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A high-quality measurement of proton and a-particle emission associated with fusion of *3%32Sj with a 2Si
target is described. Evaporation residues produced by de-excitation of the compound nucleus were identified
by an energy time-of-flight measurement while emitted light-charged particles were identified using the AE-E
technique. Comparison of the experimentally measured charged particle multiplicities and energy spectra with
the predictions of the statistical decay model code GEMINI++ allows one to deduce interesting details of the
de-excitation cascade and its dependence on neutron-excess. The impact of modifying the sequence of particle
emissions on the average energy and multiplicity is examined.
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I. INTRODUCTION

Clusters play an important role in both the structure and
reactions of nuclei. In the case of heavy nuclei, the presence
of clusters in the nuclear medium is evident through cluster ra-
dioactivity [1] while for light nuclei it can be an intrinsic part
of their structure [2]. The archetypal case of the importance of
clusters in nuclear reactions is the Hoyle state responsible for
12¢ production in red giant stars [3,4]. In fermionic molecular
dynamics calculations the Hoyle state is found to be domi-
nated by dilute a-cluster configurations [5]. While it is well
established that cluster structure is intrinsic to the nature of
nuclei, several key questions are unanswered. Although the
existence of an o condensate is favored for nuclear matter at
low density [6,7], the dependence of this condensate on the
excitation/temperature of the medium is yet to be established.
Is formation of « clusters strongly suppressed as the medium
becomes increasingly neutron-rich? The latter question is of
particular relevance to the structure and reactions of nuclei
in neutron-rich environments such as the outer-crusts of neu-
tron stars or the ejecta in neutron star mergers. Although
a-clustering in self-conjugate (N = Z) nuclei has received
the most attention, clustering in non-self-conjugate nuclei has
been the focus of some recent studies [8].
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It was recently observed that the yield for o emission fol-
lowing fusion of '8Q with '>C nuclei significantly exceeded
the predictions of the statistical model [9]. Although the yield
was underpredicted, the measured energy and angular dis-
tributions of the emitted « particles are well described by a
fusion-evaporation process. The four- to fivefold excess of
o particles as compared to standard statistical model calcu-
lations [10] was interpreted as the persistence of an «a-cluster
structure in the entrance channel through the fusion process.
A similar enhancement of « particles relative to the statistical
model expectation was also observed for fusion of '°0 + 2C
[11] and '°0 + BC [12].

Calculation of clustering in the fusion of light and midmass
nuclei indicates that o clusters could also be dynamically
generated during the fusion process [13]. Time-dependent
calculations of the collision process with density-functional
theory utilize a nucleon localization function (TD-DFT/NLF)
to examine the formation of cluster states during the collision.
Not only are cluster states observed but their evolution on
the timescale of the rotational period is evident. The observed
a-cluster states arise from density oscillations introduced by
the collision dynamics which produces nuclear matter at low
density. It should be emphasized that the TD-DFT/NLF cal-
culations do not predict the emission of « particles, only the
existence of these cluster states in the precompound system.
Nevertheless, the calculations do demonstrate that large am-
plitude collective motion of the precompound system is not
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FIG. 1. Schematic of the experimental setup used to mea-
sure fusion in 253%328i 4 28Si. Shown are the elements used for
the beam identification: the three microchannel plate detectors
MCPys, MCPrgr, and MCPps together with the SBD and RIPD
detector. Identification of reaction products is accomplished using
the MCPrgr with the annular Si detectors (T2,T3), and the HiRA
telescopes.

simply described by the vibration of two nucleonic fluids but
is far more complex.

A proper understanding of cluster emission, whether
dynamical or statistical in origin, requires an accurate mea-
surement of the competing nucleon emission. In this work we
describe a high-quality measurement of proton and «-particle
emission associated with fusion of 28-3%-328j with a 2Si target.
Following fusion, the compound nucleus de-excites predom-
inantly by emission of protons, neutrons, and « particles.
Comparison of the experimentally measured multiplicities
and energy spectra of the charged particles with a statistical
decay model allows one to deduce interesting details of the
de-excitation cascade. Comparison of the different systems
enables examination of how the de-excitation is impacted by
the neutron-excess of the compound nucleus. This improved
understanding of standard statistical emission of nucleons and
«a particles is necessary to probe the dynamical emission of
the « clusters.

II. EXPERIMENTAL DETAILS

The experiment was conducted at Michigan State Univer-
sity’s National Superconducting Cyclotron Laboratory using
the ReA3 linear accelerator [14]. Although ReA3 was primar-
ily developed to serve as a reaccelerator for radioactive beams
produced at the Facility for Rare Isotope Beams (FRIB), it
is also capable of operating in stand-alone mode. In this
mode, it can accelerate either stable or long-lived radioactive
ions delivered from an ion source. This capability allowed
it to deliver the beams of both stable 2%-*°Si and radioactive
328i (1 ,2 = 163.3y) nuclei. After their generation in an ion
source, ions are charge-bred in the electron beam ion trap
(EBIT), then extracted with charge selection and accelerated
to ~3MeV/A with an acceleration frequency of 80.5 MHz.
The accelerated beams impinged on a 28Si target with a beam
intensity of ~10° ions/s.

A schematic of the experimental setup which provided
efficient detection of the fusion products is presented in
Fig. 1. The beam identification portion of the setup consisted
of three microchannel plate (MCP) detectors [15,16] and
an axial-field ionization chamber designated Rare-lon Purity
Detector (RIPD) [17]. Periodic insertion of a surface barrier Si
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FIG. 2. CAD of the compact arrangement of the four HiRA
telescopes together with the annular Si detectors T2 and T3 used to
detect the ERs.

detector (SBD) into the beam path immediately downstream
of RIPD provided a measure of the beam energy incident on
the target. Heavy fusion products, produced by de-excitation
of the compound nucleus, were detected in the angular
range 3.6° < Oy < 10.7° and 11.0° < Oy, < 21.2° using
two segmented annular silicon detectors designated T2 and
T3 in Fig. 1. Light-charged particles (Z < 2), principally
protons and « particles, were identified in the angular range
32.6° < Oy < 68.4° by four HiRA telescopes [18]. The
compact arrangement of these telescopes and the T2 and T3
detectors is depicted in Fig. 2.

The first element of the experimental setup in the beam
path is the MCPys detector. This detector utilizes a ExB
design [15,16] with a thin 20 ug/cm? carbon foil to provide a
timing signal for the passage of an incident ion with minimal
energy loss. This detector has an intrinsic time resolution of
~200ps. Approximately 45 cm downstream of the MCPyg de-
tector, the beam passes through a compact axial-field ioniza-
tion chamber designated RIPD that was used to identify beam
contaminants. As an ion in the beam passes through RIPD,
it deposits an energy, AE, characteristic of its identity conse-
quently altering its velocity. Fast charge collection in RIPD
allows it to operate at a high beam rate of 103 ions/s [17].

Approximately 180 cm downstream of the MCPys, the
beam impinged on a second ExB design MCP detector, desig-
nated MCPrgr. The secondary emission foil in this detector,
215 + 10 ug/cm>-thick 2Si, also served as the target. These
two MCPs provided a time-of-flight (TOF) measurement as
well as a count of the total beam particles incident on the
target. The third ExB MCP detector located downstream of
the target MCPpy, aided with the rejection of unreacted beam.

Signals from all detectors were processed through standard
analog electronics. For the silicon detectors and RIPD signals
this consisted of high-quality charge-sensitive amplifiers [19],
as well as shaping and timing-filter amplifiers. The energy
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FIG. 3. A PID spectrum using RIPD and two MCP detectors. (a)
AE vs TOF spectrum for 32Si beam on target at E.,, = 41 MeV. The
second peak at higher TOF is 32§ which was predicted as a contami-
nant. A energy threshold at ~1000 channel provides a means to reject
pile-up. (b) Time projection of the data in panel (a). Selection of an
incident **Si ion is indicated by the vertical dashed lines.

signals were then digitized in peak-sensing ADCs (Caen
V785). Timing signals were amplified, discriminated and then
digitized in time-to-digital converters (Caen V1290). Readout
of the digitized signals by a VM-USB based data acquisition
was triggered by either detection of a particle in one of the an-
nular silicon detectors or in one of the four HiRA telescopes.

Together with the MCPys and MCPrgr detectors, RIPD
provided identification of incident particles based on their
AE-TOF. A representative AE-TOF spectrum is presented in
Fig. 3(a) for *Si (t;» = 163.3y) beam at E.,, =41 MeV
incident on the ?8Si target. Two peaks well separated in TOF
can be seen where the peak at higher TOF corresponds to a
328 contaminant present with the 32Si beam. While the energy
signal allows us to reject pile-up, as indicated by the horizon-
tal dashed line, the principal rejection of beam contaminants
is made on the basis of time-of-flight. The selection of *Si in-
cident ions is depicted in Fig. 3(b) by the vertical dashed lines.

Following fusion of an incident ion with a 28Si target
nucleus, the resulting compound nucleus de-excites via par-
ticle emission. Due to momentum conservation this particle
emission deflects the resulting evaporation residue (ER) away
from the beam direction. ERs were detected by two annular
silicon detectors designated T2 and T3 in Fig. 1. The T2 and
T3 detectors are S9 and S1 designs, respectively, from Micron
Semiconductor [20]. Each of these detectors is a reverse-
biased pn junction segmented into 16 pie-shaped sectors on

the ohmic side and concentric rings on the junction side. The
S9 design consists of eight rings while the S1 has 16 rings
further subdivided into four quadrants. In the case of the S1
detector adjacent rings were combined to reduce the number
of electronic channels. This segmentation provides angular
information for the detected particles. In addition to providing
an energy signal the annular detectors also provided a fast
timing signal. This signal allowed subnanosecond timing to
be performed which was critical for distinguishing the ERs
from unreacted beam [21]. The geometric efficiency of these
two detectors was determined by examining the the fraction of
ERs predicted by the statistical decay code GEMINI++ to lie
within the angular acceptance. Combined these two detectors
provided a geometric efficiency of ~56-62% for detection
of the ER. Multiple beams during the experiment provided
elastic scattering peaks that were used to energy calibrate the
T2 and T3 detectors.

Emitted light-charged particles (LCPs: Z < 2) were de-
tected using four HiRA, AE-E-CsI(TIl) telescopes [18], as
depicted in Fig. 2. The first element of the telescope is a
65-um-thick AE single-sided detector with 32 strips. Situated
behind it is a 1.5-mm-thick double-sided E detector with
32x32 strips. The segmentation of these detectors allows
determination of the detected particle’s position. Following
the E detector are four 1-cm-thick CsI(TI) crystals with pho-
todiode (PD) readout. These CsI(T1)/PD detectors serve to
detect high-energy protons that punch through the E detector.
As only the highest energy protons, comprising < 2% of the
proton yield, were detected in the CsI(T1)/PD detectors, the
analysis utilized only particles stopping in the 1.5-mm-thick
E Si detector. The low particle multiplicity in the reactions
studied enabled reduction of the electronic channels required
by joining adjacent strips in both the AE and E detectors. As
a consequence of joining adjacent strips, measurement of the
angular distribution of light charged particles was sacrificed.
In the AE detector, dictated by the detector capacitance, four
adjacent strips were coupled to yield 8 strips. In the case
of the thick E detector, 16 adjacent strips were coupled to
provide effectively two strips on the junction side and two
orthogonal strips on the ohmic side. This coupling of strips
in HiRA resulted in measurement of emitted particles at only
a few laboratory angles. As with the determination of the ER
detection efficiency, GEMINI++ was used to determine both
the geometric efficiency for proton and «-particle detection as
well as their coincidence efficiency with an ER. The efficiency
for detecting protons and « particles is ~14.2-14.6% and
~16.2-17.2%, respectively. Coincident detection of a proton
and an ER has an efficiency of ~7.6-8.9% while coinci-
dent detection of an « particle and ER has an efficiency of
~15.0-16.0%. Use of GEMINI++ to determine the geo-
metric efficiency of the experimental setup both for emitted
particles as well as ERs assumes that the angular and energy
distributions of emitted particles in GEMINI++ accurately
describes the experimental data. The reasonableness of this
assumption is subsequently shown.

To perform an energy calibration of the HiRA telescopes
the -emitting radioactive sources '*8Gd and *2U were uti-
lized. Both the AE and E detectors in HiRA were calibrated
in the same manner. The use of '*3Gd provides a single-line
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FIG. 4. Energy vs time-of-flight (TOF) spectrum for *2Si beam
incident on 2Si target at E, ,, = 41 MeV.

a particle at 3.182 MeV while the 23>U source provides mul-
tiple o energies between 5.685 and 8.784 MeV. The 8.784
MeV « particle is particularly useful as it lies close to the
punch-through energy of the o particle through the 65 um AE
detector (~9 MeV).

III. EVAPORATION RESIDUES

Presented in Fig. 4 is an energy time-of-flight spectrum for
328i 4 2Si at E,,,, = 41 MeV. The energy (E) corresponds
to the energy deposited in the T2 silicon detector and the
TOF is the time difference between T2 and MCPrgr. The
most prominent feature of this spectrum is an intense peak
at ~80MeV and ~5ns which corresponds to the elastically
scattered beam particles. Visible to the right of the elastic peak
and spaced approximately 12 ns apart are the elastic peaks
associated with adjacent beam bursts. The tail from the elastic
peak extending down in energy with increasing TOF corre-
sponds to slit-scattered beam particles. The slit-scatter line
corresponds to ions with the same mass as the beam. Clearly
separated from the slit-scatter line and situated to slightly
larger TOF an island is observed. For a given energy, the larger
TOF observed for this island is quantitatively consistent with
the larger mass associated with ERs following fusion.

The angular distribution of detected ERs is presented in
Figs. 5(a)-5(c) for 28gi, 3081, and 3*Si, respectively. For each
system, although only one energy is presented for simplicity
the angular distributions for the other incident energies exhibit
similar behavior. The inclusive ER distributions are repre-
sented by the filled (black) circles. These distributions are
strongly peaked at small angles and extend out to 6, ~ 20°
indicating that on average only a small transverse momentum
has been imparted to the ER. The angular distribution of ERs
coincident with detection of a proton, indicated by the filled
(blue) squares, is similar to the inclusive one for all three
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FIG. 5. Panels (a)-(c) Angular distribution of evaporation
residues (ERs) in the laboratory frame for 2%3%32Si 4 2Si. Both the
inclusive ER distribution as well as the distributions coincident with
detection of a proton or an « particle are shown. Symbols represent
the experimental data while the dashed line indicates the angular
distributions predicted by the GEMINI++ model. Error bars shown
depict the statistical errors. (d) Angular distributions predicted by the
GEMINI++ model for different de-excitation channels: Inclusive
(dotted black histogram) nucleons only (dashed blue), one « (dashed-
dotted red), and two as (solid green).

systems. This result suggests that the transverse momentum
imparted by an emitted proton is typical of all fusion reactions.
The ER angular distribution associated with coincident detec-
tion of an «-particle, depicted by red triangles, is somewhat
different. In the case of 2®Si and *“Si a suppression of the yield
at small angles 6y,, < 10° is observed. For the case of 28, a
definite suppression of the ER angular distribution at small
angles is difficult to discern given the limited statistics. The
suppression of small angle yield can be understood as due to
the larger transverse recoil imparted to the ER by the emission
of a single « particle as compared to a proton. Emission of
additional particles mitigates the effect of the recoil.

To understand the statistical decay component of the proton
and «-particle yield, we have examined the angular dis-
tribution of ERs predicted by the statistical decay model
GEMINI++ [22]. GEMINI++ describes the binary, se-
quential decay of an excited compound nucleus within the
Hauser-Feshbach formalism. Decay widths for charged parti-
cle and neutron emission are calculated. For the low-excitation
and low (Z, A) of the compound nucleus considered the decay
is dominated by neutron, proton, and «-particle emission. For
the relatively low-excitation energy of the compound nucleus
(E*¥ ~ 57MeV), the mean time between emissions is long
validating use of the Bohr independence hypothesis in the sta-
tistical model code. The level density parameter for the default
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calculations is taken as A/7. A maximum angular momentum,
£max, Was taken based upon the Bass fusion model [23] with
a diffuseness of 2. GEMINI++4- accounts for the impact of a
barrier distribution on the energy spectra of emitted particles.
The barrier distribution can arise from large thermal fluctua-
tions, shape fluctuations, or fluctuations in the diffuseness of
the nuclear surface [22].

The angular distribution predicted by GEMINI++- for all
ERs is indicated by the dashed-line in Figs. 5(a)-5(c). While
the overall description of the shape of the angular distribution
by GEMINI++ is generally good, some points are notewor-
thy. For 28Si the model underpredicts the experimental angular
distribution at larger angles. In contrast, for *Si GEMINI+4+
overpredicts the yield at large angles with the case of *°Si be-
ing intermediate. As the observation of ERs at large angles is
preferentially associated with o emission (red triangles), this
trend can be interpreted as an underestimation of & emission
by GEMINI++ for 28Si and an overprediction of o emission
for neutron-rich systems.

A better understanding of the inclusive ERs distribution
can be achieved by examination of the predictions of the
statistical model code GEMINI++- presented in Fig. 5(d). De-
excitation of the compound nucleus proceeds via emission of
protons, neutrons, and « particles. Emission of only nucleons
imparts less transverse momentum to the ER, contributing
primarily to the yield of ERs at small angles as indicated by
the blue dashed line. In contrast, emission of an « particle
populates on average larger angles while suppressing small
angles as evident from the red dash-dot line. It is interesting to
note that the observation of ER at the largest angles 6y, > 16°
is associated with the emission of two a-particles (green solid
line) indicating that the balance of different emission channels
is encoded in the detailed shape of the angular distribution.

Depicted in Fig. 6 are the laboratory energy distribution
of ERs in 28Si + 2Si at E, ,,, = 43.4 MeV. The mean value of
each distribution is represented by a vertical arrow. In Fig. 6(a)
the inclusive ER experimental data is single peaked with a
mean value of Ey,, = 34.5MeV. The energy distribution pre-
dicted by GEMINI++, filtered for angular acceptance of T2
and T3 detectors, is indicated by the solid line (red) and is
situated at slightly higher energy ((E) = 40.5 MeV). Most of
the difference between the GEMINI++ predictions and the
experimental data can be understood as due to the energy
loss [24] in the target and dead layer at the front surface
of the annular silicon detectors. Accounting for the energy
loss in half the target thickness and a dead layer (0.7 um Si
equivalent) results in the dashed (blue) line ((E) = 34.4 MeV)
which is in good agreement with the experimental distribution
although it is slightly narrower. This difference in width is
likely due to the fact that only the (Z, A) of the most probable
ER was used in the energy loss calculations.

In Figs. 6(b) and 6(c) the ER energy distributions asso-
ciated with coincident detection of a proton or an a-particle
are presented. The average energy for events with a coinci-
dent proton or « particle is 33.7 and 31.5 MeV, respectively,
slightly lower than the 34.5 MeV observed for the inclusive
distribution. This shift in the average energy occurs because
in the experimental setup the proton or w«-particle is de-
tected in the forward direction imparting a backward recoil
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FIG. 6. Energy distribution of ERs in laboratory frame from
28Si 4 8Si both inclusive [panel (a)] as well as with coincident pro-
tons and alphas [panels (b) and (c), respectively]. Statistical errors are
represented by the error bars shown. Also shown are the GEMINI4+
predictions of the ER energy distributions before and after dead layer
corrections.

to the ER thus lowering its energy. Similar to Fig. 6(a), the
GEMINIH+ model predictions are depicted by solid (red)
and dashed (blue) lines. As anticipated from the inclusive
energy distributions, the solid (red) distributions are situated at
slightly higher energies than the experimental data with mean
values of (E) = 39.3MeV for protons and (E) = 36.7 MeV
for o particles. After incorporating the effect of energy loss,
the dashed (blue) distributions with mean values of (E) =
32.9MeV for protons and (E) = 30.4 MeV for « particles are
in reasonable agreement with the experimental data.

IV. LIGHT-CHARGED PARTICLE EMISSION

Particle identification of LCPs with the HiRA telescopes
utilized the well-established AE-E technique [18]. A typical
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FIG. 7. A typical PID spectrum for light-charged particles de-
tected in a single HiRA telescope.

AE-E spectrum for a HiRA telescope for *2Si 4+ 28Si is shown
in Fig. 7. The dominant bands observed in the spectrum, well
separated from each other, correspond to detection of protons
and « particles. Bands situated slightly above the proton band
are associated with detection of deuterons and tritons. As ex-
pected, the protons dominate the yield of hydrogen isotopes.
Also evident in the spectrum are the bands associated with
coincidence summing within the detector of two protons (pp)
or an « and a proton («p).

Having identified the protons and « particles we extract the
multiplicities for these particles for all the systems measured.
The efficiency for detection of a proton or an « particle in
coincidence with an ER was determined using GEMINI++.
Particles predicted by GEMINI+4+ in the center-of-mass
frame were first kinematically boosted into the laboratory
frame and then filtered by the detector geometric acceptance.
For a particle of type i (proton or «), the coincidence effi-
ciency, €;_gr, was determined from the ratio of the detected
coincident particles in the filtered simulation to the total num-
ber of emitted particles. The efficiency for detecting an ER
alone, egR, corresponds to the ratio of detected ERs (from the
filtered simulation) to total ERs. With these two efficiencies,
determined from the filtered simulation, and the total number
of measured coincidences, N;_ggr, and measured ERs, Nggr, the
multiplicities were calculated.

Ni_
(M) =~ R

ey

Ner €i_ER

The multiplicities as a function of the excitation energy,
E*, are shown in Fig. 8 along with the predictions of the
GEMINI++ model. The excitation energy E* reflects not
only the incident energy E., but also the fusion Q value
for each system. These Q values are 10.922, 14.303, 18.902
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FIG. 8. Dependence of the multiplicity of protons and « particles
on excitation energy. Error bars indicate the statistical errors. The
GEMINI++ calculations are shown both for the default value of the
level density parameter, A/7, (solid line) as well as for a value of
A/6 (dashed line). Also shown for completeness, not measured in the
experiment, are GEMINI++ predictions for neutrons.

MeV for 28Si, 3°Si, and ¥2Si, respectively. The quantity E*
corresponds to the initial excitation of the compound system.

For the protons one observes that the average multiplicity,
(M), is approximately constant with excitation energy for a
given system and decreases from ~1.5 for 2Si to ~0.65 for
32Si. While a significant decrease in (M ») is observed from
2Si to 3°Si, the decrease from *°Si to *2Si is significantly
less. GEMINI4-+ overpredicts the (M),) in all cases, though
the magnitude of the overprediction decreases with increas-
ing neutron-richness. The measured average o multiplicity,
(M,), is between ~0.25-0.5 for all three systems. For 2%3°Si
an approximately linear dependence of (M,) on excitation
energy is manifested. A comparable excitation energy depen-
dence is not observed for *>Si. The (M,) for *’Si lies well
below the expectation from an extrapolation of the linear trend
observed for 283%Si. In the case of 2%3°Si the GEMINI4+
model provides a reasonable description the (M,) while
for 2Si it significantly overpredicts the measured multiplic-
ity. For completeness the average neutron multiplicity, (M)
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FIG. 9. Energy distributions of the protons in laboratory frame
for different incident energies for the three systems. The solid (red)
line represents the GEMINI++ prediction using the default level
density parameter (A/7).

predicted by the GEMINI++ model is shown in Fig. 8(c). The
neutron multiplicity is independent of the excitation energy
for a given system in the energy interval shown as observed
for the proton multiplicity. As might be expected for in-
creased neutron-excess, the (M,,) increases from ~0.3 for 28Si
to ~1.9 for *?Si.

Presented in Fig. 9 are the energy distributions of the
detected protons at different incident energies for the three
systems examined. These distributions are compared with
the energy distributions predicted by the GEMINI+4 model
indicated by the solid histogram (red). To facilitate the com-
parison, each GEMINI++ distribution has been normalized
to the integral of the experimental distribution. For all energies
examined, a reasonably good overall description of the data
by the model is observed. Close examination of these energy
distributions however reveals that the model underpredicts
the yield at low energies while providing a better description
of above-barrier energies. This relative underprediction of
low-energy protons exists for all three systems examined at
all incident energies. A hint of an overprediction at higher
energies is observed.

Presented in Fig. 10 are the energy distributions for the
detected « particles along with the energy distribution pre-
dicted by the GEMINI++ model. As with the protons, the
GEMINIH-+ energy distribution for o particles has been nor-
malized to the integral of the experimental distribution. In
contrast with the proton case however, the «-particle en-
ergy distributions predicted by GEMINI++4- are in very good
agreement with the experimental ones.

800'(5) 2£;Si d (é) sti 1 (;) aéSi ]

600k 449 Mev | 449 MeV | 44.8 MeV ]
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400¢ x3 + +

200r T T
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FIG. 10. Energy distributions of o« particles in the laboratory
frame for different incident energies for the three systems. The
GEMINI++ predictions using the default level density parameter
(A/7) are depicted by the solid (red) lines.

In Fig. 11(a) quantitative comparison is made of the de-
pendence of the average energy, (Ej.p), on incident energy
for both protons and « particles. An approximately linear
dependence of the average energy of the emitted particle
on E., is observed. This linear dependence is stronger for
o particles as compared to protons. This stronger dependence
can be understood as due to the presence of a larger barrier
for o emission as compared to proton emission. The average
energy predicted by the GEMINI++4 model is also presented.
It is noteworthy that the slope of the average energy of the
emitted particle with incident energy is reasonably well repro-
duced by the model for both protons and « particles. As might
be expected from Fig. 9 for protons the model overpredicts
the experimental data for all systems but the magnitude of the
overprediction decreases with increasing neutron-richness. In
the case of « particles the model is in quite good agreement
with the experimental data for all three systems as expected
from Fig. 10.

The dependence of (Ej,,) on excitation energy, E* for the
different systems is examined in Fig. 12. In Fig. 12(a) one
observes that protons for all three systems fall on a com-
mon line. This result indicates that neutron-richness of the
compound system does not alter to any significant extent the
average kinetic energy of the emitted proton. In marked con-
trast the (Ej,p) for « particles shown in Fig. 12(b) exhibits a
definite system dependence. The relationship predicted be-
tween the (Ejyp,) of the emitted particle and excitation energy
by the statistical model code GEMINI++- is shown by the
solid lines in Fig. 12. The model predicts, as observed in
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FIG. 11. Dependence of the average energy for protons and
« particles on incident energy for 283®-32Si. Error bars, in most cases
smaller than the symbol size, indicate the statistical uncertainty. The
predictions of the GEMINI++- statistical model code with the level
density parameter of A/7 (default) and A/6 are indicated by the solid
(red) and dashed (green) lines.

the experimental data, that for protons a near system inde-
pendence is observed while o-emission manifests a system
dependence. Close examination of the model predictions in
Fig. 12(a) shows that while (E,,) for 30.328j follow a common
line, (Ep) for 28Si is slightly larger than the value expected
from this common line. In Fig. 12(c) one observes that for
neutrons while (Ej,,) for 3%32Si follow a common line, (Ejp)
for 2Si is slightly smaller than the value expected from this
common line. This displacement in (E,,) for 2Si as compared
to 3*32Si depends sensitively on the order in which the parti-
cles are emitted as subsequently explained.

As a simple mass number dependent level-density param-
eter might not be accurate with increasing neutron-richness,
we explored the impact of using a level density parameter of
A/6 [25]. The result of this increased level density parameter
is represented by a dashed line in Figs. 8, 11, and 12. Close
examination of Fig. 12 suggests that the level density param-
eter might change from the default value of A/7 to A/6 as one
goes from 28Si to *>Si. While this results in lowering the (Ejqp)
and (M, ), it does not resolve the overprediction of the proton
(Ejap) or the overprediction of the (M), indeed it makes the
discrepancy in the proton multiplicity slightly worse. The en-
ergy distributions predicted by GEMINI++ with level density
parameter of A/6 differ only slightly from those shown in
Figs. 9 and 10 as suggested by the small change in (Ej,). The
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FIG. 12. Dependence of (E,;,) for neutrons, protons, and
o particles on excitation energy, E*, for all three systems.
GEMINI++ predictions are shown by solid and dashed lines.

influence of the Yrast line on the particle multiplicities and
energies was also investigated using GEMINI++-. It was not
possible to achieve an improved description of the experimen-
tal results by modifying the Yrast line.

V. DISCUSSION

Comparison of the GEMINI4-+ model predictions with
the experimental multiplicities and energies reveals that the
model provides a reasonable description of the o particles
for 2839Si. For *2Si while (Ejp) for o particles is reasonably
described, the a-particle multiplicity is overpredicted. More-
over, GEMINI++ systematically overpredicts both the proton
multiplicities as well as their average energies for all the
systems studied. This suggests a common underlying cause
in the GEMINI4+ calculations, largely independent of the
structure differences between the systems.

Presented in Fig. 13 is the emission sequence of protons,
neutrons, and «-particles predicted by GEMINI++. For each
system, corresponding to compound nuclei of 338-%Ni, decay
from an initial excitation energy, E* = 57 MeV was calcu-
lated with a default level density parameter of a =A/7. The
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FIG. 13. Emission sequence of the emitted particles predicted by
GEMINI++ for all three systems at E* = 57 MeV with a default
level density parameter of A/7.

distribution for each particle-type has been independently
normalized allowing examination of their relative emission
in the de-excitation cascade. The average multiplicity for
each emitted particle is also indicated in Fig. 13. For 2Si,
one observes that protons and o particles have about the
same fractional yield at each of the first three steps in the
emission/de-excitation sequence. Neutrons in contrast are on
average emitted later in the de-excitation cascade. In con-
trast, for both °Si and 32Si, the fraction of neutrons to
protons is approximately constant for all steps in the de-
excitation cascade. It is interesting to note that independent
of the neutron-richness of the system the fractional yield of
« particles emitted in the first step remains approximately
constant at ~40%. This result is likely due to the higher
emission barrier for « particles as compared to protons which
favors their early emission before the compound nucleus has
de-excited through emission of other particles. The impact of
increased neutron-richness is evident in the cases of 3%32Si
by the enhanced early emission of neutrons as compared
to the case of 28Si. This trend is qualitatively consistent,
as expected, with the decreasing neutron separation energies
of 16.64, 12.22, and 11.38 MeV for “°Ni, *Ni, and *Ni,

LI S e
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FIG. 14. Energy distributions of protons predicted by

GEMINI++ with a default level density parameter of A/7 for the
statistical decay of the “°Ni compound nucleus at E* = 62.0 MeV.
In addition to the inclusive distribution, the distributions selected
on the initial emission of a neutron, proton, or « particle are also
presented.

respectively. It is this difference in the emission sequence for
28Si as compared to 3*32Si that is responsible for the differ-
ence in the (E;) observed in Fig. 12 for the GEMINI++
calculations.

The energy spectrum of an emitted particle is a complex
quantity that reflects the competition of all emitted particles
between one another at each step of the de-excitation cascade.
The sensitivity of the energy spectra to the emission sequence
was explored using the GEMINI4+ model. The cases
considered are not intended to reproduce the experimentally
measured observables but simply to investigate the conse-
quence of changes in the emission sequence. As the intent is
to directly examine the impact of the particle emission order
within GEMINI4-+ on the proton energy spectrum, the results
presented in Fig. 14 are not filtered by the experimental accep-
tance. The impact of changing the balance between proton,
neutron, or « particle as the first particle emitted is examined
and the results are presented in both linear and log scale. For
a given system and excitation, GEMINI++ calculations were
performed with the default level density parameter of A/7 and
the resulting de-excitation cascades were selected based upon
emission of a particular particle in the first step.

In Fig. 14(a) the inclusive proton energy spectrum as well
as with selection on initial emission of a neutron or proton
is shown. The inclusive case corresponds to the GEMINI++
predictions without any artificial constraint. As qualitatively
expected, selection of de-excitation events/cascades in which
initial emission of a neutron occurs enhances the low-energy
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portion of the proton energy spectrum as it reduces the
excitation at which the subsequent proton is emitted. The
associated depletion of high energy yield is clearly evident in
Fig. 14(b) where the steeper slope of the energy spectrum is
observed when a neutron is emitted first. In Figs. 14(c) and
14(d) the impact of requiring initial emission of an « particle
is examined. As in the case of initial neutron emission, initial
emission of an « particle results in the enhancement of low-
energy protons at the expense of high energy protons. Initial
a emission both lowers the excitation and reduces the barrier
for subsequent proton emission. Initial «-particle emission
results in a larger increase in the yield of low-energy protons
than initial emission of a neutron. For reference, in each case,
the consequence of the initial emission being a proton is
also presented. As might be expected, initial emission of a
proton preferentially populates the higher energy part of the
spectrum. These calculations suggest that the experimentally
observed enhancement of protons at low energy as compared
to the model reflects the fact that the initial emission
of neutrons and/or « particles is underrepresented in
GEMINI++ as compared to the initial emission of protons.

To more quantitatively examine the impact of the choice
of initial emission on the (Ej,) for protons, the selected
GEMINI++ decays were kinematically boosted, filtered by
the detector acceptance and the (Ej,) was calculated. The
resulting (Ej,,) are compared with the experimental data in
Fig. 15(a). One observes that requiring that the first particle
emitted be either a neutron or an « particle lowers (Ej,,) for
protons. First emission of a neutron (solid arrows) results in
improved agreement with the experimental data, though with
some overprediction. Requiring first emission of an « particle
(dashed arrows) results in too low of an (Ej), particularly
for 30-328i.

Presented in Fig. 15(b) is the impact of requiring first
emission of a neutron or « particle on the average proton
multiplicity, (M,,). Evident in Fig. 15(b) is that initial emission
of a neutron does not effectively alter the average proton mul-
tiplicity while the initial emission of the « particle does bring
the predicted proton multiplicities into good agreement with
the data. These results suggest that enhanced initial a-particle
emission in the model is necessary to achieve a better overall
description of the experimental data. While (Ey,) for pro-
tons and (M,) will be improved, it should be realized that
increased initial & emission will suppress the yield of low en-
ergy a-particles predicted by the model, somewhat worsening
the description of the experimental « energy distributions.

In Fig. 16 the consequence of initial emission of a neu-
tron or proton on the (Ep,) of « particles is investigated.
For both 28-39Si the default calculations provide a reasonably
good description of (Ej,p) and (M,) with a overprediction
of both quantities for *Si. Increased initial emission of ei-
ther neutrons or protons significantly lowers (Ej,,) and (M)
for 2830Si well below the experimental data. As the default
GEMINI++- calculations already lie close to the experimental
data for 28-3°Si, it is unsurprising that modifying the initial
emission results in a larger discrepancy between model and
data. In the case of *’Si, on the basis (M,) increased initial
emission of a nucleon is indicated while consideration of
(Ejap) reveals that this particle should be a neutron. While
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FIG. 15. Comparison of the measured proton average energies
and proton multiplicities as a function of excitation energy with the
predictions of the GEMINI++ statistical decay code. In addition to
the predictions of the default calculations (solid lines) the impact of
requiring a neutron or « particle to be the first particle emitted is
indicated by the arrows.

initial emission of a neutron results in a reasonably good
description for (Ejp), the predicted (M,) is still somewhat
high suggesting that changing the sequence of particle emis-
sion alone is insufficient. The discrepancy suggests that for
328, nucleon emission, relative to o emission, might be un-
derrepresented in the model.

VI. CONCLUSIONS

The coincident measurement of the LCPs associated with
fusion in 2839328 4 28Si provided a rich dataset to investi-
gate the statistical decay of the emitted particles. Selection
on the identity of the emitted particle reveals how the mea-
sured angular distribution of ERs encodes information of the
balance between nucleon and «-particle emission. Calcula-
tions with the statistical model code GEMINI++ support
this deconvolution of the angular distribution with some de-
viations observed. Detection of the ERs in coincidence with
LCPs facilitated determination of the average proton and
a-particle multiplicities associated with fusion. The measured
energy distributions of protons and «-particles were com-
pared with the predictions of the GEMINI4-+ model. While
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FIG. 16. Dependence of the average energy and multiplicity of
o particles on excitation energy along with the GEMINI++ calcu-
lations using the default level density parameter (solid line). The
influence of requiring first emission of a neutron or proton is indi-
cated by the arrows.

the a-particle energy distributions were well described, a
systematic underprediction of the low-energy portion of the
proton energy distribution was observed. Comparison of the
average energy dependence on E* for protons and « particles
with the GEMINI++ model predictions quantified this dis-
crepancy. While the GEMINI++4- statistical model provides
a reasonable description of the «-particles multiplicities and
energies it overpredicts the average proton multiplicities and
energies. With increasing neutron-richness the discrepancy
between GEMINI++4- predictions and the experimental data
for protons decreases while increasing slightly for o particles.
Changing standard model parameters in GEMINI4-+, like
level densities, was not sufficient to reproduce the measured
proton energy distributions or multiplicities. Although in-
creasing the level density parameter lowers the (Eju,), the
model still over-predicts the proton average energy. Moreover,
the overprediction of the proton multiplicities is increased.

The impact of modifying the sequence of particle emis-
sions on the average energy and multiplicity was examined.
By increasing the fractional yield of «-particle emission in
the initial step, the model predictions for (Ejp) and (M)
for protons can be brought into better agreement with the
experimental data. For events which contain an «-particle,
requiring that an «-particles is emitted first in the de-excitation
sequence does not significantly alter the o multiplicity. It
does however slightly increase the «-particle energy resulting
in on average a higher energy «-particles while depleting
the yield of lower energy o particles. This increased yield
of higher energy « particles will provide a larger transverse
momentum to the ER, resulting in its observation at larger
angles. Consequently, the underprediction of the ER angular
distribution for 233°Si by the model in the angular range 6y, >
12°, will be reduced. For the case of 32Si, increased initial
neutron emission as compared to the model calculations is
also indicated.

This work reveals that joint high-quality measurement of
the particle-energy distributions as well as their multiplicities,
together with the angular distributions of ERs, can provide
information on the details of the particle emission sequence.
Measurement of the neutron kinetic energies and multiplicity,
though challenging, would be invaluable in further constrain-
ing the emission sequence.
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