIG. 9. (Color) Nuclide distribution of fission products from the
neutron-induced fission of 238U for fixed neutron energy of En !
3:5 MeV, calculated with the nuclear-reaction code ABRABLA.
The color code gives the yields in percent.

2Although the experiment was performed in inverse kinemat-
ics, we refer here to normal kinematics, which is applied in the
EURISOL scenario. Therefore, the heavy reaction partner is
denoted as the target nucleus.

BENEFITS OF EXTENDED CAPABILITIES OF THE . . . Phys. Rev. ST Accel. Beams 10, 014701 (2007)
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5ROLE OF MAGIC SHELLS

Z=50

N=50

Z=28

These fragments are extraordinary because they consist 
essentially only of nickel with the closed proton shell Z = 28!

Tsekhanovich et al., Nuclear Physics A 688 (2001) 633–658
K.H. Schmidt et al. PHYS. REV. 10, 014701 (2007)

N=82

638 I. Tsekhanovich et al. / Nuclear Physics A 688 (2001) 633–658

Table 2
Absolute mass yields (Yabs) in the light wing of the reaction 237Np(2nth, f) with error margins
(!Yabs = 1σ ). All values are given in percent

A Yabs !Yabs A Yabs !Yabs A Yabs !Yabs

74 0.00065 0.00016 78 0.0161 0.0011 82 0.206 0.014
75 0.00154 0.00014 79 0.0379 0.0024 83 0.492 0.043
76 0.00394 0.00042 80 0.0822 0.0050 84 0.459 0.027
77 0.00944 0.00061 81 0.1351 0.0086 85 0.786 0.111

Fig. 1. Mass yields in the fission of the compound nucleus 239Np∗ (full data points) from the present
work (A ! 85) and fromMartinez et al. [6] (A > 85). For comparison the mass yields of the following
other thermal neutron induced fission reactions, that could be studied in this very asymmetric region,
are given (lines without data points), i.e. the compound nuclei 236U∗ [20], 240Pu∗ [21], 243Am∗
[9], 250Cf∗ [17], 246Cm∗ [22] and 242Pu∗ [22]. In these latter cases, outside the region of very
asymmetric fission multiple experimental information exists. In these cases (A > 85) the set of yield
data of the Evaluated Nuclear Data File (ENDF/B-VI) [23] was used. In the mass region beyond
A = 160, however, practically no experimental data exist and the Evaluated Nuclear Data File is
based on the extrapolation using systematics.

the figure with the data of the other thermal neutron induced fission reactions that could be
studied in this very asymmetric region, i.e. the compound nuclei 236U∗ [20], 240Pu∗ [21],
243Am∗ [9], 250Cf∗ [17], 246Cm∗ [22] and 242Pu∗ [22] (lines without data points).
The figure shows a coincidence of the fission yields around mass A = 130 that has been

known about for a long time [24,25] and has been attributed to the double shell closure of

Superasymmetric 
mode



6SUPER-ASYMMETRIC FISSION MODE

The light sphere visualised as a dumbbell has a mass  
A ≈ 80 and is built somewhat like an avocado…

Tsekhanovich et al., Nuclear Physics A 688 (2001) 633–658



7SUPER-ASYMMETRIC FISSION MODE

Z=28 
N=42

The light sphere visualised as a dumbbell has a mass  
A ≈ 80 and is built somewhat like an avocado:  
an inner cluster, Z = 28 and N = 42, surrounded by a layer of about 8 neutrons and 4 
protons that make N ≈ 50.

Tsekhanovich et al., Nuclear Physics A 688 (2001) 633–658



8SUPER-ASYMMETRIC FISSION MODE
Cayley tree of fission

According to Brosa: 

• Light systems do not 
experience 
superasymmetric mode 

• The superasymmetric 
component seems to be 
special in every respect, 
for instance it shows 
almost a discontinuous 
behavior in energy 
(jumpy style).  
→ ”Cluster emission”



9EXPERIMENTS ON 233U(N,F) AT ILL

1.5×1015 neutroner / s och cm2

5 orders of magnitude 
yield difference!

233U(n,f) lightest system to ever be measured!
INSTITUT LAUE–LANGEVIN



10EXPERIMENTS ON 233U(N,F) AT ILL

The LOHENGRIN fission fragment spectrometer

LOHENGRIN

3 campaigns:  

• June 2024 

• June 2025 

• April 2026 



11LOHENGRIN MASS RECOIL SPECTROMETER

A/q

E/q



12IONISATION CHAMBER LOHENGRIN
ΔE-E IONIZATION CHAMBER

Anode, + 400 V

Frisch Grid, 0 V

Cathode, - 800 V

Eresidual  sectionΔE 
section

FISSION PRODUCT BEAM

ELECTRICAL SEGMENTATION



13FISSION PRODUCT CHARGE AND ENERGY SCANS

A=80 
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14PRELIMINARY RESULTS 

😍

← Super-asymmetric 
mode enhancement  

Ph.D. work of Marius Torsvoll 
and Maia Virgenes 

PRELIMINARY 

• Successfully measured 
down to A=67. 

• Technical development: To 
use the chamber as time 
protection chamber 



Isomeric yields ratios

15ANGULAR MOMENTUM STUDIES 

Gamma ray correlations

De-excitation of FF by 
Hauser Feshbach in 
TALYS



16ISOMERIC YIELD RATIOS

Ph.D. work of 
Henrik Haug

238U

Beam 7Li

Co-axial  
HPGe

Ge clover

LICORNE

n

n
n

γ γ

γ

LaBr3

• -ball fission campaign at ALTO facility 
at IJC Laboratory, Orsay 

• 10 co-axial Compton-suppressed HPGe 
detectors , 24 Ge clover detectors 

• Th( ,f) with  MeV 

• U( ,f) with  MeV and
 MeV

ν

232 n En = 2.0 ± 0.4

238 n En = 1.9 ± 0.4
En = 3.4 ± 0.3

In collaboration 
with Jon Wilson
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Input:  

• Level densities and gamma strength functions 

• Spin cut off parameter and energy dependence 

• Nuclear deformation and Moment of inertia 

Surrogate model based one FREYA/GEF

D. GJESTVANG et al. PHYSICAL REVIEW C 108, 064602 (2023)

FIG. 9. The IYR of 134Te as a function of the average initial an-
gular momentum Ji of the primary fission fragment from the reaction
238U(n, f) at En = 1.9 MeV. In (a), the IYR are only shown for the
different neutron channels, and (b) shows the summed contribution
for the n > 0 channels. In (b), the value of the measured IYR is
marked along with J̄i to which it corresponds.

sometimes used to describe an angular momentum distribu-
tion (see, e.g., Ref. [35]).

This parametrization describing the Ex and Ji of the initial
nucleus was given to TALYS. New initial conditions for the
fragments were sampled, and the resulting Te-precursors were
de-excited. The amount of samples for each A reflects the
initial distribution of fragment masses from FREYA. A minor
modification was made in the TALYS code such that the decay
was stopped once it reached one of the energy levels in Fig. 3.
The calculated IYR could be determined by looking at the
relative population of the different levels.

Through the parametrization, it is possible to calculate the
IYR as a function of the average values for J̄i, and this is
shown in Fig. 9.

When an initial Te fission fragment decays, there are sev-
eral possible pathways that may result in the production of
the isotope 134Te. For example, the initial fragment could
have been 136Te before emitting two neutrons during deexcita-
tion, resulting in the experiment detecting γ rays from 134Te.
Furthermore, the probabilities of populating different energy
levels also vary with the average angular momentum of the
initial nucleus J̄i. In Fig. 9(a), the IYRs of 134Te are plotted as
a function of J̄i for the different neutron multiplicity channels,
e.g., the n = 1 channel indicate that the initial nucleus created
in fission was 135Te.

As a general trend for the n > 0 channels, Fig. 9(a) shows
that for a low J̄i the corresponding IYR is low. The IYR then
increases as a function of J̄i, until it saturates at high J̄i. The
exception is the n = 0 channel where TALYS suggests that the
IYR is close to 1 for all values of J̄i. As the isomeric state
has an angular momentum of 6h̄, the probability of populating
this state when starting with close to zero J̄i ought to be very
small, since it requires multiple γ -ray transitions “uphill” to

higher spin states in regions of relatively lower level density.
Therefore, the behavior of the n = 0 channel in the low spin
range appears to be unphysical and we exclude it in the further
calculations. The n > 0 channels show the expected behavior
where the IYR increases with increased J̄i of the initial Te
fragment.

The resulting IYR in pink in Fig. 9(b) is calculated by sum-
ming all population contributions from the neutron channels
n > 0.

TALYS is known to have a J cutoff at J = 30, which might
create an artificial saturation effect at high angular momenta.
However, we see from Fig. 9 that the saturation starts at much
lower values for J , which points to a real saturation effect.
The existence of an IYR saturation effect is supported by
Ref. [9], where the isomer saturation effect was observed in
CGMF simulations of four other fission fragments. This will
be further discussed in Sec. VI B. For now we point out that
Fig. 9(b) shows that a small change in measured IYR will lead
to a corresponding change in J̄i.

The figure also illustrates that to reproduce the experimen-
tal double-gated IYR result of 0.73 following the reaction
238U(n, f) at Ēn = 1.9 MeV, the initial average angular mo-
mentum must be 6.0h̄. This reproduced the J̄i of the initial
FREYA distribution.

VI. DISCUSSION

A. Measured IYRs

1. Interpretation of IYR

Table I shows that when using the gate 2+[134Te] &
4+[134Te] to extract the IYR of 134Te produced in the
238U(n, f) reaction, the IYR is 0.73 ± 0.01. The interpretation
is that whenever 134Te is populated in the 4+ state, then there
is a 73% chance that it is also populated in the 6+ state.
This measurement provides a benchmark for fragment decay
codes when calculating the initial spin distribution of 134Te.
Compared to the double gate, a single gate on only 2+[134Te]
is expected to give a lower IYR value. This is due to the
inclusion of the direct feeding to the 2+ state, as illustrated in
Fig. 3. However, this single-gated IYR value will come with a
significant uncertainty due to the higher level of background,
and thus all the extracted IYRs are determined using double
gates.

2. Changing fissioning system

When comparing the IYR of 134Te from the gate 2+[134Te]
& 4+[134Te] across all three fissioning systems, 238U(n, f),
232Th(n, f), and 252Cf(sf), a linear regression fit of the IYR de-
pendence on the mass number gives a slope of 0.004 ± 0.002.
The slope is not sufficiently significant to allow a conclusion
about a variation between the systems. This observation is
therefore consistent with the findings of Ref. [2], even con-
sidering the higher sensitivity to small differences in Ji that
IYR measurements might provide.

An independence in the observed IYR on the mass number
of the fissioning system was also observed in the 2021 evalua-
tion of the available IYR literature [29], and it was stated that
within the uncertainties there was no dependency of the IYR

064602-8
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Manchester spin method

2 H. S. Haug et al.: Evaluating the Manchester and Uppsala Spin Methods

Fig. 1. The intensities are fitted using the functional depen-
dency of equation 2

The surrogate approach constructs excitation energy
(Eexc) and angular momentum (J) matrices for primary
fission fragments produced in neutron induced fission of
238U at an incident neutron energy of 1.9 MeV. These dis-
tributions are derived either from the GEF fission model
[23] V. or from the FREYA fission code [24] V.. Based on
this information, the joint excitation energy and angular
momentum distribution Eexc versus J of the primary frag-
ments is parameterized and subsequently reconstructed
for use as input to TALYS.

The population of angular momentum states used for
TALYS follows the functional dependence of the level den-
sity formalism originally proposed by Bethe [25],

P (J) → exp

{
↑J(J + 1)

B2

}
, (2)

where the scaling factor B governs the magnitude of the
angular momentum in the primary fission fragments and
is proportional to the root mean square of the spin distri-
bution. An example of such a distribution is shown in Fig.
2 for the default GEF and FREYA calculations, respec-
tively. Di!erences can be observed in the assumed corre-
lation between excitation energy and spin, which reflects
variations in the spin cut o! parameter and the moment
of inertia. By modifying the parameter B, one can intro-
duce more spin into the system and thereby enhance the
population of high spin states.

3 Methods and analysis

In the present work, a complementary approach is adopted
in which TALYS is used to reproduce the experimentally
measured feeding intensities of all nuclei studied in Ref. [3],
with the aim of inferring the average initial angular mo-
mentum. To this end, the nuclear level schemes in TALYS

are modified such that all levels observed in the NuBall ex-
periment are treated as final states, thereby e!ectively ter-
minating the decay at those levels. This procedure enables
the extraction of side-feeding intensities from TALYS de-
cay calculations for di!erent assumed initial spin distribu-
tions, characterized by the parameter B.

In the simulations, several model parameters are sys-
tematically varied, including the number of discrete levels
included in the decay scheme, the spin cut-o! parameter,
the level density model (NLD), and the number of pre-
cursors. The resulting TALYS feeding intensities are then
used to fit a Rayleigh spin distribution (Eq. 2) to the ex-
perimental data, with B as the only free parameter. This
fitting procedure is repeated for TALYS-generated curves
corresponding to di!erent initial B values, and the curve
that best reproduces the experimental feeding intensities
is taken to represent the most probable initial angular mo-
mentum distribution of the fission fragments.

As an example, the case of 140Xe is shown in Fig.3. The
feeding intensities for 140Xe are presented for di!erent ini-
tial spin distributions used as input to TALYS, obtained
by varying the B parameter, together with the MSM data
from Ref.[3]. The left panel corresponds to TALYS cal-
culations using GEF input, while the right panel shows
results obtained with FREYA input. The average angular
momentum that best reproduces the MSM value (7.4 h̄)
is 7.9 h̄ for FREYA and 8.4 h̄ for GEF (corresponding to
B = . . .).

4 Results

We studied 14 di!erent fission fragments originally pre-
sented in Ref. [3]. The angular momentum values obtained
using the Uppsala Spin Method (USM), with both FREYA
and GEF as input models, are summarized in Table 5 and
compared to the experimental values extracted with the
Manchester Spin Method (MSM), as well as to the pre-
dictions from the standalone fission codes. The full set of
results is shown in Fig. 4.

First, a clear mass dependence is observed in the MSM
results, where the angular momentum increases from the
lighter Sn isotopes toward the heavier Ce isotopes, reach-
ing a maximum at Ce 150. This trend is reasonably well re-
produced by the USM calculations when using both GEF
and TALYS as input. In contrast, the standalone fission
generators FREYA and GEF display a relatively flat be-
havior across the mass range, with predicted values largely
confined to a narrow interval of about 5.4 to 6.2 and only
weak sensitivity to fragment mass. Both FREYA and GEF
tend to overestimate the angular momentum for the light-
est nuclei and underestimate it for most of the heavier nu-
clei when compared to the experimentally inferred MSM
values. In particular, GEF produces values that are tightly
clustered and largely independent of mass, indicating a
weak sawtooth pattern and an overall angular momentum
generation that is too low to reproduce the experimentally
observed isomeric population.

The USM calculations show better agreement with the
MSM data compared with the stand-alone codes. Most
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