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Fig. 1. Simplified depiction of the de-excitation of fission frag-
ments. The contour plot shows the distribution of excitation
energy and spin of the fragments for 136Xe in 235U(nth, f). In
a first step most of the energy is exhausted through the evap-
oration of prompt fission neutrons (until reaching the neutron
separation energy, Sn) followed by prompt γ-rays. Discrete γ-
rays remove the remaining energy along with most of the an-
gular momentum. The positions of the GS and isomer are only
indicative.

and limitations. We discuss the procedure of deducing the
spin distribution root-mean-square (rms) from IYRs, uti-
lizing the TALYS reaction code. TALYS is chosen as it has
a sophisticated evaporation model and because it allows
the user to vary the nuclear spin distribution. It is also
very well documented and widely used. The cases chosen
for this validation work are listed in table 1 and originate
from the cold fissioning systems 235U(nth, f) and 252Cf(sf)
where data are readily available. Finally, we briefly discuss
the cases relevant for the IGISOL measurements, where
multi-chance fission is energetically possible. We also use
our method to re-analyze older IYR data.

2 Calculations

2.1 Fragment de-excitation

When the neck ruptures at scission, the nuclear shape
changes and the fragments gain some relaxation en-
ergy [10]. Due to the Coulomb repulsion the fragments
quickly acquire their terminal velocity, and most of the
de-excitation process occurs from fully-accelerated frag-
ments. The resulting fission fragments are neutron-rich,
excited, deformed and rotating nuclei. Figure 1 depicts a
simplified de-excitation scheme. The contour plot shows
the event-by-event population of excitation energies and
spins right after scission (pre-neutron emission) obtained
from GEF (V.2017-1.2) [11]. The fragment’s de-excitation
starts with statistical neutron emission, followed by, and in
competition with, prompt fission γ-ray emission (mainly
from dipole transitions). During these processes it is fair
to assume that the change in spin is minimal (on aver-
age). Once lower excitation energies are reached, near the
yrast band, γ-rays are emitted from well-defined discrete
states (primarily quadrupole polarity). Most of the pos-
sessed spin is removed in these latter steps (e.g., through
rotational or vibrational band cascades).

TALYS uses the statistical Hauser-Feshbach evapora-
tion model which takes into account the competition be-
tween neutrons and γ-rays, in addition to the RIPL-3
data-base for discrete levels. In the GEF code, the de-
excitation model is simpler. An explicit neutron/γ-ray
competition is included above the neutron separation. Sta-
tistical neutrons are emitted based on the Weisskopf’s
evaporation theory, and γ-rays are emitted until reach-
ing the yrast line or a long-lived isomeric state. Further
down in the excitation energy, discrete γ-rays are emitted
until reaching the ground state.

2.2 Angular momentum

Fission fragments can possess many different modes of ro-
tation, e.g. bending, twisting, tilting and rigid rotation
around the centre of mass [1,12]. Early on it was assumed
that the angular momentum distribution of the fragments
is the same as the one describing the nuclear level den-
sity [13,14],

P (J) ∝ (2J + 1) exp
(
− (J + 0.5)2

2b2

)
, (2)

which is a Rayleigh distribution shifted by one half unit.
The scale parameter b2, sometimes referred to as the “spin
cut-off” parameter, defines the mean and width of the
distribution. Often, the denominator of the exponent in
eq. (2) is replaced by B2 = 2b2. Figure 2(a) shows the
distribution for different values of B. In many studies
of fission angular momentum distributions, the value de-
rived for the parameter B is reported as the root-mean-
square angular momentum, Jrms =

√
⟨J2⟩. However, this

assumption is only valid for a non-shifted Rayleigh dis-
tribution. For the distribution in eq. (2) it can be shown
that

J2
rms = 2b2 −

√
0.5πb + 0.25. (3)

By reporting B as the root-mean-square angular momen-
tum, values of Jrms found in the literature are typical over-
estimated by 0.4h̄. To be able to compare our results with
the values found in the literature, and to avoid any am-
biguity, we choose to report values for B, rather than the
true Jrms.

2.3 Methodology

This study follows the methodology of ref. [7], in which
the de-excitation process of the fission fragments is simu-
lated using TALYS 1.9 [15]. Since TALYS is a determinis-
tic code, the calculations have to be performed separately
for each parent nuclei that feeds a certain isomer. How-
ever, in this study we have chosen to limit the calculations
to cases of one and two neutrons emitted, being the values
closest to the average ν(A). As will be discussed later, the
sensitivity analysis suggests that this choice, because of
the small amount of angular momentum carried away by
the evaporated neutrons, has a negligible impact on the
results.

A. Al-Adili, V. Rakopoulos, and A. Solders, Eur. Phys. J. A 55, p. 61 (2019).

FF average excitation energy 20 MeV
FF average angular momentum 7-8 ℏ

Neutrons: energy carriers
g: angular momentum carriers

J.N. Wilson et al., Nature 590 (2021), 566–570
Randrup & Vogt, PRL 127, (2021) 062502
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Fig. 1. Simplified depiction of the de-excitation of fission frag-
ments. The contour plot shows the distribution of excitation
energy and spin of the fragments for 136Xe in 235U(nth, f). In
a first step most of the energy is exhausted through the evap-
oration of prompt fission neutrons (until reaching the neutron
separation energy, Sn) followed by prompt γ-rays. Discrete γ-
rays remove the remaining energy along with most of the an-
gular momentum. The positions of the GS and isomer are only
indicative.

and limitations. We discuss the procedure of deducing the
spin distribution root-mean-square (rms) from IYRs, uti-
lizing the TALYS reaction code. TALYS is chosen as it has
a sophisticated evaporation model and because it allows
the user to vary the nuclear spin distribution. It is also
very well documented and widely used. The cases chosen
for this validation work are listed in table 1 and originate
from the cold fissioning systems 235U(nth, f) and 252Cf(sf)
where data are readily available. Finally, we briefly discuss
the cases relevant for the IGISOL measurements, where
multi-chance fission is energetically possible. We also use
our method to re-analyze older IYR data.

2 Calculations

2.1 Fragment de-excitation

When the neck ruptures at scission, the nuclear shape
changes and the fragments gain some relaxation en-
ergy [10]. Due to the Coulomb repulsion the fragments
quickly acquire their terminal velocity, and most of the
de-excitation process occurs from fully-accelerated frag-
ments. The resulting fission fragments are neutron-rich,
excited, deformed and rotating nuclei. Figure 1 depicts a
simplified de-excitation scheme. The contour plot shows
the event-by-event population of excitation energies and
spins right after scission (pre-neutron emission) obtained
from GEF (V.2017-1.2) [11]. The fragment’s de-excitation
starts with statistical neutron emission, followed by, and in
competition with, prompt fission γ-ray emission (mainly
from dipole transitions). During these processes it is fair
to assume that the change in spin is minimal (on aver-
age). Once lower excitation energies are reached, near the
yrast band, γ-rays are emitted from well-defined discrete
states (primarily quadrupole polarity). Most of the pos-
sessed spin is removed in these latter steps (e.g., through
rotational or vibrational band cascades).

TALYS uses the statistical Hauser-Feshbach evapora-
tion model which takes into account the competition be-
tween neutrons and γ-rays, in addition to the RIPL-3
data-base for discrete levels. In the GEF code, the de-
excitation model is simpler. An explicit neutron/γ-ray
competition is included above the neutron separation. Sta-
tistical neutrons are emitted based on the Weisskopf’s
evaporation theory, and γ-rays are emitted until reach-
ing the yrast line or a long-lived isomeric state. Further
down in the excitation energy, discrete γ-rays are emitted
until reaching the ground state.

2.2 Angular momentum

Fission fragments can possess many different modes of ro-
tation, e.g. bending, twisting, tilting and rigid rotation
around the centre of mass [1,12]. Early on it was assumed
that the angular momentum distribution of the fragments
is the same as the one describing the nuclear level den-
sity [13,14],

P (J) ∝ (2J + 1) exp
(
− (J + 0.5)2

2b2

)
, (2)

which is a Rayleigh distribution shifted by one half unit.
The scale parameter b2, sometimes referred to as the “spin
cut-off” parameter, defines the mean and width of the
distribution. Often, the denominator of the exponent in
eq. (2) is replaced by B2 = 2b2. Figure 2(a) shows the
distribution for different values of B. In many studies
of fission angular momentum distributions, the value de-
rived for the parameter B is reported as the root-mean-
square angular momentum, Jrms =

√
⟨J2⟩. However, this

assumption is only valid for a non-shifted Rayleigh dis-
tribution. For the distribution in eq. (2) it can be shown
that

J2
rms = 2b2 −

√
0.5πb + 0.25. (3)

By reporting B as the root-mean-square angular momen-
tum, values of Jrms found in the literature are typical over-
estimated by 0.4h̄. To be able to compare our results with
the values found in the literature, and to avoid any am-
biguity, we choose to report values for B, rather than the
true Jrms.

2.3 Methodology

This study follows the methodology of ref. [7], in which
the de-excitation process of the fission fragments is simu-
lated using TALYS 1.9 [15]. Since TALYS is a determinis-
tic code, the calculations have to be performed separately
for each parent nuclei that feeds a certain isomer. How-
ever, in this study we have chosen to limit the calculations
to cases of one and two neutrons emitted, being the values
closest to the average ν(A). As will be discussed later, the
sensitivity analysis suggests that this choice, because of
the small amount of angular momentum carried away by
the evaporated neutrons, has a negligible impact on the
results.

A. Al-Adili, V. Rakopoulos, and A. Solders, Eur. Phys. J. A 55, p. 61 (2019).

Characterizing g and neutron emission 
~ 

Going back in time to the scission point
J.N. Wilson et al., Nature 590 (2021), 566–570
Randrup & Vogt, PRL 127, (2021) 062502
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Emission angle between g 
and fission axis correlated to 
the pre-scission shape

G.F. Bertsch, T. Kawano and L.M. Robledo,
Phys. Rev. C 99, 034603 (2019) 
J.B. Wilhelmy et al., Phys Rev. C 5, 2041 
(1972).

Also evaluated with TKE 
and fragment mass
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Fission Fragment detection

A. Göök et al., NIM A 830, p. 366 (2016)

252Cf deposit

Position sensitive twin ionization chamber 

Energy 
depositedP10 gas

252Cf s.f. activity 
= 3-5 kBq

Expected Mass resolution
3-5 u
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PARIS Configuration

GEANT4 Simulation

g and neutrons: a probe for the fission mechanism

FIFRELIN fission source in G4
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N-SI-125 Status

8

From B. Pertille presentation:
- Finalization of the trace analysis for the ionization chamber
- Calibration of PARIS & HPGe already started (but need to 

correct for non-linearities)
- Ongoing conversion from FASTER (with traces) -> ROOT with 

event reconstruction
- Need to work on chamber full characterization (proper TKE 

reconstruction, proper FF momentum reconstruction)
- Whatever I forgot or not foreseen…
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Study of the radiative decay of 252Cf spontaneous fission fragments
A. Francheteau, PhD Thesis, UPSay, Sept. 29th 2023 & Phys. Rev. Lett. 132, 142501 April 2024
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TKE Selection of neutronless fission
(partial selection):
- Excitation energy distribution of 

120Cd/132Sn pair
- Determination of angular 

distribution and deformation at 
scission for 120Cd

- Population of 132Sn directly in its 
ground state (98% of selected 
events)
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Despite FRØZEN: litterature update
Study of the radiative decay of 252Cf spontaneous fission fragments

A. Francheteau, PhD Thesis, UPSay, Sept. 29th 2023 & Phys. Rev. Lett. 132, 142501 April 2024

a schematic view, assuming a harmonic potential describing
the energy of the two-fragment system as a function of the
orientation angles θF, the zero point energy is associated
with an angle fluctuation expressed as σ2θF ¼ ℏ=

ffiffiffiffiffiffi
μC

p
, with

μ the moment of inertia of the fragment and C the harmonic
potential constant VðθFÞ ¼ 1=2Cθ2F. In turn, in line with
the Heisenberg principle, the AM of the fragment, i.e., the
conjugate variable of the orientation angle, follows the
distribution PðLÞ ¼ ½ð2Lþ 1Þ=σL&e−½LðLþ1Þ=2σ2L&, where
σL ¼ 1=σθF is equivalent to the spin cut-off parameter.
This expression is similar to the Bethe distribution [43] but
is not due to statistical fluctuations.
Here we use a collective Hamiltonian approach detailed

in Ref. [10], with a nucleus-nucleus potential computed
with the frozen Hartree-Fock (FHF) assumption [44]. In
that approach, both fragments are supposed to be cold and
rigid. They are placed in the same lattice at a distance D,
and oriented as defined above with respect to the fission
axis. The dependence of energy of the system with the
angles determines the angular potential responsible for the
pumping mechanism. The wave packet is then evolved
using the time-dependent Schrödinger equation. After
passing the scission point, the model also accounts for
the AM generation due to the Coulomb torque. In the
present case of the 120Cd=132Sn cold fragmentation, the Sn
fragment is assumed to be in its spherical ground state, in
line with the above data. The Hartree-Fock calculations are
done with the SLY4D functional [45] and the fragments are
obtained with the SKY3D code [46].

Two quadrupole deformations, as defined in [10], are
tested for the 120Cd fragment; the GS deformation,
β2 ¼ 0.15, and a larger deformation, β2 ¼ 0.42, corre-
sponding to a shoulder in the potential energy curve
4.4 MeV above the GS minimum, compatible with the
measured excitation energy distribution. The AM distribu-
tions calculated for the two aforementioned quadrupole
deformations are compared in Fig. 3(a) while Figs. 3(b)
and 3(c) compare the measured γ spectrum below 2 MeV
with the simulated ones for both deformation parameters.
The AM distribution for β2 ¼ 0.42 leads to a much better
agreement with the measured data [Fig. 3(c)] than that for
the GS deformation, in particular between 750 keV and
1 MeV, for transitions from the high spin states in 120Cd.
This is in line with the mean values of the AM distributions
shown in Fig. 3(a), L̄ ¼ 3.4 ℏ and L̄ ¼ 5.1 ℏ, for β2 ¼ 0.15
and β2 ¼ 0.42, respectively. It is also worth mentioning that
the mean multiplicity of the simulated γ cascades amounts
to Mγ ¼ 3.5 and Mγ ¼ 4.6 for β2 ¼ 0.15 and β2 ¼ 0.42,
respectively. This is clearly reflected in the global lower
amplitude of the simulated spectrum in Fig. 3(b), as
compared to Fig. 3(c). In order to extract the experimental
mean γ multiplicity we unfolded the GEANT4 response
function of the detection system from our measured
spectrum using the Gold’s method [47]. The experimental
mean γ multiplicity is then the ratio between the integral of
the unfolded spectrum and the considered number of fission
events. We foundMexpt

γ ¼ 5.1 (6), in a close agreement with
the simulated multiplicity for β2 ¼ 0.42. Notably, this
multiplicity closely aligns with that found without excitation
energy constraints [48], indicating weak temperature
dependence of AM generation. The current fission scenario
unveils several facets of the scission dynamics: (i) It affirms
the absence of correlations in the generation of AMs, as
found in prior works [8,10,49]. (ii) It corresponds to a case
where the relative orbital angular momentum Λ is equiv-
alent to the angular momentum of the light fragment.
(iii) Given that the Λ vector is inherently perpendicular
to the fission axis (z axis), the z component of the AM for
the light fragment is zero.
In this Letter, we report on the experimental study of the

radiative decay of neutronless fission fragments populated
in 252CfðsfÞ. Applying the 2E-method we achieved a mass
resolution of 0.68 amu for neutronless events. Combined
with a close to 4π NaI γ array we identified the exceptional
neutronless fragmentation 120Cd=132Sn where 132Sn is in its
GS, and only 120Cd is excited. For these particular events,
we measure the excitation energy distribution of 120Cd.
The angular momentum distribution of 120Cd at scission is
found to be a key ingredient for the reproduction of the
measured γ spectrum. The orientation-pumping mecha-
nism is used in a time-dependent collective Hamiltonian
approach in order to extract the angular momentum
distribution of the fragment as a function of its deforma-
tion. The experimental γ-ray spectrum is well accounted
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FIG. 3. (a) AM distribution calculated for 120Cd for β2 ¼ 0.15
and β2 ¼ 0.42. (b) Low energy part of the experimental γ
spectrum compared to the simulated one for β2 ¼ 0.15. (c) Same
as (b) for β2 ¼ 0.42. (d) Experimental γ spectrum, compared with
the simulated ones for both deformations.

PHYSICAL REVIEW LETTERS 132, 142501 (2024)

142501-4



12

Measurement of fragment correlated g-ray emission from 252Cf(sf)
S. Marin et al., Phys. Rev. C 109, 054617 (May 2024)
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FIG. 2. Schematic representation of the present experiment,
adapting a figure first used in Ref. [1]. The geometric and electric
specifications of our system are indicated on the figure. The angle
between the chamber axis and the fission axis, taken to be the direc-
tion of the light fragment, is indicated as θL .

an azimuthal measurement of the fragment direction is not
available, as is the case in this experiment.

III. MULTIPLICITY

In this section, the focus turns to the development of results
concerning the multiplicity of γ rays from fission. We start by
presenting results related to neutron multiplicity, which serves
to validate the detection system, considering the extensive
study of neutrons in the literature. Following that, an analysis
is conducted on the total multiplicity of γ rays with respect
to both fragment masses and TKE. Finally, the Meier-Leibniz
Doppler-shift method is applied to the data collected in the
second configuration, utilizing only two detectors. In this
third step, the γ -ray multiplicity emitted by each individual
fragment is presented.

A. Neutron multiplicity

The multiplicity of fission neutrons is one of the most
intensely studied topics in the field, due in large part to its
importance in technological applications of fission. The de-
pendence of the emitted neutron multiplicity on the fragment
TKE for selected masses is shown in Fig. 3 and compared
to the results by Göök et al. [1]. In contrast to the γ -ray
multiplicity, which is obtained by unfolding the measured
multiplicity using a simulated matrix response, the emitted

FIG. 3. Measured mass-binned TKE-dependent neutron multiplicity compared to studies performed by Göök et al. [1]. The yield of TKE,
at the specified mass, is shown as the black curve, with arbitrary scaling.

054617-3

STEFANO MARIN et al. PHYSICAL REVIEW C 109, 054617 (2024)

II. EXPERIMENTAL METHODS

A. Instruments

The experiments we present in this paper use the connec-
tion between the γ -ray yield and the fission fragments’ AM. In
particular, just as neutron multiplicity is often used as a proxy
observable for the fragment excitation energy [16,18], γ -ray
multiplicity and angular distribution carry important informa-
tion regarding the fragments’ AM. By correlating these γ -ray
observables with coincident data on fragment properties, such
as masses and total kinetic energy (TKE), we can study trends
in AM as the underlying fragment properties change.

The experiment was performed using the FS-3 array of
trans-stilbene organic scintillators coupled to the Argonne
National Laboratory twin Frisch-gridded ionization chamber
(TFGIC). A recent paper [19] details the technical aspects and
performance of this experimental setup.

The target in this experiment was prepared at Oregon State
University and consists of a molecular plating of 252Cf on
a ≈100 µg cm−2 carbon foil. The thin target allows both
fragments to escape into the separate sides of the chamber
and be detected. The 2E method [20] is used to determine
the fragment masses from the measured kinetic energies.
The molecular plating technique leaves a nonuniform “crud”
of cracked solvent molecules, which makes the resolution
of the system slightly inferior to those using more uniform
types of depositions. We have accounted for this effect in
our analysis; however, remnants of the correction are still
noticeable at larger angles, where the fragments have to travel
through a greater amount of material. For this reason, we
have constrained the analysis of the angular distribution only
to | cos θ | > 0.3, where θ is the angle between the fragment
direction and the axis of the fission chamber, which is itself
normal to the source plane.

Two configurations were used to provide the results of the
work presented here: one including all detectors of the FS-3
system and a 252Cf target with total activity of approximately
9 kBq, and one where only the two FS-3 detectors collinear
with the TFGIC are used. For the second configuration, a
stronger 252Cf source of total activity ∼130 kBq is used to
compensate for the reduced efficiency of the detectors.

B. Multiplicity and spectrum analysis

The full FS-3 detector array consists of 39 active detec-
tors placed in spherical configuration around the source, and
a geometric coverage of approximately 12%. Standard un-
folding techniques, based on the simulated energy-dependent
response matrix of the system to γ rays, has been applied to
recover the multiplicity and spectra of the measured γ rays.
Given the broad energy resolution of trans-stilbene detectors,
peaks cannot be resolved but gross features of the spectrum
can be seen.

Figure 1 shows the measured and unfolded spectra of γ
rays detected during this experiment. Note, while our sys-
tem is sensitive to low-energy γ rays, we apply an analysis
threshold of Eγ ≈ 140 keV, to avoid regions where the effi-
ciency changes too rapidly with energy. We have compared
our unfolded results to a recent measurement by Oberstedt

FIG. 1. The measured γ -ray spectrum (scaled here simply by the
inverse of the simulated efficiency) is unfolded using simulated γ -ray
response matrices. The resulting unfolded spectrum reproduces the
shape of the emitted γ -ray spectrum as observed by recent experi-
ments [21]. Since the size of the statistical error bars is smaller than
the line width, the error bars are not included. Systematic errors,
associated with both the measurement apparatus and the unfolding
process, are not included either.

et al. [21], which used dedicated inorganic scintillators. While
the finer features are not exactly reproduced, we can see from
the figure that the unfolding procedure of the γ -ray spectrum
significantly improves our measurements and allows us to
validate the simulated experimental response.

In addition to the total γ -ray multiplicity, it is also possible
to extract from the experiment the individual γ -ray multi-
plicities emitted from each fragment. This is performed by
applying the Meier-Leibniz Doppler-shift method [2]. In this
method, only detectors collinear with the TFGIC are used, i.e.,
the second configuration of our experiment, and the aberration
of γ rays yield is used to infer the average multiplicity emitted
by each fragment.

C. Angular distribution and correlation analysis

The study of angular distributions and correlations of radi-
ation is a well-established technique in all branches of nuclear
and atomic physics, especially when dealing with AM [15].
In this experiment, we measure the angular distribution of
γ radiation using the technique developed by Göök et al.
[1], who measured the angular distribution of neutrons from
fission. In particular, in Fig. 2 we adapt Fig. 1 from their paper
to show the relevant dimensions.

In spontaneous fission it is customary to indicate the axis of
fragment motion as the fission axis; the direction of the light
fragment is here taken by convention to be the direction of the
fission-axis vector. All angular variables are expressed with
respect to this direction. In Fig. 2, the angle indicated as θL is
the angle that the light fragment makes with the axis of cylin-
drical symmetry of the TFGIC. The angular distribution of γ
rays is determined by measuring the count rate in the detector
aligned with the TFGIC axis. This technique allows us to use
the same detector for all measurements, thereby simplifying
the analysis and corrections applied to the data. Furthermore,
this type of angular measurement can be employed even when

054617-2
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The total γ-ray multiplicity from fission 
fragments saturates at high internal 
excitation energies.
-> Constraints on angular momentum 
generation mechanism, higher angular 
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FIG. 4. Comparison of measured total γ -ray multiplicity, summed contributions from each fragment, with two different model calculations
performed in FIFRELIN. Each panel corresponds to bins centered at the specified light fragment mass A, and with a bin width of 5 AMU. The
dashed vertical line corresponds to the average total E∗ for the specified fragmentation.

We see from our data that for very asymmetric, AL < 90,
and very symmetric, AL > 115, mass splits, the yield of γ
rays continues to increase with E∗ even at higher energies,
although at a much slower rate than in the first region. A
different behavior is observed for more standard mass splits,
where the yield of γ rays plateaus and does not appear to
increase significantly with E∗. The lack of a plateau at the
most symmetric and asymmetric mass splits should not be
taken as an indication of an increasing AM.

Comparing our experimental results to the FIFRELIN CST
calculations for these regions, we see that an increase in
γ -ray yield can be observed at high E∗ even when the AM
is independent of energy. That is because for these highly
asymmetric and symmetric cases the energy partition between
the fragment is far from even. Looking at a neutron sawtooth
distribution, i.e., the mean neutron multiplicity as a function of
fragment mass, we can see that in the case of high asymmetry
the heavy fragment takes most of the E∗, whereas the situation
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FIG. 4. Comparison of measured total γ -ray multiplicity, summed contributions from each fragment, with two different model calculations
performed in FIFRELIN. Each panel corresponds to bins centered at the specified light fragment mass A, and with a bin width of 5 AMU. The
dashed vertical line corresponds to the average total E∗ for the specified fragmentation.

We see from our data that for very asymmetric, AL < 90,
and very symmetric, AL > 115, mass splits, the yield of γ
rays continues to increase with E∗ even at higher energies,
although at a much slower rate than in the first region. A
different behavior is observed for more standard mass splits,
where the yield of γ rays plateaus and does not appear to
increase significantly with E∗. The lack of a plateau at the
most symmetric and asymmetric mass splits should not be
taken as an indication of an increasing AM.

Comparing our experimental results to the FIFRELIN CST
calculations for these regions, we see that an increase in
γ -ray yield can be observed at high E∗ even when the AM
is independent of energy. That is because for these highly
asymmetric and symmetric cases the energy partition between
the fragment is far from even. Looking at a neutron sawtooth
distribution, i.e., the mean neutron multiplicity as a function of
fragment mass, we can see that in the case of high asymmetry
the heavy fragment takes most of the E∗, whereas the situation
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FIG. 2. Schematic representation of the present experiment,
adapting a figure first used in Ref. [1]. The geometric and electric
specifications of our system are indicated on the figure. The angle
between the chamber axis and the fission axis, taken to be the direc-
tion of the light fragment, is indicated as θL .

an azimuthal measurement of the fragment direction is not
available, as is the case in this experiment.

III. MULTIPLICITY

In this section, the focus turns to the development of results
concerning the multiplicity of γ rays from fission. We start by
presenting results related to neutron multiplicity, which serves
to validate the detection system, considering the extensive
study of neutrons in the literature. Following that, an analysis
is conducted on the total multiplicity of γ rays with respect
to both fragment masses and TKE. Finally, the Meier-Leibniz
Doppler-shift method is applied to the data collected in the
second configuration, utilizing only two detectors. In this
third step, the γ -ray multiplicity emitted by each individual
fragment is presented.

A. Neutron multiplicity

The multiplicity of fission neutrons is one of the most
intensely studied topics in the field, due in large part to its
importance in technological applications of fission. The de-
pendence of the emitted neutron multiplicity on the fragment
TKE for selected masses is shown in Fig. 3 and compared
to the results by Göök et al. [1]. In contrast to the γ -ray
multiplicity, which is obtained by unfolding the measured
multiplicity using a simulated matrix response, the emitted

FIG. 3. Measured mass-binned TKE-dependent neutron multiplicity compared to studies performed by Göök et al. [1]. The yield of TKE,
at the specified mass, is shown as the black curve, with arbitrary scaling.
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II. EXPERIMENTAL METHODS

A. Instruments

The experiments we present in this paper use the connec-
tion between the γ -ray yield and the fission fragments’ AM. In
particular, just as neutron multiplicity is often used as a proxy
observable for the fragment excitation energy [16,18], γ -ray
multiplicity and angular distribution carry important informa-
tion regarding the fragments’ AM. By correlating these γ -ray
observables with coincident data on fragment properties, such
as masses and total kinetic energy (TKE), we can study trends
in AM as the underlying fragment properties change.

The experiment was performed using the FS-3 array of
trans-stilbene organic scintillators coupled to the Argonne
National Laboratory twin Frisch-gridded ionization chamber
(TFGIC). A recent paper [19] details the technical aspects and
performance of this experimental setup.

The target in this experiment was prepared at Oregon State
University and consists of a molecular plating of 252Cf on
a ≈100 µg cm−2 carbon foil. The thin target allows both
fragments to escape into the separate sides of the chamber
and be detected. The 2E method [20] is used to determine
the fragment masses from the measured kinetic energies.
The molecular plating technique leaves a nonuniform “crud”
of cracked solvent molecules, which makes the resolution
of the system slightly inferior to those using more uniform
types of depositions. We have accounted for this effect in
our analysis; however, remnants of the correction are still
noticeable at larger angles, where the fragments have to travel
through a greater amount of material. For this reason, we
have constrained the analysis of the angular distribution only
to | cos θ | > 0.3, where θ is the angle between the fragment
direction and the axis of the fission chamber, which is itself
normal to the source plane.

Two configurations were used to provide the results of the
work presented here: one including all detectors of the FS-3
system and a 252Cf target with total activity of approximately
9 kBq, and one where only the two FS-3 detectors collinear
with the TFGIC are used. For the second configuration, a
stronger 252Cf source of total activity ∼130 kBq is used to
compensate for the reduced efficiency of the detectors.

B. Multiplicity and spectrum analysis

The full FS-3 detector array consists of 39 active detec-
tors placed in spherical configuration around the source, and
a geometric coverage of approximately 12%. Standard un-
folding techniques, based on the simulated energy-dependent
response matrix of the system to γ rays, has been applied to
recover the multiplicity and spectra of the measured γ rays.
Given the broad energy resolution of trans-stilbene detectors,
peaks cannot be resolved but gross features of the spectrum
can be seen.

Figure 1 shows the measured and unfolded spectra of γ
rays detected during this experiment. Note, while our sys-
tem is sensitive to low-energy γ rays, we apply an analysis
threshold of Eγ ≈ 140 keV, to avoid regions where the effi-
ciency changes too rapidly with energy. We have compared
our unfolded results to a recent measurement by Oberstedt

FIG. 1. The measured γ -ray spectrum (scaled here simply by the
inverse of the simulated efficiency) is unfolded using simulated γ -ray
response matrices. The resulting unfolded spectrum reproduces the
shape of the emitted γ -ray spectrum as observed by recent experi-
ments [21]. Since the size of the statistical error bars is smaller than
the line width, the error bars are not included. Systematic errors,
associated with both the measurement apparatus and the unfolding
process, are not included either.

et al. [21], which used dedicated inorganic scintillators. While
the finer features are not exactly reproduced, we can see from
the figure that the unfolding procedure of the γ -ray spectrum
significantly improves our measurements and allows us to
validate the simulated experimental response.

In addition to the total γ -ray multiplicity, it is also possible
to extract from the experiment the individual γ -ray multi-
plicities emitted from each fragment. This is performed by
applying the Meier-Leibniz Doppler-shift method [2]. In this
method, only detectors collinear with the TFGIC are used, i.e.,
the second configuration of our experiment, and the aberration
of γ rays yield is used to infer the average multiplicity emitted
by each fragment.

C. Angular distribution and correlation analysis

The study of angular distributions and correlations of radi-
ation is a well-established technique in all branches of nuclear
and atomic physics, especially when dealing with AM [15].
In this experiment, we measure the angular distribution of
γ radiation using the technique developed by Göök et al.
[1], who measured the angular distribution of neutrons from
fission. In particular, in Fig. 2 we adapt Fig. 1 from their paper
to show the relevant dimensions.

In spontaneous fission it is customary to indicate the axis of
fragment motion as the fission axis; the direction of the light
fragment is here taken by convention to be the direction of the
fission-axis vector. All angular variables are expressed with
respect to this direction. In Fig. 2, the angle indicated as θL is
the angle that the light fragment makes with the axis of cylin-
drical symmetry of the TFGIC. The angular distribution of γ
rays is determined by measuring the count rate in the detector
aligned with the TFGIC axis. This technique allows us to use
the same detector for all measurements, thereby simplifying
the analysis and corrections applied to the data. Furthermore,
this type of angular measurement can be employed even when
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FIG. 8. Yield-differentiated γ -ray anisotropy coefficients. The
top panel shows the fragment yields themselves. The bottom panel
shows the anisotropy of γ rays for the different mass regions. Con-
tour lines are determined from the yield. Data with >30% statistical
uncertainty have been removed.

insight into the dynamics of the fission process itself. Yields
of mass and TKE have often been employed in the literature
to draw conclusions about scission shapes and configurations.
The discussion of standard, symmetric, and asymmetric splits
should be familiar from the classic description of fission
as a multichannel process [18]. According to this formal-
ism, fission can proceed through several reaction channels,
each characterized by a shape of the fissioning nucleus at
the moment of fission. These channels differentiate, for ex-
ample, between spherical and elongated shapes, associated
with high and low TKE due to the different strength of the
Coulomb repulsion; and between symmetric and asymmetric
mass splits, as already pointed out earlier. The result of this
further differentiation of the γ -ray angular anisotropy data
is presented in Fig. 8. The anisotropy of γ rays, expressed
by the ratio C2/C0, is more pronounced at lower TKE, and

there appears to be especially strong anisotropies at symmetric
masses.

In the first place we note that, in general, the anisotropy
increases when TKE decreases. This result is reminiscent of
the multiplicity saturation discussion presented in the previ-
ous section. Our anisotropy results also show a similar mass
dependence, showing that at sufficiently high excitation ener-
gies, or conversely low TKE, an anisotropy in the γ -ray yield
can be observed. Unfortunately the amount of data collected
is not sufficient to draw quantitative conclusions across the
entire yield.

We recognize the four fission channels [31] in
our figure, a standard channel around AL = 110 and
TKE ∼ 180 MeV; supershort and superlong channels
at symmetric masses AL ∼ 125 and TKE ∼ 140 and
TKE ∼ 210, respectively; a superasymmetric channel at
AL ∼ 85 and TKE ∼ 140. Most noticeable is the presence
of strong polarization in the regions we associate with
the standard, superlong, and superassymetric channels.
These channels are associated with the larger degree
of deformation in the scissioning configuration, thus
suggesting an interpretation that the magnitude and
direction of the fragments’ AM are closely connected to
the shape of the nucleus at scission. On the other hand,
we do not observe a significant degree of polarization
in the supershort channel, which is characterized by the
least deformed configuration. These observations give
credit to a scission deformation-dependent AM generation
mechanism.

V. CONCLUSION

We have presented new experimental results on 252Cf(sf )
from a recent experiment performed using a combination of
a TFGIC and organic scintillators. The results add important
information to the already rich literature on nuclear fission and
specifically on the generation of AM in fission. Our three main
conclusions stem from our results regarding the multiplicity
and the angular distribution of γ rays: saturation, competition,
and polarization.

We have determined that the multiplicity of γ rays does
not increase steadily with fission fragment excitation en-
ergy. On the contrary, we have determined that the mean
γ -ray multiplicity increases up to a value of approximately
eight γ rays and appears to level off after that. This could
be an indication of a saturation of the AM, which would
significantly restrict the ways in which AM is generated,
but could also be explained by a larger portion of AM
being carried by neutrons and statistical γ rays. Future ex-
periments should focus on the issue of AM removal by
this type of radiation. If this saturating pattern persists,
it would indicate the existence of nonstatistical mecha-
nisms in the generation of AM. In combination with the
existence of the AM sawtooth, this result indicates the
importance of deformation-dependent mechanisms of AM
generation.

By exploiting the aberration of γ rays emitted by mov-
ing sources, we have separated the average emission of γ
rays for the light and heavy fragment. The results of this

054617-9

Anisotropy of g-ray emission depends on 
both the mass and TKE of the fragments
-> AM’s orientation and magnitude might be 
influenced by the specific fission channel, 

The total γ-ray multiplicity from fission 
fragments saturates at high internal 
excitation energies.
-> Constraints on angular momentum 
generation mechanism, higher angular 
momentum hardly evacuated through n

Measurement of fragment correlated g-ray emission from 252Cf(sf)
S. Marin et al., Phys. Rev. C 109, 054617 (May 2024)



Despite FRØZEN: litterature update

1405/07/2024 Scientific workshop on n-Ball2

MEASUREMENT OF FRAGMENT-CORRELATED … PHYSICAL REVIEW C 109, 054617 (2024)

FIG. 2. Schematic representation of the present experiment,
adapting a figure first used in Ref. [1]. The geometric and electric
specifications of our system are indicated on the figure. The angle
between the chamber axis and the fission axis, taken to be the direc-
tion of the light fragment, is indicated as θL .

an azimuthal measurement of the fragment direction is not
available, as is the case in this experiment.

III. MULTIPLICITY

In this section, the focus turns to the development of results
concerning the multiplicity of γ rays from fission. We start by
presenting results related to neutron multiplicity, which serves
to validate the detection system, considering the extensive
study of neutrons in the literature. Following that, an analysis
is conducted on the total multiplicity of γ rays with respect
to both fragment masses and TKE. Finally, the Meier-Leibniz
Doppler-shift method is applied to the data collected in the
second configuration, utilizing only two detectors. In this
third step, the γ -ray multiplicity emitted by each individual
fragment is presented.

A. Neutron multiplicity

The multiplicity of fission neutrons is one of the most
intensely studied topics in the field, due in large part to its
importance in technological applications of fission. The de-
pendence of the emitted neutron multiplicity on the fragment
TKE for selected masses is shown in Fig. 3 and compared
to the results by Göök et al. [1]. In contrast to the γ -ray
multiplicity, which is obtained by unfolding the measured
multiplicity using a simulated matrix response, the emitted

FIG. 3. Measured mass-binned TKE-dependent neutron multiplicity compared to studies performed by Göök et al. [1]. The yield of TKE,
at the specified mass, is shown as the black curve, with arbitrary scaling.
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II. EXPERIMENTAL METHODS

A. Instruments

The experiments we present in this paper use the connec-
tion between the γ -ray yield and the fission fragments’ AM. In
particular, just as neutron multiplicity is often used as a proxy
observable for the fragment excitation energy [16,18], γ -ray
multiplicity and angular distribution carry important informa-
tion regarding the fragments’ AM. By correlating these γ -ray
observables with coincident data on fragment properties, such
as masses and total kinetic energy (TKE), we can study trends
in AM as the underlying fragment properties change.

The experiment was performed using the FS-3 array of
trans-stilbene organic scintillators coupled to the Argonne
National Laboratory twin Frisch-gridded ionization chamber
(TFGIC). A recent paper [19] details the technical aspects and
performance of this experimental setup.

The target in this experiment was prepared at Oregon State
University and consists of a molecular plating of 252Cf on
a ≈100 µg cm−2 carbon foil. The thin target allows both
fragments to escape into the separate sides of the chamber
and be detected. The 2E method [20] is used to determine
the fragment masses from the measured kinetic energies.
The molecular plating technique leaves a nonuniform “crud”
of cracked solvent molecules, which makes the resolution
of the system slightly inferior to those using more uniform
types of depositions. We have accounted for this effect in
our analysis; however, remnants of the correction are still
noticeable at larger angles, where the fragments have to travel
through a greater amount of material. For this reason, we
have constrained the analysis of the angular distribution only
to | cos θ | > 0.3, where θ is the angle between the fragment
direction and the axis of the fission chamber, which is itself
normal to the source plane.

Two configurations were used to provide the results of the
work presented here: one including all detectors of the FS-3
system and a 252Cf target with total activity of approximately
9 kBq, and one where only the two FS-3 detectors collinear
with the TFGIC are used. For the second configuration, a
stronger 252Cf source of total activity ∼130 kBq is used to
compensate for the reduced efficiency of the detectors.

B. Multiplicity and spectrum analysis

The full FS-3 detector array consists of 39 active detec-
tors placed in spherical configuration around the source, and
a geometric coverage of approximately 12%. Standard un-
folding techniques, based on the simulated energy-dependent
response matrix of the system to γ rays, has been applied to
recover the multiplicity and spectra of the measured γ rays.
Given the broad energy resolution of trans-stilbene detectors,
peaks cannot be resolved but gross features of the spectrum
can be seen.

Figure 1 shows the measured and unfolded spectra of γ
rays detected during this experiment. Note, while our sys-
tem is sensitive to low-energy γ rays, we apply an analysis
threshold of Eγ ≈ 140 keV, to avoid regions where the effi-
ciency changes too rapidly with energy. We have compared
our unfolded results to a recent measurement by Oberstedt

FIG. 1. The measured γ -ray spectrum (scaled here simply by the
inverse of the simulated efficiency) is unfolded using simulated γ -ray
response matrices. The resulting unfolded spectrum reproduces the
shape of the emitted γ -ray spectrum as observed by recent experi-
ments [21]. Since the size of the statistical error bars is smaller than
the line width, the error bars are not included. Systematic errors,
associated with both the measurement apparatus and the unfolding
process, are not included either.

et al. [21], which used dedicated inorganic scintillators. While
the finer features are not exactly reproduced, we can see from
the figure that the unfolding procedure of the γ -ray spectrum
significantly improves our measurements and allows us to
validate the simulated experimental response.

In addition to the total γ -ray multiplicity, it is also possible
to extract from the experiment the individual γ -ray multi-
plicities emitted from each fragment. This is performed by
applying the Meier-Leibniz Doppler-shift method [2]. In this
method, only detectors collinear with the TFGIC are used, i.e.,
the second configuration of our experiment, and the aberration
of γ rays yield is used to infer the average multiplicity emitted
by each fragment.

C. Angular distribution and correlation analysis

The study of angular distributions and correlations of radi-
ation is a well-established technique in all branches of nuclear
and atomic physics, especially when dealing with AM [15].
In this experiment, we measure the angular distribution of
γ radiation using the technique developed by Göök et al.
[1], who measured the angular distribution of neutrons from
fission. In particular, in Fig. 2 we adapt Fig. 1 from their paper
to show the relevant dimensions.

In spontaneous fission it is customary to indicate the axis of
fragment motion as the fission axis; the direction of the light
fragment is here taken by convention to be the direction of the
fission-axis vector. All angular variables are expressed with
respect to this direction. In Fig. 2, the angle indicated as θL is
the angle that the light fragment makes with the axis of cylin-
drical symmetry of the TFGIC. The angular distribution of γ
rays is determined by measuring the count rate in the detector
aligned with the TFGIC axis. This technique allows us to use
the same detector for all measurements, thereby simplifying
the analysis and corrections applied to the data. Furthermore,
this type of angular measurement can be employed even when
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FIG. 6. Individual γ -ray multiplicity emitted from each fragment, binned by masses across E∗. Each panel is a separate fragmentation,
with the bin center indicated on the figure and bin width of 8 AMU. The sum of the two multiplicities is also shown. The energy broadening
introduced by the detection system can lead to fragments having TKE above the total Q value of the reaction; this effect results in the negative
E∗ observed here.

of a deformation-dependent AM. As already pointed out by
Wilhelmy et al. [15], there is a strong correlation between
the average AM of a fragment and the ground state electric
quadrupole moment of the same isotope, a measure of its
deformability.

A new, insightful way of looking at the same data is to
differentiate the γ -ray sawtooth with respect to TKE, as is
done in Fig. 6. Each panel in Fig. 6 shows a different mass
split, with data points indicating the yield of γ rays from the
light and heavy fragment, as well as the total multiplicity.
This plot shows the complicated relationship between the two
fragments’ γ -ray yield and, if interpreted as such, between
the fragments’ AM. We see that in general the γ -ray yield
from the light and heavy fragment changes at different rates
with E∗. For example, near the symmetric fragmentation, we
see that the light fragment emits most of the γ rays and only
when this reaches a plateau does the heavy fragment begin to
increase its γ -ray yield. For the most common fragmentation
masses, AL ≈ 110, we find that the light fragment γ -ray yield
increases with energy, while the heavy fragment yield remains

constant if not slightly decreasing. This decrease in the γ -ray
yield is not statistically significant given the current data, but
is worth future exploration. In fact, a competition between the
fragment AM magnitudes could signal the existence of ex-
cited bending modes in the statistical population of rotational
modes.

This result shows not only that γ -ray multiplicity increases
at different rates for the light and heavy fragment, as one
might expect from the presence of the γ -ray sawtooth, but also
a competition between the γ rays from opposite fragments.
This effect can be seen for the more symmetric and asym-
metric fragmentations, where we see the γ ray multiplicity
from one fragment increases while the multiplicity of the
other fragment decreases with TKE. A similar result had been
already observed by Pleasonton et al. [27] in thermal neutron-
induced fission events. More recently, Piau et al. [26] observed
a similar trend by comparing the number of γ rays emitted by
the light and heavy fragment groups in general. These obser-
vations are at variance with the investigation of Wang et al.
[28], which determined a more complicated relationship. In
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FIG. 6. Individual γ -ray multiplicity emitted from each fragment, binned by masses across E∗. Each panel is a separate fragmentation,
with the bin center indicated on the figure and bin width of 8 AMU. The sum of the two multiplicities is also shown. The energy broadening
introduced by the detection system can lead to fragments having TKE above the total Q value of the reaction; this effect results in the negative
E∗ observed here.

of a deformation-dependent AM. As already pointed out by
Wilhelmy et al. [15], there is a strong correlation between
the average AM of a fragment and the ground state electric
quadrupole moment of the same isotope, a measure of its
deformability.

A new, insightful way of looking at the same data is to
differentiate the γ -ray sawtooth with respect to TKE, as is
done in Fig. 6. Each panel in Fig. 6 shows a different mass
split, with data points indicating the yield of γ rays from the
light and heavy fragment, as well as the total multiplicity.
This plot shows the complicated relationship between the two
fragments’ γ -ray yield and, if interpreted as such, between
the fragments’ AM. We see that in general the γ -ray yield
from the light and heavy fragment changes at different rates
with E∗. For example, near the symmetric fragmentation, we
see that the light fragment emits most of the γ rays and only
when this reaches a plateau does the heavy fragment begin to
increase its γ -ray yield. For the most common fragmentation
masses, AL ≈ 110, we find that the light fragment γ -ray yield
increases with energy, while the heavy fragment yield remains

constant if not slightly decreasing. This decrease in the γ -ray
yield is not statistically significant given the current data, but
is worth future exploration. In fact, a competition between the
fragment AM magnitudes could signal the existence of ex-
cited bending modes in the statistical population of rotational
modes.

This result shows not only that γ -ray multiplicity increases
at different rates for the light and heavy fragment, as one
might expect from the presence of the γ -ray sawtooth, but also
a competition between the γ rays from opposite fragments.
This effect can be seen for the more symmetric and asym-
metric fragmentations, where we see the γ ray multiplicity
from one fragment increases while the multiplicity of the
other fragment decreases with TKE. A similar result had been
already observed by Pleasonton et al. [27] in thermal neutron-
induced fission events. More recently, Piau et al. [26] observed
a similar trend by comparing the number of γ rays emitted by
the light and heavy fragment groups in general. These obser-
vations are at variance with the investigation of Wang et al.
[28], which determined a more complicated relationship. In
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Question: 
- energy partition in FF
- Non statistical AM generation mechanism?



What’s next for s.f. measurements
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Need for:
- n/g correlated measurements
- g-g angular correlation
- Better TKE measurement & Z selection

Possibility of a n-Ball3/Coffee (see Jon’s 
talk):
- Better TOF IC/PARIS measurement
- Better 252Cf sample…
- Try to skip as much as possible trace 

analysis -> and run for as long as possible


