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Quest for understanding neutron emission in nuclear fission: The case of 2!’Po
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The neutron emission, extensively used as a clock to measure fission delay, is not fully understood. There
are ambiguities in interpretation of experimental results at higher energies and a dearth of information at low
energies. In order to address these issues, a measurement of pre-scission neutron multiplicity (vpy.) for TLi+ 2971
at low energy (E* = 43.7MeV) have been carried out. The statistical model calculations incorporating shell
corrections, constrained by fitting fission excitation functions down to energies near fission threshold, underes-
timate the experimental vy, values. At the energy of the present measurement, dynamical effects are found to
be negligible. This would imply large emission of neutrons at the instant of neck rupture. More theoretical and
experimental investigations are required to understand the behavior of low density neutron rich nuclear matter at

the neck region.

DOI: 10.1103/PhysRevC.108.054609

I. INTRODUCTION

The fission of atomic nuclei, one of the most complex yet
fascinating phenomena in nuclear physics, involves drastic
rearrangement of its constituents and changes in shape gov-
erned by the structural and dynamical properties [1-3]. This
journey encompasses several stages, namely, starting from
equilibrium deformation to crossing over the saddle point,
descent from saddle to scission, and post-scission. Behavior
of the system near the scission point can be also distinctly
different from the aforementioned stages, requiring separate
treatment. In case of heavy-ion induced fission, the compound
nucleus (CN) formation part might also be significant. Among
many observables, the particles emitted during fission are
of great interest as they provide insights into the potential
energy landscape as well as dynamical evolution. However,
the particle emission mechanisms are not fully understood.
Particularly, the near scission emission is a subject of active
debates [4-7], as it can be used as a probe to understand the
low density neutron-rich nuclear matter.

To describe the mechanism of fission, Bohr and Wheeler
[8] identified the saddle point, having the least number of
states along the fission path, as the transition state. Assum-
ing transition states are in thermal equilibrium, the statistical
competition between neutron (particle) emission and fission
was described. On the other hand, Kramers [9] modeled the
fission process as diffusion over the barrier implying slowing
down of fission process due to dissipation. As a consequence,
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a decrease in fission probability and increase in particle mul-
tiplicities were expected. Neutron emission, being the most
abundant, has been extensively used in the past [10,11] to
study the dynamical evolution during the fission process.
Neutron emission takes place from all the stages of fission dis-
cussed earlier. While pre- and post-scission contributions can
be kinematically separated, estimation of near-scission con-
tribution is difficult as its emission characteristics are similar
to that of pre-scission emission. Low energy measurements,
where the effects of dissipation (dynamics) is not expected
to be significant and the parameters for the statistical compe-
tition between fission and neutron emission are constrained
well, could be a useful tool to infer near-scission emission.

The shell corrections to the smoothly varying liquid drop
(LD) surface play a vital role in fission. Incorporation of shell
corrections successfully explained the observed asymmetric
mass distributions, existence of fission isomers, and near con-
stancy of the fission barrier height (By) in case of actinides.
This also led to the exciting prediction of the superheavy
island. Yet the evolution of the shell correction with defor-
mation and temperature is not completely understood. In that
scenario, the understanding of the fission process of 2!°Po,
characterized by comparable (=11 MeV) ground state shell
correction (A,,) and LD fission barrier (BjéD ), might shed more
light into it.

There are several studies involving 2'°Po. Both statistical
and dynamical model calculations neglecting the shell cor-
rections [12—15] reproduce the available experimental fission
excitation functions and the pre-fission neutron multiplicity
(vpre) data at higher excitation energies. However, it was
revealed that the camulative fission probability at those excita-
tion energies (E*) is not sensitive to the correlated variation of
the statistical model (SM) parameters [16,17]. A simultaneous
SM fitting of the experimental fission excitation functions
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FIG. 1. The schematic of the experimental setup consists of a
silicon strip detector (SSD) for detection of fission fragments and
an array of 15 liquid scintillator (LS) detectors for neutron detection.

and the vy, values using a consistent prescription for level
densities and fission barrier resulted in very large shell cor-
rections at the saddle point [17,18]. However, the analysis of
the fission excitation functions measured down to energies
near the fission barrier in light-ion (p, ) induced reactions
excludes the possibility of any significant shell correction at
the saddle point [19]. It was also observed that the vy values
extracted from the experimental excitation functions in the
light-ion induced fission of the neighboring Po isotopes are
much lower than those estimated from the neutron energy
spectra [12]. Thus, measurement of neutron spectra in fission
of 2!%Po at still lower energies, challenging due to low cross
sections, might help in resolving these discrepancies.

In this article, we present the results of v, measurement
for 'Li 4 2Tl at E* = 43.7MeV. SM calculations consider-
ing excitation energy dependent shell corrections have been
performed to interpret the present result along with the
experimental data available at higher excitation energies for
the same compound nucleus.

II. EXPERIMENTAL DETAILS

The experiment was carried out at the BARC - TIFR
Pelletron - LINAC facility, Mumbai. Pulsed "Li beam of 40
MeV was bombarded on a 0.9mg/cm? thick 2Tl target
with carbon backing. The energy loss in half-thickness of the
target (104 keV) has been subtracted while calculating E*.
The schematic of the experimental setup is shown in Fig. 1.
A 140 um thick single-sided silicon strip detector (SSD) hav-
ing area of 5 x 5cm? and 16 strips was kept at a distance of
7.6 cm from the target to detect the fission fragments. The
detector was kept at an angle 150° to cover near 0° to 90°
relative angles between the fragment and neutron emission
directions. The total angular coverage of the detector was
about 36.2°. The 16 energy signals from the front side along
with the common energy signal from the back side were
acquired from SSD.

The neutrons were detected using an array consisting of 15
EJ301 liquid scintillators [20]. As shown in Fig. 1, the array
has provision to mount detectors at a distance of 70 cm from
the center of the target in three layers separated by 16° (¢).
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FIG. 2. (a) A typical energy spectrum recorded in one of the
strips of the silicon strip detector. (b) Pulse shape discrimination
(PSD) vs. time of flight (TOF) spectrum from one of the liquid
scintillator detectors.

The most forward and backward scintillators were kept at
58.3° and 143.3° with respect to beam axis, respectively. Each
neutron detector has a 5 in. diameter and 2 in. thickness, and is
coupled to a 5 in. diameter photomultiplier tube. A threshold
of 200 keV equivalent-electron (keVee), estimated using the
standard y-ray '¥’Cs and ®°Co sources, was applied in the
pulse height for neutron detection. The beam dump, placed at
a distance of ~3.4 meter from target, was adequately shielded
using paraffin and lead blocks to attenuate the neutrons and y
rays emitted towards the scintillators. Time-of-flight (TOF),
pulse shape discrimination (PSD), and pulse height infor-
mation were acquired for neutrons. A radiofrequency (RF)
signal with every alternate beam pulse was available from the
accelerator to mark their arrival. The time interval between
two beam pulses was 106.7 ns with a pulse width of about
0.8 ns. For better time resolution, the data acquisition was
triggered by the RF signal filtered by fission trigger generated
from the common signal of the strip detector.

III. DATA ANALYSIS

As shown in Fig. 2(a), the fission fragments can be clearly
separated from light charged particles from the acquired
energy spectrum. A total of 3.5 x 10° fission events were
recorded in the experiment. Significant incomplete fusion
(fragment capture) cross section have been observed for the
"Li + 29571 system [21]. However, fragment capture forms
less fissile composite system at lower excitation energy. Thus,
it is not expected to contribute significantly to fission channel
and influence the present measurement. As shown in Fig. 2(b),
clean selection of neutron events was possible from the TOF
vs. PSD plot.

The TOF calibrations were done using the position of the
y peaks corresponding to two beam bunches. The neutron
energy (E,) spectra, in coincidence with fission fragments,
are obtained from the calibrated TOF. The neutron detection
efficiency of the scintillators were estimated using a Monte
Carlo simulation code, which was already validated for these
scintillators [22]. Since the fission probability at the measured
energy is very small, four strips were combined together to get
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TABLE I. The results obtained from moving source fit.

E* (MCV) Vpre Tbre (MeV) Vpost T;Jr)sl (MCV)

43.7 0.94 £0.08 1.33+£0.04 1.51 £0.03 1.01 £0.02

better statistics in the neutron energy spectra. Also, the neu-
trons spectra in scintillators mounted at same 6 (but different
¢) were combined together in order to improve the statistics.
Thus, there are 24 neutron spectra corresponding to different
fragment and neutron detection angles.

The measured neutron spectra have contributions from
three moving sources, namely the slowly recoiling pre-
scission compound nucleus and two fully accelerated post-
scission fission fragments [detected fragment (DF) and
complementary fragment (CF)] with high kinetic energy.
Near-scission contribution, if any, will have the same char-
acteristics as that of the compound nucleus. As the present
system is populated using very asymmetric entrance channel,
the compound nucleus formation time and neutron emission
from this stage are expected to be negligible [11,23]. The pre-
and post-scission components of neutron multiplicities (i.e.,
Vpre and vpose) and respective temperatures (Tpre and Tpose) are
obtained from the measured neutron energy spectra by using
a moving source least-square fitting procedure. Simultaneous
fits to all 24 multiplicity spectra over a wide range of relative
angles between the sources and the emitted neutrons were
obtained using the following expression [24]:

_Z Vt\/ n
dE,d$2 27T 2¢

 En—2/EnE;/A; cos O;+E;/A;
g , ey

where T; and E;/A; represent the temperature, Kinetic energy
per nucleon of the neutron emitting sources, respectively. The
relative angle between the velocity vectors of the source and
the emitted neutron in the laboratory frame is denoted as 6.
The multiplicities and the temperature for both the fragments
were assumed to be the same. The kinetic energy of the frag-
ments and the emission angle of the complementary fragments
were estimated using the Viola systematics for symmetric
fission [25].

IV. RESULTS AND DISCUSSION

Typical neutron energy spectra, essential to illustrate the
variations of different contributions due to kinematic focus-
ing, are shown in Fig. 3 along with the moving source fits. All
the energy spectra can be found in the Supplemental Material
[26]. The energy integrated neutron yields as a function of
relative angle between the detected fragment and the neutron
(6,,pr) for all 24 combinations are compared with results of the
moving source fit in Fig. 4. The contributions of the detected
and complementary fragments are observed to peak around 0°
and at folding angle, respectively, due to focusing effect. The
slowly varying compound nuclear contribution (Vpe) is found
to dominate in the valley between the two peaks, which was
covered well in present measurement. The parameters of the
moving source fit are listed in Table I.
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FIG. 3. Typical neutron energy spectra along with the moving
source fits. The compound nucleus (CN), detected fragment (DF),
and complementary fragments (CF) contributions are also shown.
The numbers in brackets represent the angle of neutron emission with
respect to the beam, DF, and CF in laboratory frame, respectively.

The extracted value of Ty, agrees well with the estimated
temperature of the compound nucleus using the relation 7 =
~E*/a,. The asymptotic value of level density parameter (&,)
is taken as Acy /9 in the present study. The value of T is also
consistent with the estimated available energy for excitation
of the fragments. In the case of 12C 4 198pt [18], the values
of vpost and Those Were observed to be nearly constant over the
measured excitation energy range. The same behavior is found
to continue in the present study.

To interpret the experimental results, the statistical model
calculations have been performed using the PACE code [27]
with a consistent prescription to incorporate shell correc-
tions in the level density and fission barrier [12,19] for the
decay of ?!°Po, populated in «, "Li, >C, and 80 induced
reactions. The fusion spin distributions were calculated us-
ing the CCFULL code [28] after reproducing the experimental
fusion excitation functions [29-31] for '2C and '*0 induced
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FIG. 4. The energy integrated neutron yields plotted as function
of relative angle (0,pr) between the emitted neutron and detected
fragment (DF) for different angular bins of DF (0pf). The results of
moving source fit for compound nucleus (CN), detected fragment
(DF), complementary fragment (CF), and the total correspond to
mean fragment angle (6pr = 150°). The shaded region represents
the variations in the contributions considering the range of fragment
detection angles.
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FIG. 5. The experimental fission probabilities for 2!°Po in « [32],
12 [29,30], and '¥0 [29,31] induced reactions are compared with the
results of different types of statistical model calculations (see text
for details). The continuous, dot-dashed and dashed lines correspond
to Types I:A, II:A, and II:B calculations, respectively. The dotted
line corresponds to Type-I:B calculation for '2C + '8Pt reaction. The
probabilities are scaled for representation purpose.

reactions. As the beam energies are much above the Coulomb
barrier, the fusion cross sections are taken from the Bass
model [33] for « and "Li-induced reactions. The angular
momentum dependent LD part of the fission barrier [BLD ]
and rotational energy [E.«(J)] are taken from the rotatlng
finite range model (RFRM) [34]. The intrinsic excitation
energy is given as E, = E* — E.(J) — §,, where §, is pair-
ing correction. The values of A, are taken from Ref. [35].
Both realistic gradual (Type-I) and complete (Type-II: LD)
washings out of shell corrections have been considered in the
present analysis. The square of entropy for the equilibrium
deformation are calculated as Sﬁ = 4a,[E; + A,(1 — e )]
and S? = 4a,[E, + A,] for Type-I and Type-II, respectively.
The square of entropy for the saddle point is given as S2 =
dasE + A, — B;D ] for both options. More details about the
level density (o, r(Ex) ~ expl[S,, s(Ex)]) prescription can be
found in Refs. [12,19]. A scaling factor to the RFRM B?D )
and the ratio of the level density parameter at saddle point
to that at equilibrium deformation (éy/a@,) were varied to
reproduce the experimental results.

The results of the SM calculations are compared with the
available experimental fission excitation functions and vy
data in Figs. 5 and 6, respectively. Fits to the excitation func-
tions and vy, data are labeled as ‘A’ and ‘B’, respectively.
All the fission excitation functions could be simultaneously
reproduced well in Type-L:A [af/a, = 1.035 and B}”(0) =
11 3 MeV]. The corresponding total fission barrier, BLD 0) —

A, = 21.9MeV matches well with the predlcnons of the
macroscopic-microscopic finite-range liquid-drop model [36].
While it underpredicts the pre-scission vy, data even at the
lowest energy, the results are found to be in good agreement
with vy values (filled triangles) extracted in Ref. [12] from
the experimental fission excitation functions of Po isotopes
n >*He induced reactions [37]. As the fission probability is
less influenced by the post-saddle phenomena, the vy, values
extracted from the experimental fission excitation functions
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FIG. 6. The comparison of experimentally measured vy, values
for 2'°Po in "Li (present data), '>C [18,38], and '*0 [39] induced
reactions. The statistical model predictions in Types I:A, I:B, II:A,
and II:B calculations for '2C and Type-I:A calculation for '*Q in-
duced reactions are shown (see text for details). The predictions of
the VECSTAT code with 8 = 0, 3zs~! from Ref. [40] are also plotted
for comparison. The pre-saddle vy extracted in Ref. [12] are also
shown.

can be considered as pre-saddle fission multiplicities. In the
SM, the fission probability is mainly governed by the level
density at the saddle point. Thus, the vy values predicted
by the SM also corresponds to pre-saddle part only. Hence,
the good agreement between the SM prediction and the vy
values estimated from the excitation functions reaffirms the
reliability of the SM calculation. An unreasonably small value
of as/a, (0.78) is required to reproduce the experimental
pre-scission multiplicities (Type-I:B). Owing to much steeper
fall, it even fails to reproduce the lowest energy data from
the present measurement. Further, it underpredicts the exper-
imental fission probabilities by several orders of magnitude.
The predicted v values in Type-II:A [df/a, = 1.085 and
BJL,D (0) = 12.3 MeV], which also fits the excitation functions,
are much lower than the experimental values and agree well
with Type-I:A results. It is possible to fit the vy, values as
well as all the excitation functions above 45 MeV in Type-11:B
[Gr/aG, = 1.012 and B%D(O)z 10.8 MeV]. However, it fails
to reproduce the vy, value from the present measurement
as well as the low energy part of the « induced excitation
function.

The PACE results start to exhibit the saturation behavior
for E* > 65MeV, which was also observed earlier [41]. Be-
cause of the larger angular momentum brought in, the SM
predicts larger fission probability and smaller values of vy
for 80 + 220s system as compared to the '>C 4 '*®Pt sys-
tem at energies above 65 MeV. It is observed that for E* <
65 MeV, the predicted vy values for all the entrance channels
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considered are similar. The results for o and 'Li induced
reactions are not shown for clarity.

The results of the SM code VECSTAT from Ref. [40] are also
shown in Fig. 6. In VECSTAT the effects of collective enhance-
ment in level density, orientation (K) degree of freedom, and
dissipation are also considered. It is worth noting that neutron
emission during saddle-to-scission motion was also taken into
account in this calculation. The VECSTAT results for 3zs™! as
a reduced dissipation coefficient (8) are found to agree well
with the PACE results below E* ~ 65 MeV. It is important to
note that at the excitation energy of the present measurement,
the VECSTAT predicts similar values of vy with and without
dissipation, indicating the absence of any significant effect of
dissipation at these low energies. The fission excitation func-
tion and vy values with E* > 50 MeV for 219pg have been
reproduced by dynamical model calculations using macro-
scopic potential energy, neglecting microscopic shell correc-
tions [13,14]. Even the same can be reproduced by the present
SM calculation assuming complete washing out of shell cor-
rections (Type-1I:B). However, such a calculation is not con-
sistent with the low energy light-ion induced fission excitation
functions for the same compound nucleus as shown in Fig. 5.

From the above, it can be concluded that the excess Ve
observed is not due to pre-saddle or post-saddle dynamics.
Pre-actinide nuclei are well deformed at the saddle [42] and
the saddle-to-scission motion is expected to be quick without
contributing significantly to the observed vp.. In fact, it was
also shown [43] that the transient delay and the saddle-to-
scission time are negligibly small as compared to statistical
fission lifetime when the fission barrier is much larger than
the temperature as the present case. The fissility of 2'Po
(0.71) and the charge product in entrance channels considered
(£608) are low. The fission excitation functions for same
compound nucleus populated using p, a, '>C, and 30 as pro-
jectile could be explained using the same SM framework [19].
The vy values belonging to different entrance channels are
found to increase monotonously with excitation energy. Thus,
the entrance channel dynamics or the CN formation stage is
also not expected to have significant influence on the present
result, particularly the present system as large asymmetry
involved in the entrance channel.

Understanding the near-scission emission also known as
ternary fission is a longstanding problem [5,6,44,45]. Emis-
sion of the charged particle from the neck region has
a characteristic angular and energy distributions due to
Coulomb repulsion of the fragments and have been studied
extensively. No such advantage is available for the neutron
as it has no charge. Thus experimentally it is challenging to

extract near-scission neutron contribution reliably and for it
to remain obscure. Though there are large uncertainties, the
presence of 10-30% near-scission neutrons per fission have
been reported [45]. A recent phenomenological dynamical
scission point model calculation also suggests significant scis-
sion contribution to neutron multiplicity [7]. About 0.78 near
scission neutrons per fission will provide good agreement with
the calculations using 8 = 3 zs~! over the entire energy range
in the present case. Such a possibility will impact the study
of dissipative dynamics at higher excitation energies and the
behavior of low density neutron rich nuclear matter at the neck
connecting the fragments [4,5,46].

V. SUMMARY

Pre-fission neutron multiplicities for the "Li+>%TI re-
action, populating *'°Po at E* = 43.7MeV, have been
determined from the measured neutron spectra. While the
statistical model calculations with realistic gradual (Type-I:A)
and complete (Type-II:A) washings out of shell corrections
reproduce the fission excitation functions down to excitation
energy near the fission threshold and the pre-saddle vy, those
underpredict the pre-scission v, measured in the present
study and the data for the same compound nucleus avail-
able at higher excitation energies substantially. Attempts to
reproduce the pre-scission vy (Type-I:B and II:B), fails to
reproduce the data from the present measurement and all the
excitation functions simultaneously. At the excitation energy
of the present measurement, the effect of dissipation in the
pre-saddle as well as saddle-to-scission stages are found to be
negligibly small. The CN formation stage is also not expected
to contribute significantly as large asymmetry involved in the
entrance channels, particularly the present system. Thus the
€XCESS Vpre Can be attributed to the near-scission emission. The
present study suggests that the measurements at low energies,
where the statistical model parameters can be constrained well
and the effect of dissipation can be neglected, could be used
as a tool to study near-scission emission and will give new
impetus for more theoretical and experimental investigations,
which has implications on studies of dissipative nuclear dy-
namics and low density neutron rich matter.
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