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I[someric ratios are a powerful observable to investigate fission fragment total angular momenta. A recent
experimental campaign achieved at the LOHENGRIN spectrometer, shows a kinetic energy dependence of
us isomeric ratios from fission fragments populated in neutron induced fission of 23°U. For the first time,
this dependence was measured for the isomeric ratio of the doubly magic '32Sn. A Bayesian assessment
of the angular momentum distribution of 32Sn is proposed according to calculations performed with the

FIFRELIN code and interpreted with spin generation models.
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1. Introduction

Seven decades after its discovery [1,2], the accurate under-
standing of the fission process is still one of the significant chal-
lenges faced in nuclear physics. A multitude of fission models has
been developed to reproduce and explain the experimental results
through different hypotheses. Some are based on a microscopic
approach, i.e. the solution of a quantum mechanical description,
either through an effective force [3], or using an energy poten-
tial based on a macroscopic model [4,5]. In contrast, the statistical
model [6,7] refers to a thermodynamic equilibrium at the scission
point. We can also mention scission point models [8] which are
based on the energy balance at the scission point or liquid drop
models [9] which consider the evolution of the compound nu-
cleus as a liquid drop and evaluate its potential energy. Finally the
phenomenological approach [10] describes the fission process as
a competition between several modes. This incomplete list shows
how different strong hypotheses can lead to a description of the
same process. Some models take into account a dynamical descrip-
tion whereas others are static. However, until now, fission yields
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and emitted prompt particle observables cannot be predicted with
an acceptable accuracy by fission models.

In this respect the dynamical aspects of the fission process may
be recognized as a necessary ingredient [3]. The spin distribution
of a fragment could be a remnant of the dynamical effects from
the saddle point to the scission point [11]. This is an important
issue, in particular for the spherical nuclei at scission. To assess
this quantity, an indirect method through isomeric ratio (IR) mea-
surements was used. In the following, IR refers to the ratio of the
independent fission yield of the isomer over the sum of the in-
dependent yields of ground state and isomer. This observable is
of interest because it preserves the initial spin information result-
ing from the fission process just after the prompt particle emis-
sion [12-14]. Moreover as shown by Regnier et al. [15], modeling
the multiplicities and spectra of prompt neutron and y emissions
requires an accurate knowledge of the fission fragment spin dis-
tribution. These information are mandatory in the calculation of
y heating and damage of nuclear reactor components [16]. In or-
der to design the next generation of nuclear reactors with a higher
level of confidence, improvements in both theoretical and experi-
mental sides must be achieved.

Previous measurements of IRs were summarized by Naik et
al. [17] and Stetcu et al. [18] who were able to deduce a spin dis-
tribution per fission fragment characterized by the J;ns parameter,
which is associated to a spin cut-off parameter. The data from [17]
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point out an odd-even effect on Jims [17]. The authors state that
fission fragment angular momentum is related to the fragment de-
formation. Note that the more common odd-even effect in the
isotopic yields decreases as the fissility increases. This strong cor-
relation highlights the role of the intrinsic excitation energy [19].
However the |5 odd-even effect was found to be independent of
the fissioning system, minimizing the role of the intrinsic excita-
tion energy. These observations question the part of the deforma-
tion energy in the spin generation.

Former experiments [20,21] have shown a slight dependence of
IRs on kinetic energy as predicted by collective excitation mod-
els [22,23], the orientation pumping mechanism [24| and the sta-
tistical model of fission [12]. A more recent measurement [14] at
the LOHENGRIN spectrometer of the Institut Laue-Langevin was
specifically aimed to study IRs at the highest and lowest accessible
kinetic energies. According to [25] et al., these regions correspond
to the compact and deformed cold configurations respectively. This
experiment found a slight indication for a drop of the IRs at very
low kinetic energy of the fission product. This would suggest that
another spin generation mechanism has to be added to the so-
called wriggle and bending modes [9], which describe collective
excitations. Namely thermal excitation of single particle states of
the nucleus seems to be involved in the process of spin generation
in spherical and near-spherical nuclei. In order to corroborate and
extend these observations, new measurements of IRs, as a function
of the kinetic energy, were performed at the LOHENGRIN spec-
trometer. Also, for the first time, IR measurements on doubly magic
1325n were achieved and a particular attention was given to the
systematic errors of the experiment.

In this letter, we report measured IRs of '32Sn after neutron
evaporation populated in thermal neutron induced fission of 23°U.
These data provide sensitive tests for different theoretical models
of nuclear level densities, y strength functions and also provide a
hint to the mechanism involved in the angular momentum gener-
ation in fission.

2. Experimental setup

The LOHENGRIN recoil separator for fission products [26] is lo-
cated at the high-flux reactor of Institut Laue-Langevin (ILL) in
Grenoble, France. The fission target is placed in an evacuated beam
tube, at a thermal neutron flux of about 5 x 10'* ncm=2s~1. The
fission target (91 pgem—2 of 235U) is covered by a sputtered Ta
layer (195 ugcm™2) to reduce self-sputtering of the actinide target
and to obtain a better control of its burn-up behavior [27]. Since
IRs are relative measurements, no correction of the time evolution
of the target is needed.

The spectrometer is made up of a horizontal magnetic de-
flection followed by a vertical electrostatic deflection. A focusing
magnet, the Reverse Energy Dispersion (RED) magnet increases the
particle density at the focal plane position [28]. The combination
of a magnetic field and an electric field allows the separation of
fission fragments according to the ratios of their kinetic energy
over their ionic charge and their mass over their ionic charge. The
variable energy acceptance of LOHENGRIN was set to 2.5% in this
experiment.

An ionization chamber (IC) was placed in the focal plane to de-
tect the incoming ions. These lose about one third of their kinetic
energy in 20 cm of isobutane at 15 mbar before being implanted
into an aluminum foil. Two clover detectors consisting of four high
purity germanium (Ge) crystals each were placed adjacent to the
IC at the height of the stopper foil. Signals from the IC and the Ge
detectors were recorded with a trigger-less digital data acquisition.

3. Data analysis

The data were analyzed off-line. lon-gated y spectra were pro-
duced by sorting y events recorded within a time gate of about
10 T%S/"zmer after an incoming ion providing an IC signal. These ion-
gated spectra were used to measure the isomeric state population.
The gated spectra are very clean since the background only comes
from rare fortuitous events. The measurement of the ground state,
which decays by By, was done by extracting its y lines from the
ungated spectra. Because of the background coming from different
separated nuclei and the ambient background, the statistical uncer-
tainty associated to the ground state quantification was larger than
the one for the isomeric state. Each measurement corresponds to
a five hours run. Fig. 1 shows a gated y spectrum and the associ-
ated time spectrum of '32MSn. The lifetime derived is compatible
with literature (see Table 1).

The different y lines used for this analysis are summarized
in Table 1. The decay properties are obtained from Ref. [29].
A MCNP [30] simulation was performed to assess the relative de-
tection efficiency of the Ge detectors. This simulation was validated
with experimental data points from a 8°Co point source and an
extended 3*Te source obtained by ion-implantation on the alu-
minum foil. For the region of interest, 100-1000 keV, the simulated
efficiencies reproduced the measured ones to better than 2.5%.

The IR for a selected kinetic energy E; corresponds to the ratio
of the isomeric state over the total (i.e. sum of isomer and ground
state) of this nuclide populated by the fission process. To deduce
IRs from count rates, one important step is the solution of the
Bateman equations. Here, the IRs at the fission target, after neu-
tron evaporation, are obtained by correcting for the decay losses
during the flight time through the 23 m long spectrometer.

To evaluate precisely the IRs and their related uncertainties, a
Total Monte Carlo propagation of uncertainties was applied. Since
some parameters are involved in different corrections, an analytic
calculation of the uncertainty would have been very difficult. The
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Fig. 1. (Color online.) 20 us gated y spectrum for '32Sn at kinetic energy Ex =
81 MeV. Since the LOHENGRIN spectrometer only selects masses, isomeric states of
132Te can also be seen. By selecting only few y lines, the lifetime of the 32™Sn can
be derived as shown in the insert.

Table 1
Nuclear structure and decay data used for the analysis [29]. Lifetime and spin parity
of isomeric and ground state level are also indicated.

132mgn (2.03(4) ps) J* =8+ 1325p (39.7(8) s) J* =071

Ey, (keV) I, (absolute) Ey, (keV) I, (absolute)
132.3(3) 62.657 246.87(5) 42.0(22)
299.2(3) 96.544 340.53(5) 48.8(12)
374.3(3) 84.2(24) 899.04(5) 44(3)
992.66(8) 36.6(21)
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Fig. 2. (Color online.) Dependence of '32Sn IR on the kinetic energy selected by the
LOHENGRIN spectrometer for a 23°U target. Blue line corresponds to the kinetic en-
ergy distribution of the mass 132 (right axis). Open squares are the experimental
data. Red circles represent FIFRELIN calculations with the best spin cut-off parame-
ter value (see text for details). On the up-right side, experimental correlation matrix
of IR(Ey) is shown.

principle of this method is to sample simultaneously all indepen-
dent parameters used in the analysis. Stated differently, all the
independent parameters are considered as random variables with
known mean and standard deviation values. Every independent pa-
rameter was considered as normally distributed. These parameters
are count rates extracted from the y spectra, relative intensity of
each y line, their detection efficiency, the normalization factor to
get an absolute value of these intensities, the branching ratio, the
lifetime, the kinetic energy, the spectrometer flight time and the
measurement time. The covariance matrix between the different
measurements was also computed. With this method, the proba-
bility density function of the IRs can be built in addition to the
mean value and its uncertainty.

For each sampling of a given parameter (the other ones are
kept fixed) an IR is deduced. A fitting method is used to obtain
the derivative term involved in the sensibility, which is needed to
calculate the correlation coefficients:

IRi(Ex) =IR; = f ({a})

g _0fi ar

" ba f ({a‘}) (1)
Cov (IR, IR))

TIRIR, ZS"SJ’_

with f a function which links all the parameters {q;}, S; the sen-
sibility of the ith measurement to the [th parameter, Cov the co-
variance matrix and oy, the uncertainty of the parameter a.

The correlation matrix reveals the weight of the systematic
uncertainty compared to the standard deviation of each mea-
surement. Here, systematic uncertainties are between 3% and 4%
whereas statistical uncertainties range from 4% to 40%. Therefore
the correlation is between 1% and 45% (see Fig. 2).

Fig. 2 illustrates IR measurements of 32Sn as a function of the
kinetic energy selected by the LOHENGRIN spectrometer (Ey) i.e.
without any energy loss correction. Indeed it is complex to cor-
rect the measured kinetic energy from the energy loss through the
target and its cover. Such corrections require taking into account
the time and temperature evolution of the target heterogeneity
which are difficult to predict in situ. Therefore we present here the
energies “as measured”, i.e. not corrected for these losses. Nev-
ertheless, a pronounced dependence on the kinetic energy was

Table 2
Determination of the mean IR with its uncertainties considering or not the correla-
tion terms.

1R o stat

0.0541 0.0058

o' (w/ corr.)

0.0074

ot (w/o corr.)

0.0072

observed as illustrated in Fig. 2. It must be noted that target thick-
ness has a huge impact on the slope of the IR(Ek). This effect
will be discussed with more details in a further paper. Finally the
correlation matrix is plotted and reveals that uncertainties mainly
come from statistics. In other words, uncertainties coming from
the 132Sn level scheme are low. Therefore the uncertainty of the
mean value (weighted by the kinetic energy distribution) is mainly
governed by the statistical uncertainty (see Table 2). Note that a
measurement was performed at 66 MeV but no signal was seen.
Then, a limit of detection for both isomeric and ground state, was
derived. Unfortunately because of the IR definition, it is impossible
to compute a limit of detection for this observable.

4. From IR to Jiys using FIFRELIN

To go further and compare our experimental results with the-
oretical spin generation calculations, one has to derive an angular
momentum distribution. Note that the method described in the
following, in order to extract a spin cut-off parameter, is inde-
pendent of the Total Monte Carlo experimental analysis method
employed in the IR evaluation. To extract a fission fragment spin
distribution, a y de-excitation code is required. This tool would
permit to answer the question: “What are the fission fragment
states (E*, J™) which lead to the measured isomeric ratios (post
neutron emission)?”. For that, we use FIFRELIN (FIssion FRagment
Evaporation Leading to an Investigation of Nuclear data) [31,32]
which is a Monte Carlo code simulating the prompt fission neu-
tron and y-ray emission. It allows to calculate fission observable
distributions related to prompt neutrons, prompt y-rays, prompt
electrons and fission fragments. In this work, the starting point is
not the scission point but a given initial state of excitation energy
and angular momentum (E*, JT ) of the nucleus of interest. FIFRE-
LIN is then used only as a nuclear de-excitation code and does not
use any spin generation model at scission. In this framework the
important points to simulate this de-excitation are the modeling
of nuclear level density, y strength function and the nuclear level
scheme at low energy.

When excitation energy increases, statistical models are needed
to describe the nuclear level density. We employed the Constant
Temperature Model (CTM) in this work. It describes an exponen-
tial evolution of the number of nuclear states as a function of
excitation energy. The CTM is known to work well at low excita-
tion energy [33,34] (below several MeV typically). The Enhanced
Generalized LOrentzian model (EGLO) [35] was used for the y
strength function. This function is related to the probability for
an initial state to decay towards a given final state. At low ener-
gies (E* < Ecyt = 4.94 MeV) the experimental level scheme and
related y-ray intensities, provided by the RIPL-3 database [36,37]
are considered. The scheme is supposed to be fully known up to
Ecut. Above Ecy FIFRELIN completes the partial experimental level
scheme with a nuclear level density model [32].

To resume, for a given initial state (E*, ]”) the probability to
feed the isomer and the ground states is calculated through the
combination of a nuclear level density model, experimental level
scheme and a y strength function. For each excitation energy, from
the isomeric state to the neutron binding energy, and each J7
(from 0% to 30%) an IR is calculated. The results are averaged ac-
cording to the most commonly used distribution [see Eq. (2)] in
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Fig. 3. (Color online.) Blue histogram represents the probability density function of
the IR measured at Ex =81 MeV obtained by the Total Monte Carlo calculation. It
is fitted by a Gaussian function (red line). A slight difference can be seen (which
is reflected by the poor x2 value). Nevertheless, the mean value and the standard
deviation from the histogram are then used in the likelihood [see eq. (3)], which
assumes a Gaussian behavior of variables.

order to compare them with experimental data:

IReie (E*, Jrms) = Y PGUP())IReie (E*, J™) (2)
J Vg
with P(r) = P(£1) = %
2
and P(J) x (2] + 1) exp —(]—;#

where [y is related to an effective moment of inertia and repre-
sents a spin cut-off parameter [19].

An indicator based on a Bayesian approach was built to evalu-
ate the best J.ns parameter in the (E*, Jims) space that reproduces
our experimental results. A Gaussian distribution of our measure-
ments is assumed, which is quite a validated hypothesis as shown
in Fig. 3.

The likelihood can be expressed as follows:

_ (IRexp (Ex) = IRmF (E*, Jrms))*
2 (0 + o)

L (E*, Jms|Ex) o< exp (3)

This assessment is only relevant if the experimental results can
be reproduced [38,39]. This statement is illustrated in Fig. 2 where
the results of the comparison between the 32Sn experimental IR
and the calculated ones with FIFRELIN is shown.

The Bayesian probability as a function of E* and Jyms (L(E™,
Jrms|Ex)) is shown on Fig. 4(a) for the experimental IR at E, =
81 MeV. It represents the de-excitation path in the (E*, Jims)
space which can reproduce experimental IRs. This probability al-
lows us to determine the mean [y, its standard deviation and
the best value of Jims (wWhich corresponds to the maximum value
of the Bayesian indicator) as a function of the kinetic energy [see
Fig. 4(b)]. No prior assumption was used in the analysis. In other
words all hypotheses have the same initial probability. The large
uncertainty from the low kinetic energy points is coming from
the important experimental statistical uncertainty. Nevertheless a
clear dependence between ]y and the kinetic energy is observed.
The obtained result points out that even without a good knowl-
edge of experimental excitation energy, the correlation between
the spin cut-off parameter and the kinetic energy is observed.
Taking into account additional considerations (experimental or the-
oretical) on the excitation energy as a function of kinetic energy,
a better constraint on J;ns would be achieved. Finally it is also
possible to combine all experimental data and extract the mean

Exclusion plot for EK= 81 MeV
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Fig. 4. (Color online.) (a) Bayesian probability in the (E*, Jims) space e.g.
L (E*, Jims|Ek), given by comparing FIFRELIN calculations and the experimental IR
at Ex =81 MeV for 32Sn. The upper limit of excitation energy is close to the
neutron binding energy (S, = 7.3 MeV) whereas the lower limit is close to the
level energy of the isomeric state (E = 4.8 MeV). (b) For each experimental ki-
netic energy, two estimations of J;us were derived: the mean value weighted by
the Bayesian probability £ (E*, Jyms|Ex) and the best value associated to the high-

est Bayesian probability (a). A clear dependence of the J;ns with kinetic energy is
highlighted.

value Jims =4.60 + 0.2_0 h from IR and the associated Bayesian
probability £ (E*, Jims|IR).

5. Discussion

It is clear that for the doubly magic 32Sn a dependence of IRs
and Jims as a function of kinetic energy is observed [see Figs. 2
and 4(b)]. These observations lead to the following considerations:

i) Considering spherical shape of the nucleus and according to
the bending and wriggle modes and the pumping mechanism,
the fragment spin is expected to be equal to zero [24,22,23,
14]. However, our measurements clearly find a non-zero value.
Thus, following these models, a slightly deformed 132Sn at
scission must be assumed, which seems to be unrealistic.
Considering, at the scission point, no deformation of 132Sn,
this dependence could highlight the impact of the dynam-
ics of the fission process. In other words, the spin generation
could appear during the descent from the saddle to the scis-
sion point [3,11]. It is also possible that in such configuration
(spherical shape of the nucleus) the complementary fragment,
which is supposed deformed, may play a significant role in
the generation of the spin of both fragments. Indeed, the ki-
netic energy distribution can be explained by the deformation
of the complementary fragment. At higher kinetic energy, the
light fragment is supposed spherical whereas at lower kinetic
energy it is considered largely deformed. Then a strong corre-
lation between the isomeric ratio (and the derived Jys) and
the complementary fragment deformation may exist.

iii) The statistical model describes a one-step process from an ini-
tial to a final state where the probability of excitation is given
by the level density of the final state [40,12]. Any deformed
quantum state enters only indirectly via the level density. All
the characteristics involved in the fission process, in particu-
lar the spin generation, are then governed by the phase space
available at the scission point [6]. Since the spin cut-off pa-
rameter is related to the temperature [41], Jims can then be
derived from the total excitation energy at scission [12]. No

—_
=
=
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more dependence on deformation energy of the nucleus is re-
quired to explain a decrease of the spin cut-off parameter with
the increase of the kinetic energy.

iv) According to the thermal excitation of single particle states,
the spin cut-off parameter is expected to be small for com-
pact (high kinetic energy) and deformed (low kinetic energy)
cold configurations [14]. In such configurations, intrinsic en-
ergy is supposed to be null, which are the consequences of the
competition between deformation energy and Coulomb en-
ergy [25]. Because of the relatively high background, for both
isomeric and ground state, it was not possible to extract IR at
lower kinetic energy (e.g. 66 MeV) and then test more deeply
this hypothesis.

Results on '32Sn permit to go further and highlight the limit
of the knowledge on this subject. Nevertheless, this article does
not have the ambition to validate any specific models, but to bring
new experimental results to better constrain them. In this scheme
1325 is particularly appropriate to do a stress test on the va-
lidity of the hypothesis discussed previously. Further theoretical
calculations are required to test more precisely the assumption of
different models.

6. Conclusion and outlook

For the first time, the dependence of IRs with kinetic energy
was measured for the doubly magic '32Sn produced by thermal
neutron induced fission of 23°U. Covariance matrix and probability
density functions of measurements were computed and used to
deduce the J;ys from this Bayesian statistical analysis. Calculations
from FIFRELIN, with CTM as nuclear level density and EGLO as y
strength function were performed to derive a Jiys from the data.
This nucleus is a test case to validate the assumption made in any
theoretical calculation of the fission process.

These observations underline the need of new measurements
of IRs as a function of the kinetic energy. A new measurement
campaign is under way at the ILL during which different fissioning
systems and different us isomers, with different excitation energies
will be studied. An even more complete picture can be obtained
by prompt y -ray spectroscopy in coincidence with energy resolved
fission fragment tagging. This is a key objective of the FIPPS instru-
ment [42], thus enabling a complete test of fission, nuclear level
density and y strength function models.
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