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The overlap in the mass symmetric region of the reaction products from fusion-fission and quasifission
complicates the assignment of symmetric events to complete fusion on the basis of the mass distribution
alone. Additional observables, besides mass distribution, should be used. The approach proposed here relies
on the fact that fusion-fission and quasifission are characterized by different timescales. Within this framework,
we performed a detailed study to find out how timescales can be probed via angular momentum transfer as
measured via γ -ray multiplicities. The proof of principle was carried out by measuring the γ rays in coincidence
with fusion-fission and quasielastic binary fragments in the reaction 32S + 197Au at beam energy near the
Coulomb barrier. The experiment was performed at the Accélérateur Linéaire Tandem à Orsay (ALTO) facility
at the Institut De Physique Nucléaire (IPN) in Orsay (France) using a detection setup consisting of ORGAM
(ORsay GAMma) and PARIS (Photon Array Radioactive Ion Stable beams) γ -detectors arrays coupled with
the CORSET (CORrelation SETup) time-of-flight spectrometer. Results of the sensitivity of this method to
distinguish reaction channels with different dynamics are discussed.

DOI: 10.1103/PhysRevC.101.064612

I. INTRODUCTION

Heavy-ion-induced fusion reactions at bombarding ener-
gies around the Coulomb barrier have been very successfully
used for the production of superheavy elements (SHE) [1–6].
To select the optimal reactions for the production of new
elements heavier than Og and/or new isotopes around the su-
perheavy island of stability, the measurement of fusion cross
sections is an essential step [7]. In fusion events, a compound
nucleus (CN) may evolve toward fission (fusion-fission, FF)
or become an evaporation residue (fusion-evaporation, ER)
after the evaporation of light particles. The fusion cross sec-
tion is measured by summing the cross sections of these two
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decay channels. In reactions involving medium-mass nuclei,
the fission and evaporation cross sections can be of about the
same magnitudes [8,9]. This particular condition constitutes
an advantage in the study of fission dynamics of medium-mass
nuclei [10,11].

In the case of reactions between massive nuclei neces-
sary for the search of superheavy elements, the evaporation
residue’s cross section is negligible with respect to that of
the fission. Therefore, it is sufficient to select and count the
fission events to estimate the fusion cross section [12]. Fission
events are selected by detecting in coincidence fragments
produced in binary reactions. However, at energies around the
Coulomb barrier, the quasifission (QF) reaction mechanism,
which also gives rise to binary products, becomes dominant
and counteracts the complete fusion [12]. Furthermore, the
mass distribution of binary products of QF reactions, due
to the high production yield, can dominate the fragment’s
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symmetric-mass region, where also FF events are expected.
Consequently, in the case of reactions between massive nuclei,
the estimate of fusion cross sections, based on counting sym-
metric or nearly symmetric mass split events, can be biased
because of the overlap of QF and FF binary events. Even if in
the asymmetric region of the mass distribution it is possible to
disentangle, to some extent, the components of QF and asym-
metric FF modes, this is not possible in the symmetric-mass
region where the two processes are overlapped. Therefore,
the overlap of QF and FF events constitutes an inescapable
problem when CN cross sections have to be estimated [13].

Within the present work, we investigate if additional ob-
servables can be employed to unambiguously separate the FF
and QF products, at least to some extent. In our view, these
additional observables should reflect the differences between
the slower dynamical evolution of the system passing through
an equilibrium stage giving rise to the FF products, and the
faster QF mechanism where the mass transfer and energy
dissipation are strongly driven by shell effects [13–15]. Many
experimental and theoretical works aimed at estimating the
timescale of FF and QF confirm that QF takes place on a
timescale of �10−20 s, whereas FF typically occurs on longer
timescales, from ≈10−19 to ≈10−16 s [16–23].

It has been demonstrated by series of works [24–31] that
prescission light particles can provide the timescale of the dy-
namical evolution of the compound nucleus from its formation
up to the scission in two fragments. However, their emission
probability is negligible in the typical reactions used for the
SHE production in the FF and QF channels. A possible differ-
ence among the QF and FF paths can be found in the angular
momentum dissipated during the dynamical evolution of the
composite intermediate system, up to the reseparation stage,
where the fragment production occurs. The entrance channel
orbital angular momentum is fully transferred into internal
degrees of freedom of the compound nucleus in FF, whereas
only a fraction of it is available for the QF products, being the
QF process faster [32–34]. It is reasonable to suspect that the
fragments of FF may reach a higher spin than those produced
by QF. Consequently, the γ -ray multiplicity distributions Mγ ,
namely, the distribution of the number of γ -rays emitted per
event, should reach higher average values in the case of FF
events.

Independent information about low and high angular mo-
mentum transfer paths (respectively, QF and FF channels) can
be extracted from discrete γ transitions as well as from the γ -
ray multiplicity in binary events. Hence, by measuring the γ

rays in coincidence with binary fragments, a disentanglement
of QF and FF might be attained. Therefore, the observable we
focus on here are the γ rays and their multiplicity Mγ in the
binary channels.

In order to test this method, namely the separation of
a faster process from a slower one by γ -ray multiplicity,
the reaction 32S + 197Au, at the bombarding energy ELAB =
166 MeV, near the Coulomb barrier VCoul (Ec.m./VCoul = 1.01),
was carried out at the Tandem Accélérateur Linéaire Tandem
à Orsay (ALTO) accelerator facility at Institut De Physique
Nucléaire (IPN) Orsay (France). Ec.m. is the energy available
in the center of mass frame. This reaction is characterized by
a large FF cross section and a negligible QF cross section

[35,36]. At the same time, this reaction has a dominant
contribution from the quasielastic (QE) channel, which is
governed by transfers of few nucleons and relatively small
energy and angular momentum dissipation [37,38]. The FF
and QE channels can be well separated by exploiting the large
differences in the mass and total kinetic energy (TKE) dis-
tributions. Binary products of QE reactions are located in the
mass region around the mass of the target and projectile nuclei
and their TKE is about equal to the entrance channel relative
motion energy. In FF, the mass distribution is centered around
symmetric splitting and has a characteristic width [39]. The
TKE distribution is instead expected to follow Viola systemat-
ics [40]. Because of these important differences, this proposed
reaction represents a suitable benchmark to characterize the
γ -ray multiplicities dependence on reaction timescales by
using the measurements of γ rays in coincidence with the
binary fragments assigned to the QE and FF, i.e., from the
faster and slower processes, respectively.

If the hypothesis that a higher angular momentum popu-
lation corresponds to a larger interaction time is valid, the γ

transitions measured in coincidence with the QE component
should come from nuclei populated to lower angular momen-
tum regions and the γ multiplicity should be smaller than
the one in coincidence with the fragments in the symmetric
mass region. This would prove the concept and would open
the road to experiments to distinguish between QF and FF in
the symmetric region by employing an additional probe.

After a brief description of the experimental setup, the
result of this approach will be discussed.

II. EXPERIMENTAL SETUP

A 350-μg/cm2-thick self-supporting 197Au target was
bombarded with a 32S beam at ELAB = 166 MeV. The center
of mass energy Ec.m. is such that Ec.m./VCoul = 1.01. The
Tandem accelerator provided, on average, a continuous beam
of intensity of 70 nA during the 2-day-long measurement.

Fragments from binary reactions were detected in coin-
cidence by the two-arm TOF spectrometer CORSET (COR-
relation SETup) [41]. Each arm consists of a microchannel
plate (MCP) and a position-sensitive MCP acting as start and
stop detectors, respectively. The arms were placed at 68◦ and
−66.5◦ with respect to the beam axis to maximize symmetric
fragment detection. Each start detector covers an area of 20 ×
30 mm2 and was placed at 6 cm from the target. Each position-
sensitive stop detector covers an area of 60 × 40 mm2 and
was mounted 21 cm away from the start detector. In the event-
by-event offline analysis, the positions and time of flights of
the fragments are translated into fragment mass numbers A1,2,
velocity vectors −→v1 , −→v2 , and TKE by employing standard two-
body conservation laws [41]. With a time-of-flight resolution
of 150 ps and an angular resolution of 0.3◦, the masses A1,2

of the two products in coincidence were determined with a
resolution better than 3 amu (FWHM) and energy resolution
of 5 MeV. In this procedure, energy losses of the fragments
in different passive absorbers (the target and the foils of the
CORSET start detectors) are accounted for.

The prompt γ rays were detected with ORGAM (ORsay
GAMma) [42], an array of high-resolution Ge detectors,
individually surrounded by BGO anti-Compton shields, and
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FIG. 1. A schematic drawing and a photo of the experimental
setup used in the experiment. Reprinted figure from the work of
Kozulin et al. [36] with kind permission from The European Physical
Journal A (EPJA).

PARIS (Photon Array Radioactive Ion Stable beams) [43], an
array of high-efficiency LaBr3(Ce)-NaI(Tl) phoswiches. For
this experiment, 10 ORGAM detector units were used, all
placed at backward angles at 18 cm from the target center,
and 10 PARIS units, 9 of them closely packed together at
38 cm from the target center plus a single unit placed at 30 cm
from the target center. All PARIS phoswiches were mounted
at forward angles. A schematic drawing and a photo of the
experimental setup are shown in Fig. 1.

The energy calibration of each γ -ray detector was per-
formed using several standard radioactive sources (60Co,
137Cs, 152Eu, and 241Am-9Be). It should be noted that the
last calibration point used in the energy calibration of the
PARIS detectors was at Eγ = 4.4 MeV. Therefore, the high-
energy calibration of PARIS was extrapolated from the low-
energy one. The measured photopeak efficiencies in the
low-energy range were 1.5% and 0.7% for ORGAM and
PARIS, respectively. ORGAM has a better energy resolution
(4 keV at 1408 keV) than PARIS (60 keV at 1332 keV);

FIG. 2. (a) Mass-TKE matrix of the binary events from the
reaction 32S (Elab = 166 MeV) + 197Au without conditions and
(b) applying the full momentum transfer condition and gate on FF
only.

however, PARIS provides additional information by spanning
a larger dynamical range (up to 20 MeV), compared to
ORGAM (up to 2.4 MeV).

The readout of the PARIS detectors was accomplished
with the newly designed LaBrPRO module [44]. The en-
ergy and time signals of the three setups CORSET +
ORGAM + PARIS were fed into the VIPERS data acquisition
system [45–49] running a VME front-end with commercial
TDC and ADC modules.

Binary fragments and γ rays were detected in singles and
in prompt coincidence. The γ -ray multiplicity Mγ in coinci-
dence with QE and FF fragments were determined from the
number of γ detectors hit in the binary event (QE or FF), the
so-called γ -fold. The fold-to-Mγ conversion was performed
as it will be shown in the next sections.

III. SELECTION OF BINARY REACTION CHANNELS

If complete fusion occurs, the reaction 32S (Elab =
166 MeV) + 197Au leads to the neutron-deficient 229Am
compound nucleus, excited at E∗

CN ≈ 43 MeV. The ultimate
goal of the experiment is to study the trend of Mγ when γ -ray
events are gated on FF and QE events separately. In this study,
we widely profit from the measurements of mass and TKE of
the coincident fragments and the fact that FF and QE events
are well separated in the mass-TKE correlation matrix.

Figure 2(a) shows the binary fragment mass-TKE matrix
obtained in this experiment for center-of-mass angles at (90 ±
10)◦. The mass-TKE matrix for binary events is reconstructed
from CORSET coincidence data alone. The measurements of
the event-by-event time of flight and the flight path of each
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FIG. 3. (a) γ -ray energy spectra detected in coincidence with QE
events. Marked peaks are 197Au transitions. Energies of the peaks
are, in order from (1) to (4), 77 ± 2, 192 ± 3, 280 ± 2, and 549 ±
4 keV. Candidates 197Au γ transitions are 77.351, 191.437, 279.01,
and 547.5 keV. (b) γ -ray energy spectra detected in coincidence with
FF events.

fragment in binary coincidence are used to reconstruct the
event-by-event velocity vectors −→v1 , −→v2 of the two emerging
fragments; then, from the two velocity vectors, by considering
mass and momentum conservation laws, masses and energies
of each couple of fragments are reconstructed. Velocity vec-
tors are needed to obtain the mass distribution as well as to
correct the γ -energy spectra for Doppler effect.

By considering only the full momentum transfer (FMT)
and the |−→v2 | versus |−→v1 | event matrix, it is possible to isolate
the FF reaction products. The FMT selection is obtained by
requiring that the sum of velocity vector projections on the
reaction plane is equal to the center-of-mass velocity (see
Ref. [50] for more details). Thus, the mass-TKE distribution
in Fig. 2(b), obtained requiring the FMT and selection of FF
events in the velocity matrix |−→v2 | versus |−→v1 |, can be con-
sidered to originate in FF reactions being the QF component
negligible. The two loci on the left and right of the FF region
[Fig. 2(a)] can be ascribed to the QE events.

IV. SELECTION OF γ RAYS IN COINCIDENCE WITH
BINARY REACTION CHANNELS

By gating on specific regions of the mass-TKE matrix,
one is able to select only γ rays associated to each reaction
mechanisms, FF or QE. To extract γ -energy spectra, however,
γ -ray events have to be properly processed. For instance, for
both PARIS and ORGAM, gates have been considered on
time signals to isolate the prompt γ -ray component of the
energy spectra. The anticoincidence condition between Ge
and BGO detectors suppresses the Compton component of
the ORGAM energy spectrum. An example of such spectra
resulting from this procedure is shown in Fig. 3. Both spectra

FIG. 4. γ -fold distributions for γ rays obtained with PARIS
alone (triangles, green full line), ORGAM alone (squares, red full
line), and PARIS and ORGAM considered as a single array (labeled
as P + O, circles blue full line) in coincidence with all binary events.
Lines are drawn to guide the eyes. Counts are normalized to the total
number of binary coincidence events. The average folds are 0.12 ±
0.04 (P + O), 0.03 ± 0.02 (PARIS), and 0.09 ± 0.03 (ORGAM).

correspond to a single ORGAM detector. In Fig. 3(a), γ rays
are in coincidence with QE events; in Fig. 3(b) γ rays are in
coincidence with FF events. The most visible peaks of the QE
γ spectrum can be assigned to the low energy and low angular
momentum 197Au transitions (marked with numbers from 1 to
4) and are strongly suppressed in the spectrum in coincidence
with FF events.

By taking advantage of the unambiguously assignment of
QE and FF events in the mass-TKE matrix, it is possible
the extraction of the QE and FF γ -fold distribution, namely,
the distribution of the number of γ rays detected per event,
by gating on identified events in the mass-TKE distribution
only. In addition to the previous processing of γ rays, the
fold extracted from PARIS detectors had to be corrected for
cross talk among the phoswiches packed in a 3 × 3 cluster
configuration. The correction has been done using a simple
algorithm: If two or more neighboring detectors produce
signals in a single event, their total contribution to the fold is
considered to be 1. Background has been also subtracted. An
estimate of background gives 1.5% for ORGAM and 0.5% for
PARIS.

V. THE γ-RAY FOLD DISTRIBUTIONS

Figure 4 shows the comparison between the γ -fold distri-
butions obtained with PARIS alone (triangles, green full line),
ORGAM alone (squares, red full line), and PARIS + ORGAM
considered as a single array (labeled as P + O, circles, blue
full line) in coincidence with all binary events. For each
distribution, the yields Yi are normalized to the yield of binary
events without γ rays in coincidence (fold = 0). The index i
denotes the PARIS, ORGAM, and PARIS + ORGAM arrays.
At this first step, no efficiency correction is performed on
these data.

Average fold values are 0.03 ± 0.02 for PARIS alone,
0.09 ± 0.03 for ORGAM alone, and 0.12 ± 0.04
for PARIS + ORGAM (P + O). These average values are
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FIG. 5. γ -fold distributions for γ rays detected in coincidence
with binary events by ORGAM and PARIS together (P + O, circles,
blue solid line) compared to PARIS and ORGAM distributions,
renormalized for total efficiency (ORGAM, squares, red dashed line,
and PARIS, triangles, green dashed line). The average folds are 0.12
± 0.04 (P + O), 0.13 ± 0.06 (PARIS), and 0.13 ± 0.04 (ORGAM).

consistent with the different efficiencies between PARIS and
ORGAM. Even though the intrinsic efficiency of a single
PARIS unit is larger than the one of an ORGAM unit, due to
the different geometrical configuration, the total efficiency of
the 10 used ORGAM units is larger than the total efficiency of
the 10 PARIS units used. The lower average fold of the PARIS
array is the straightforward consequence of the smaller total
efficiency.

To verify that the differences between the three distribu-
tions are a direct consequence of the different efficiencies,
the fold distributions have been normalized to the efficiency
ratios. The energy averaged efficiencies are εP = 0.6%, εO =
1.3%, and εP+O = εP + εO = 1.9% for PARIS, ORGAM, and
PARIS + ORGAM, respectively. The PARIS and ORGAM
distributions have been normalized to the P + O one. The
normalization factors depend on the efficiency ratios and
fold according to the ansatz (εP+O/εi )fold, where the index
i denotes the PARIS and ORGAM arrays. The distributions
are shown in Fig. 5. The average fold values are now 0.13 ±
0.06 for PARIS, 0.13 ± 0.04 for ORGAM, and 0.12 ± 0.04
for P + O. The excellent agreement between the average fold
values and the shapes of the three fold distributions confirms
that the differences in the raw fold distributions are due to the
differences in the total efficiency. On the basis of the results
above, in the following the data analysis will refer only to the
PARIS + ORGAM fold distribution.

Finally, the fold distributions of γ rays detected in co-
incidence with FF and QE products were extracted and are
compared in Fig. 6. The QE γ -fold distribution drops much
more quickly than the FF one, by orders of magnitude. Fur-
thermore, in FF events, up to six γ rays have been detected in
coincidence, whereas in QE events the maximum fold is 2.

If we now assume that the γ -ray energy-averaged detection
efficiency does not change sensibly with the binary channel
(QE or FF) (the γ ray energies span the same energy range
in QE and FF; see Fig. 3), these data indicate that the γ -
fold distribution is an observable sensitive to the reaction
timescale. The expected lower amount of orbital angular

FIG. 6. γ -fold distributions detected with PARIS + ORGAM
(P + O) in coincidence with QE and FF products. The average folds
are 0.26 ± 0.07 (FF) and 0.009 ± 0.004 (QE).

momentum transferred during the faster process explains the
smaller average fold in the QE channel.

VI. THE γ-RAY FOLD DISTRIBUTION AND THE
RESPONSE MATRIX OF ORGAM + PARIS

The conversion of the fold distribution into γ -multiplicity
distribution is usually a complex task, which requires a well-
constrained guess. The complexity is due to the fact that the
detected number of γ ’s in each event is less than the number of
γ ’s truly emitted in an event because of the limited (intrinsic
and geometrical) efficiency of the γ detectors. For instance,
fold = 1 events means that only one γ ray is detected out
of the many (unknown number) emitted. Therefore, fold = 1
events are the overlap of a distribution of events associated
with the emission of an unknown number of γ rays, being the
process of detection of stochastic origin. In other words, it is
necessary to calculate what is the probability that fold = 1,
for instance, is due to a multiplicity of 1, 2, 3, . . . , n γ rays
emitted. This probability represents the so-called response
function of the detection system. In general, we expect that
with the increasing of the number of γ ’s truly emitted in
the decay process also the probability of detecting more than
one γ ray increases. However, the rate of such increment
is strongly dependent on the detector efficiency. Finally, to
obtain an estimate of the multiplicity distribution, since we
measure the fold distribution, the response function should be
inverted. We will indeed proceed differently, as will be shown
later.

To compute this response function in a way to include the
features of PARIS + ORGAM setup, namely the geometrical
efficiency and the dependence of the intrinsic efficiency on the
energy of the γ rays as measured, we prepared a Monte Carlo
simulation code (SiMCa). This code computes the conditional
probability P(F , Mγ ) that a number F of γ rays, out of Mγ

emitted in a physical event, are detected. In other words, the
code calculates the probability that a fold F comes from a
multiplicity Mγ .

The code starts by generating Mγ γ rays per event, from
a user-defined distribution limited in the range Mγ ,min to
Mγ ,max, each with a randomly generated direction and energy.
With the detection probability dependent on the energy and
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FIG. 7. Comparison between the multiplicity distribution com-
puted with the Monte Carlo code (SiMCa, dots) and the Maj formula
[51] for three different fold values. Only geometrical efficiency is
considered.

spatial distribution of the γ rays, the code requires in input
a user-defined function for the energy distribution, while the
emission direction is considered isotropic. Afterward, the
code determines the amount of γ rays that hit the detectors by
taking into account the emission direction and the geometrical
configuration of the detection array given by the user. For
each γ ray firing a detector, the code compares a randomly
generated number in the interval [0, 1] with the intrinsic
efficiency of the fired detector. The intrinsic efficiency in the
SiMCa code follows the equation ε(E ) = A1e(−E/E1 ) + ε1,
in which A1, E1, and ε1 are parameters obtained from the fit to
experimental data on efficiency. Only if the random number is
lower than the efficiency is the γ ray considered as detected.
By the computed number F of γ rays detected out of Mγ

rays generated, and by repeating the process enough times to
have a sufficient precision, the probability matrix P(F , Mγ ) is
generated.

To test the validity of this method, a comparison has been
made with the results of the formula proposed in Ref. [51]
by Maj et al. for the probability P(F , Mγ ). This formula is
based on a recursive algorithm and takes into account a total
efficiency independent from the γ -ray energy.

A first comparison has been carried out by using in SiMCa
code and in the Maj formula an intrinsic efficiency equal
to 1, independent from the γ -ray energy; i.e., the fold has
been obtained by considering only the geometrical efficiency.
Figure 7 shows the probabilities to have a fold of 0, 1, and 2
as function of the Mγ ranging from 0 to 500. As expected,
the probability to detect more than one γ ray increases as
the multiplicity increases and the maximum of the curve for
each fold moves toward larger multiplicities. The distributions
obtained by the two methods are indistinguishable.

To check the effects of the γ -ray energy dependence of
the efficiency, another comparison has been made between
the two methods. In the Maj formula [51], only an average
energy-independent efficiency is accounted for. For this case,
we used the efficiency obtained as the average over the energy
and over different detectors. In our code, we take advantage
of the intrinsic flexibility of a Monte Carlo approach and we
used the measured efficiency curve for each of the detectors.

FIG. 8. Comparison between the calculation of the probability
P(F , Mγ ) made with SiMCa code, which now includes the depen-
dence of the detection efficiency on the γ -ray energy and the formula
in Ref. [51] for three different values of fold. Dashed lines are the
predictions of the SiMCa code; solid lines are the results of the Maj
formula.

This flexibility is for us very valuable because ORGAM and
PARIS detectors are characterized by very different intrinsic
efficiencies. This means that in a single tool we can include
detectors with different performances. In order to reduce the
differences with respect to the Maj’s formula results, in our
simulations the energy spectrum is chosen as a flat distribution
between 150 and 3000 keV. Figure 8 shows the comparison
between the two different methods for three different values of
the fold (0, 1, and 2). There are only slight differences between
the two methods, which seem to disappear for increasing
fold values above 2. This is indeed a consequence of the
limited angular coverage of PARIS + ORGAM. For a larger
coverage of the solid angle, the differences are more marked.
This behavior can be evidenced when the number of PARIS
detectors is doubled or quadrupled as shown in Figs. 9(a) and
9(b), respectively. The curves for each fold have the same
shape, but they are shifted by a relatively large amount. This
means that the conversion fold to Mγ will be affected. Another
remarkable feature is that the curves for fold > 0 are narrower
and the maxima progressively shift toward lower values of the
multiplicity. Consequently, larger total efficiency translates in
a smaller error in the conversion fold to Mγ .

Even if all the comparisons discussed so far have been
performed using uniform distributions of Mγ , SiMCa allows
us to use any kind of multiplicity distribution function. Es-
sentially, we have developed a code able to simulate the fold
distribution for a given multiplicity distribution by taking into
account the geometrical and the intrinsic efficiency of all the
elements constituting the detection setup. However, we need
to invert the process, namely, to find the Mγ distribution for
a given or measured γ -fold distribution. This inversion is not
straightforward and can be source of errors. Therefore, it is
more convenient to assume a realistic multiplicity distribution
and compare the resulting fold distribution (filtered via the
response function) with the measured one. For these reasons,
a search for a multiplicity distribution, grounded on some
physical information, was carried out.
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FIG. 9. Same as in Fig. 8 but with doubled (a) and quadrupled
(b) PARIS efficiency.

VII. FROM γ-RAY FOLD DISTRIBUTION TO
MULTIPLICITY DISTRIBUTION

In order to define the best guess for the true multiplicity
distribution, we started from the well-known method proposed
by Ockels [52]. This method provides a rapidly converging
algorithm to compute the first few moments of the multiplicity
distribution for a given measured fold distribution and effi-
ciency of the γ -ray detecting array. The method is particularly
suited in cases where a low fold (�4) is available. In general,
the larger is the fold measured, the larger is the number of
moments that can be computed. The method also provides a
mean to compute errors on these shape parameters. Consis-
tently, the error becomes bigger by increasing the order of the
moment. By applying this method (Eq. (16) in Ref. [52]) to
the FF and QE fold distributions in Fig. 6, we can determine
some moments of the corresponding multiplicity distribu-
tions. Afterward, by fixing the moments, we can choose
from among several trial distributions, with moments fixed as
computed, the one that best reproduces, once being filtered
by the response function, the measured fold distributions.
With this ansatz, we obtain the experimental multiplicity
distributions.

By using Eq. (16) in Ref. [52], we were able to compute
the first three moments of the experimental multiplicity distri-
butions of the FF and QE channels. The values are shown in
Table I.

TABLE I. The estimate of the first three central moments mi of
the FF and QE multiplicity distributions extracted from the measured
fold distributions according to Ockels [52]. p and r are the two pa-
rameters of a negative binomial distribution. μ3 is the third moment
computed using Eq. (3). (See text for more details.)

m1 m2 m3 p r μ3

FF 12.5 ± 0.4 23 ± 6 100 ± 240 0.46 14.4 0.57
QE 0.46 ± 0.05 1.0 ± 0.5 1.2 ± 0.6 0.54 0.39 3.34

The relationships of the central moments mi with the shape
parameters are the following:

〈M〉 = m1, σM = √
m2, m̃3 = m3

m3/2
2

, (1)

where 〈M〉, σM , and m̃3 are the estimate of the average,
standard deviation, and skewness of a candidate multiplicity
distribution, respectively. The limited statistics obtained in the
experiment do not allow us to determine the skewness and
the kurtosis with good precision. For the QE channel, being
the maximum measured fold of 2, only up to three moments
could be extracted [52].

A. From γ-ray fold distribution to Mγ distribution
in the FF and QF channels

We have tested several trial distributions, with fixed mo-
ments as in Table I, the best of which is, in both the FF and
QE channels, the negative binomial defined as

f (k; r, p) =
(

k + r − 1

k

)
(1 − p)r pk (2)

with shape parameters given by

μ1 = pr

1 − p
, μ2 = pr

(1 − p)2
, μ3 = 1 + p√

pr
. (3)

By considering m1 and m2 from Table I as estimates of the
shape parameters μ1 and μ2, respectively, the distribution
parameters p and q were calculated and are reported in
Table I for QE and FF channels. Figure 10 shows the plot of
the negative binomial distributions with parameters given in
Table I. Min and Max in the legend correspond to the limiting
distributions due to the errors in the moments. Figure 11
shows the obtained γ -fold distributions overlapped to the
measured fold distributions.

We notice a very good agreement between the experimen-
tal and computed fold distributions in both channels. How-
ever, we have to remark that the negative binomial distribution
has only two parameters, p and r. In other words, μ3 is
fully determined once p and r are fixed. Indeed, we could
calculate, by Ockels’ method, also an estimate of the third
moment m3. However, μ3 as computed in Eq. (3), once p and
r are fixed from the estimate of 〈M〉 and σM alone, is not
consistent with the one computed by Ockels’ method (m3).
This reflects the fact that the estimate of the third moment m3

is affected by an unreliable error given the low event statistics
and the fact that Ockels’ formula is limited to the case of an
energy-independent efficiency.
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FIG. 10. Plot of the negative binomial distribution that repro-
duces at best the measured γ -fold distribution (a) for FF events and
(b) for QE events. Min and Max in the legend correspond to the
limiting distributions due to the errors in the shape parameters as
in Table I.

B. Comparison of the extracted Mγ distribution in the FF
channel with the calculation of the code GEF

To gain insight into the features of the FF events producing
γ -ray distributions similar to the one shown in Fig. 10(a),
GEneral description of Fission Observables (GEF) code [53]
calculations have been carried out. All default GEF input
parameters were kept, except for the root mean square angular
momentum lrms that was varied in order to better reproduce
simultaneously the experimental FF mass-TKE distribution
measured with CORSET and the coincident γ -ray energy
spectra measured with ORGAM array. Then, the γ -ray mul-
tiplicity distribution corresponding to the GEF calculation,
which better reproduces the FF channel observables, was fil-
tered with SiMCa code, including the γ -ray response function
of PARIS + ORGAM, to obtain the fold distribution. In
Fig. 11(a), the experimental fold distribution in the FF channel
is compared with the GEF prediction and the fold obtained
assuming the negative binomial distribution with parameters
determined with Ockels’ method shown in Fig. 10(a).

In Fig. 12, the distributions of FF mass (a), TKE (b),
and γ -ray energy (c) are compared with experimental data.
The excellent agreement with these experimental observables
could be reached for lrms = 12.4h̄. In Fig. 13, the correspond-
ing GEF Mγ distribution is compared to the one with the
parameters from Table I. Even this comparison shows an ex-

FIG. 11. γ -fold distributions in coincidence with FF (a) and QE
(b) events compared to the respective fold distributions obtained after
filtering the negative binomial distributions. In the case of FF events,
the fold distribution obtained by the GEF code from the computed
multiplicity distribution is also shown (see text). The curves labeled
as Min and Max correspond to the limiting fold distributions due to
the errors in the parameters as in Table I.

cellent agreement. Therefore, we can conclude that the whole
procedure established to extract the experimental multiplicity
distribution is substantially correct, even under the condition
of a limited event statistics.

VIII. FROM Mγ DISTRIBUTION TO ANGULAR
MOMENTUM TRANSFER IN FF AND QE CHANNELS

The final task of this data analysis is aimed at estimating,
from the multiplicity distributions measured, the amount of

channel orbital angular momentum |−→li − −→
l f | that is trans-

formed into the angular momentum of the final fragments

in the FF and QE channels.
−→
li and

−→
l f are, respectively,

the entrance and exit channel orbital angular momenta and
are related, by the conservation law, to the spin of the two
fragments at the scission point,

−→
J1 and

−→
J2 , namely,

−→
li = −→

J1 + −→
J2 + −→

l f = −→
J + −→

l f . (4)

For the average values, we obtain

〈J〉 = 〈|−→li − −→
l f |〉. (5)

In other words, 〈J〉 is the average angular momentum trans-
ferred from the orbital angular momentum to the intrinsic spin
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FIG. 12. Measured mass (a), TKE (b), and γ -ray energy spectra
(from ORGAM only) (c) in the FF channel compared to GEF cal-
culations for lrms = 12.4h̄ and compound nucleus excitation energy
E∗

CN = 43.5 MeV.

of the fragments, the observable we are interested in this work.
Mγ distributions include contributions from both fragments
but is independent of the relative orientation of their respective
angular momenta

−→
J1 and

−→
J2 . Therefore, 〈Mγ 〉 depends on the

average angular momentum 〈J〉 at scission point.
The conversion from 〈Mγ 〉 to 〈J〉 involves, however, some

uncertainties. It is generally assumed that the fragments deex-
cite in two steps: first, emission of light particles, that carry
away some angular momentum, and after γ -ray emission
when the excitation energy becomes low enough to hinder
particle emission. At this second stage, most of the decays

FIG. 13. Experimental Mγ distribution (Ockels’ method) com-
pared to the one obtained by using GEF with parameters fixed to
reproduce the other measured observables (see text).

proceed via stretched E2 transition, corresponding to a spin
change equal to 2h̄, while a small number proceed via statisti-
cal γ ray by dipole transitions which correspond to an average
spin change of 0.5h̄. The total amount of orbital angular
momentum transferred into intrinsic angular momentum is
hence given by

〈J〉 = 〈�Il p〉 + 〈�Iγ 〉, (6)

where �Il p and �Iγ are the average angular momentum
carried away by all light particles and all γ rays, respectively.
Therefore, the measured 〈Mγ 〉 is a function of 〈J〉 but also of
the excitation energy at scission point.

Because of Eq. (6), the conversion 〈Mγ 〉 to 〈J〉 suffers from
the lack of knowledge of the spin removed by the evaporated
particles and the average multipolarities of the γ -ray transi-
tions. In the FF channel, at the low energy of our reaction,
mostly neutrons are evaporated. From the data analysis per-
formed in Ref. [36], an average of six neutrons are emitted
per fission decay, in agreement with GEF predictions, and can
carry away on average 0.5h̄. Therefore, �Il p = 〈Nn〉〈ln〉 	 3h̄,
where 〈Nn〉 is the average number of evaporated neutrons and
〈ln〉 is the average angular momentum carried away by a single
neutron.

Accordingly, for the γ rays we can take advantage of a
common well-known expression [16,54]:

�Iγ = 2(〈Mγ 〉 − 2α), (7)

where α is the average number of statistical (dipole) tran-
sitions. In this picture, stretched E2 transitions take away
most of the angular momentum. By reviewing the pertinent
literature, we used the values of α = 3 as in Table II, which
also shows the transferred angular momentum as computed
from Eq. (6).

In the QE channel, the two nuclei barely overlap and
their kinetic energies and masses are not altered appreciably
[37,38]. Therefore, the nuclei, after a transfer of few nucleons,
continue along Coulomb-like trajectories given the expected
relatively low dissipation of energy and angular momentum.
We do not expect the outgoing nuclei to carry enough ex-
citation energy to induce neutron evaporation. Furthermore,
only the very first few levels of the outgoing fragments can
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TABLE II. Estimate of the orbital angular momentum transferred
〈J〉 according to Eq. (6) in the QE and FF channels. 〈Mγ 〉 is the
experimental average multiplicity and α, 〈ln〉, and 〈Nn〉 are the the
average number of statistical γ -ray (dipole) transitions, the average
angular momentum carried away by a single neutron, and the average
number of evaporated neutrons per fission events from fragments,
respectively.

〈Mγ 〉 α 〈ln〉 〈Nn〉 �Il p �Iγ 〈J〉
FF 12.5 3 0.5 6 3 13 16
QE 0.5 0 0 0 0 0 1.5

be excited. Consequently, during the γ decay we can expect
that on the average a γ ray can carry away 1.5h̄ of angular
momentum. Given the measured 〈Mγ 〉 ≈ 0.5 and σMγ

≈ 1,
we reasonably deduce a narrow window of transferred angular
momentum below 3h̄ in the QE channel.

From Table II, it is quite evident a striking difference
between the angular momentum transferred in the FF and QE
channels that holds regardless of the assumptions underlying
Eqs. (6) and (7). We could suspect about this strong contrast
from the average γ multiplicities measured in the two chan-
nels, the implications of which will be discussed in the next
section.

As a further support to the whole procedure used to
measure Mγ and to connect it to the transferred angular
momentum, we observe that our result is in noteworthy agree-
ment with the systematics proposed by Ogihara et al. [55],
which connects the average excitation energy of the fission
fragments 〈E∗

f 〉 to the average angular momentum transferred
to the fission fragments 〈J〉 via the expression

〈J〉 = 0.11〈E∗
f 〉/MeV + 7.5. (8)

For 〈J〉 = 16h̄, Eq. (8) gives 〈E∗
f 〉 = 77 MeV which is the

maximum of the fission fragment excitation energy distribu-
tion derived in Ref. [36].

IX. DISCUSSION

In the present measurements, the average γ -ray multiplic-
ity 〈Mγ 〉 is used to determine the amount of angular mo-
mentum 〈J〉 introduced into internal rotation of the fragments
produced in two-body decays over the full range of impact
parameters, from FF to QE reactions. It is found that in the FF
channel, 〈J〉 is much larger than in the QE channel. This result
is understandable on the basis of the known picture of the FF
and QE reaction paths. Classically, the conversion of orbital

angular momentum of the entrance channel
−→
li into intrinsic

angular momentum of the fragments is described as the result
of tangential friction. In a first step, the nuclei slide on each
other and viscous forces set in a torque which puts them into
rotation. For angular momenta close to the maximum, the
two nuclei undergo grazing collisions. Since the two nuclei
barely overlap, the kinetic energies and masses are not altered
appreciably, and the nuclei continue along Coulomb-like tra-
jectories. Hence, the reaction mechanism is confined to a very

narrow gap of orbital angular momentum around the grazing
angle and only few nucleons are exchanged during a rather
short interaction time.

For smaller impact parameters, or lower l waves, the closer
contact leads to stronger damping of the kinetic energy and
more extensive mass transfer. In these conditions, tangential
forces continue to act until the system reaches a rolling stage
in which the peripheral velocities are matched. The rolling
friction slows down the rotation of the nuclei until they
form a rigid body (sticking condition) [32,37]. According to
this view of the angular momentum transfer, one expects a
rapid increase of the angular momentum transferred to the
fragments until the rolling state is reached with increasing
interaction time. It can be demonstrated [37] that

J = 2
7 li. (9)

For a further increase of the interaction time, J will con-
tinue to increase until it reaches its maximum value at the
sticking point, where

J = I1 + I2

I1 + I2 + Irel
li (10)

and where I1 and I2 are the moment of inertia of the fragments
and Irel is the moment of inertia of the relative motion. For
smaller l waves, the system may fuse if the potential has
a pocket [37]. The important point to remark here is that
an increase of angular momentum transfer (or energy loss)
is correlated to a growing interaction time. The maximum
dissipation of angular momentum and energy correspond to
complete fusion. The fused system may evolve as an evapora-
tion residues or decays into fission. In any case, the complete
fusion requires interaction times longer than peripheral reac-
tions.

It is possible to check the consistency of the data in
Table II with the above picture in mind. In the QE channel,
the faster process, 〈J〉 is only few units of h̄, so almost no
transfer of angular momentum occurs. Since this reaction
is confined around the grazing angle lgr = 25h̄, l f remains
confined around 25h̄ and TKE ≈ Ec.m.. In the FF channel
(the slower process), li is fully transformed into intrinsic spin,
〈li〉 ≈ 〈J〉 = 16h̄. In the hypothesis of a triangular distribu-
tion, 〈li〉 = 16h̄ corresponds to a maximum orbital momen-
tum 〈lmax〉 = 24h̄. In other words, the whole ingoing orbital
angular momentum distribution is exhausted by the FF and
QE channels.

A further check on the outgoing orbital angular momentum
l f comes from the evaluation of the TKE. With the assumption
of rigid rotation of the dinuclear complex at scission, the total
kinetic energy of the fragments can be expressed as the sum
of their Coulomb repulsion and rotational energies:

TKE = Z1Z1e2

d
+ l f (l f + 1)h̄2

2μd2
, (11)

where d is the separation distance of the fragments at scission
and l f is their relative orbital angular momentum. By taking
the TKE at mass symmetry and considering the final fragment
with ellipsoidal shape (with their axes of symmetry along the
axis joining their center) having a deformation parameter β
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FIG. 14. High angular momentum transition γ rays of 129La in
coincidence with fission fragments.

= 0.6, we obtain l f ≈ 0. This result is in agreement with the
hypothesis that the whole ingoing orbital angular momentum
is dissipated and appears as spin of the fragments.

A further check in favor of the conclusion that higher γ -ray
multiplicity is related to slower interaction time and higher
angular momentum transfer comes from the spectroscopy of
the discrete γ transitions in coincidence with FF and QE
fragments. For this kind of analysis, corrections for Doppler
effect are essential. The γ -ray energies have to be corrected
for both fission fragments velocities, because it is impossible
to know from which fragment the γ ray originates, and the
two obtained Doppler corrected spectra have to be analyzed
separately [56]. For instance, an entire set of γ -ray transitions
have been found for the nucleus 129La connecting the level
with E∗ = 5934.2 keV and Jπ = 39/2+ to the level with
E∗ = 3420.6 keV and Jπ = 27/2+. Figure 14 shows the
γ -ray energy spectra detected with the ORGAM array, in
coincidence with masses in the range (130 ± 3 amu) and
one low-lying transition (270 ± 5 keV) of the 129La isotope
(Eγ = 269.7 keV), Doppler corrected for the 129La fragment.
This result confirms the expectation that in the FF process
higher angular momentum levels can be populated. We did not
find the same result in the γ spectra in coincidence with QE
fragments. Consequently, also the γ -spectroscopy analysis
supports the idea that processes with longer timescales can
convert much more orbital angular momentum into spin of
the fragments. We can reasonably expect the same effect also
in QF and FF.

As a final comment, we observe that 129La is a proton-rich
nucleus, and thus the partner must be the neutron rich nucleus
100Sr, whose level scheme is only fairly known. This means
that looking for more proton-rich nuclei (for instance, the
partner of the well-known 127La is the unknown 102Sr) with
FF or QF reaction channels, it might be possible to populate
unknown neutron-rich nuclei and the reconstruction of their
level scheme can be pursued by using fragment-fragment
coincidences. This is a very important indication for future
experiments, to be performed with larger efficiency and event
statistics, because there is no other known reaction mechanism
to study such nuclei.

X. CONCLUSIONS

γ -ray multiplicity Mγ distributions were measured in the
system 32S + 197Au in coincidence with the QE and FF
fragments. The aim is to show that by selecting faster and
slower processes in the mass-TKE matrix, the slower process
is characterized by a larger transfer of the ingoing orbital
angular momentum. The interpretation of the data is supposed
to rely on the fact that QE and FF reaction paths are known to
be at the extreme of the interaction timescale: the fastest and
the slowest, respectively. It is found that the average values
of such Mγ distributions are consistent with a full transfer of
the ingoing orbital angular momentum li to the spin of the
fragments on the FF channel, whereas only a few units of h̄
are transferred to the QE fragments.

The observation that the average γ -ray multiplicity 〈Mγ 〉
is larger for the slower reaction channel gives support to
the expectation that increasing amounts of orbital angular
momentum can be transferred only by selecting increasingly
slower processes. It is important to remark that the observed
quantities are the lower moments of the multiplicity distribu-
tion (mean and variance). These quantities cannot therefore
be obtained on an event-by-event basis, but only as an average
over a sample of events. Consequently, those averages cannot
be used for the reverse process of data analysis, namely, the
selection of a slower process by gating on the multiplicity
distribution. However, the most direct observable is the γ -
fold distribution. Figure 6 is thus the key result of this work
and shows that gating on higher fold processes favors the
selection of the slower process. This result suggests that the
γ -ray probe can play a very important role in disentangling
FF and QF in the regions of the mass-TKE matrix where
they are overlapped. The expectation is that QF is a process
faster than FF and should give rise to a lower γ multiplicity,
namely, smaller γ -fold values. To attain this separation, a
large efficiency for γ -ray detection would be mandatory.

As a by-product of this analysis, we have found out that
neutron-rich (possibly unknown) nuclei can be populated as
partners of proton-rich nuclei. This means that completely
new spectroscopy can be accessible by using fragment-
fragment coincidences.

For future plans, it is crucial to test this method in condition
of major interest: when FF and QF are overlapped with
comparable intensity in the same mass region. However, an
intermediate step would be to measure the γ -fold distribution
in systems where QF is dominant. It would also be important
to benefit of the properties of the QF to populate unknown
neutron-rich nuclei. Reactions can be chosen carefully to
populate neutron-rich regions of the nuclide chart of specific
interest, like the one of interest from the r-process. However,
it is evident that the experimental condition must be kept at
the optimum and that much larger γ -ray detection efficiency
and event statistics are necessary.
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