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Thermal characteristics of composite systems formed in fusion
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Neutrons from the fusion reactions of 120-150 MeV 28Si with '8Sn and '?4Sn target nuclei have
been measured in coincidence with evaporation residues, in two series of complementary experiments
using either a 47 neutron multiplicity meter or a neutron time-of-flight spectrometer. Both the
energy spectra and multiplicity distributions reveal significant quantitative differences in the decay
patterns of the compound nuclei *Gd and '°2Gd formed in the two reactions studied. It is shown
that these differences cannot be understood in terms of decay cascades proceeding through states of
enhanced collective energy, such as the superdeformed states, suggested in earlier studies. Instead,
they can be explained consistently within the framework of a statistical decay model, if different
effective level density parameters are allowed for the evaporation chains of the two composite systems.

PACS number(s): 25.70.Jj, 25.70.Gh

I. INTRODUCTION

Heavy-ion induced fusion or fusionlike reactions have
proven to be powerful tools for the population of nuclear
states in a wide range of excitation energies and spins
[1-4]. Studies of the properties of such states have con-
tributed significantly to an understanding of the interplay
between nuclear structure and dynamics. In such investi-
gations, the statistical model plays a key role, providing
a link between the properties of nuclear matter, on the
one hand, and experimental observables such as, e.g., the
multiplicity and energy distributions of emitted particles
or « rays, on the other hand.

In a number of experiments, considerable effort has
been devoted [5-14] to the exploration of particle and ~-
ray multiplicities associated with evaporation residues in
the lanthanide region, just above the N = 82 closed shell.
Various observations have been made [6-13] of abnor-
mal developments with excitation energy and entrance-
channel spin of particle multiplicities associated with the
production of Er and Gd isotopes in (*¥Si,znyp) and
(84Ni,znyp) reactions. For example, the experimental
particle multiplicities for the reaction 124Sn+-28Si at var-
ious bombarding energies were found by Stwertka et al.
[7,8] to be systematically lower than predicted by statis-
tical evaporation codes, employing sets of input param-
eters established in earlier studies covering a wide range
of nuclear systems. In related work, Janssens et al. [11]
have studied the two systems 92Zr+-%4Ni and 44Sm+12C
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leading to the same 1%6Er compound nucleus with exci-
tation energies ranging from 30 to 70 MeV. It was noted
in their study that, while the statistical model describes
quite accurately the average multiplicities of neutrons
from the asymmetric, '2C-induced reaction, it system-
atically underpredicts the emission of neutrons from the
more symmetric, 9Ni-induced reaction. In order to ex-
plain such differences between the decay patterns of the
same system formed in two different ways, the possible
role of superdeformed bands embedded in the continuum
above the yrast line [6-14] and of preequilibrium parti-
cle emission in limiting the excitation energy available
for particle evaporation have been considered. While the
latter process was shown to be insignificant at the bom-
barding energies of interest here [2], the presence of su-
perdeformed (SD) bands has been confirmed experimen-
tally for the lanthanide [15,16] and mercury [17] regions.
Some nuclides have been observed to possess up to six
different SD bands. The relative populations of individ-
ual bands have been found typically of the order of only
0.01, i.e., by far too small to explain the above differences
in the particle evaporation patterns. Although entrance
channel effects have been observed [18,19] for the pop-
ulation of SD bands, measurements [20,21] of charged-
particle energy spectra associated with different bands of
excited states have, thus far, not provided consistent ev-
idence for the influence of nuclear structure on the decay
of compound nuclei in the mass regions A = 80-90 and
A = 130-150. In any case, a population of SD bands or
an excitation of other “slow” collective degrees of free-
dom with a combined probability of at least 0.1 would
be required to enable this process to influence the par-
ticle decay patterns noticeably. Such higher probabil-
ities exceeding equilibrium-statistical predictions would
imply quite a strong memory of the entrance channel and,
hence, contradict the notion of a “normal” equilibrated
compound system.

The present work, which is a part of a systematic study
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of compound-nucleus formation and decay phenomena,
attempts to shed light on the apparently puzzling in-
consistencies with statistical-model calculations reported
[5-9,12,13] for neutron emission in the fusion reactions
of 28Si with 18Sn and '?4Sn nuclei. Two series of com-
plementary experiments are reported, in which neutron
energy spectra and multiplicity distributions were mea-
sured in coincidence with evaporation residues (ER) at
various bombarding energies, in order to provide a strin-
gent test of the validity of a statistical-model description
for the decay of the composite systems formed in these
two reactions. Experimental techniques employed in the
two series of experiments are described in Sec. II, while
results are discussed in Sec. III. Summary and conclu-
sions are presented in Sec. I'V.

II. EXPERIMENTAL TECHNIQUES

The experiments were performed at the Emperor tan-
dem Van de Graaff accelerator of the University of
Rochester Nuclear Structure Research Laboratory, us-
ing two different experimental setups. As described in
Sec. IT A, in the first type of experiment a high-efficiency
neutron multiplicity meter was used to count neutrons,
while evaporation residues were measured using silicon
detectors. The second setup, described in Sec. IIB,
utilized a neutron time-of-flight (TOF) spectrometer in
conjunction with the Rochester recoil mass spectrome-
ter (RMS). Bombarding energies ranged from Ej,,=120
MeV to 150 MeV. Targets were isotopically enriched,
100-200 ug/cm? thick, either self-supporting or evapo-
rated onto thin (10-15 ug/cm?) carbon backings.

A. Measurements of exclusive neutron multiplicity
distributions

The experimental setup for measuring event by event
the multiplicity of neutrons coincident with evaporation
residues is shown schematically in Fig. 1. The experimen-
tal procedure [22-26], novel to heavy-ion induced fusion
reaction studies, utilizes a high-efficiency neutron mul-
tiplicity meter (NMM) in conjunction with two silicon
heavy-ion (evaporation residue) detectors (SSD) placed

FIG. 1. Experimental setup with neutron multiplicity me-
ter (NMM), target, and solid-state detector, placed 15 cm
downstream of the target.
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at forward angles. As the target is located in the center
of the NMM, the latter subtends a solid angle of virtually
a 47 for reaction neutrons.

The NMM is a 900 1 tank of approximately spherical
shape, filled with gadolinium-loaded (0.2% by weight) or-
ganic scintillator NE224 viewed by eight RCA-4522 pho-
tomultipliers. The principle of operation of such a detec-
tor hinges on a statistically delayed response of the scin-
tillator to individual neutrons, so as to allow one to count
electronically one by one, each of the reaction neutrons
injected simultaneously into the detector volume. This
principle is discussed in more detail elsewhere [22-26].
The characteristic parameter of the NMM most crucial
for data reduction is the neutron detection probability.
This probability depends not only on the geometry of
the device, position of the target, and electronic thresh-
olds, but also on the velocity vector of each neutron, and
hence depends on the reaction studied. Additionally, due
to the high counting efficiency of the device, there are
background counts present that have to be accounted
for. Therefore, the soundest approach in interpreting the
“raw” NMM data appears to consist in their comparison
with theoretical model predictions folded with both the
detector response and the empirical background multi-
plicity distribution. However, in the case of a simple
reaction mode and a high-efficiency device, such as in
the present experiment, alternative methods, in which
the measured multiplicities are first corrected for back-
ground and then for the calculated efficiencies, prove ac-
curate in Monte Carlo simulation calculations. Such an
approach, pursued in the present study, offers the advan-
tage of providing event-by-event (approximate) values of
the experimental true multiplicities.

The NMM response to neutrons from fusion reactions
was calculated with a modified version of the Monte
Carlo code DENISW [27]. This type of calculation was
calibrated earlier by using measured neutron multiplici-
ties for a 252Cf fission source placed at various positions
along the NMM axis and comparing them with the known
neutron multiplicity distribution for this source. In the
present experiment, the NMM had an efficiency of 78%
for 252Cf fission neutrons, to a large extent determined
by the electronic threshold set to achieve a compromise
between efficiency and background counting rate. The
efficiency calculations using the code DENISW proved ac-
curate also in tests of the NMM using 60-induced fu-
sion reactions on tin targets, and the fusion reaction
12C4+288i. These calculations were also tested for a more
complex setup used in a study of the damped reaction
165Ho+-56Fe [26].

The multiplicity of background counts in the NMM
was measured event by event, in order to account for the
possibly large fluctuations due mostly to the instabili-
ties of intensity and spot position of the beam on the
target. For this purpose, for each event, NMM signals
were processed in two counting intervals of 128 us length
each, separated by 472 us. The first counting interval
was started 100 ns after detection of the reaction event,
in order to avoid counting prompt signals from the NMM
associated with reaction v rays and recoil protons from
the fast neutron moderation processes. During this in-
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terval, detected signals were due mostly to the reaction
neutrons, with a small contamination with background
sources. During the second counting interval, started 600
us after the detection of the reaction event, no neutrons
from that event were present any more, and all signals
were attributable to the background sources. The main
source of NMM background signals were -« rays and neu-
trons from additional reactions induced by the beam in
the target, for which the associated charged products re-
mained undetected. In the experiment, beam intensities
were limited so as to keep the background counting rate
as low as 0.2-0.5 per counting interval. Additionally,
detection times of all NMM signals were recorded indi-
vidually, employing unique multistop TDC modules [28],
which allowed one to optimize the effective width of the
counting interval in an off-line analysis.

In order to distinguish evaporation residues (ER) from
other charged reaction products, a time-of-flight (TOF)
method was employed. The start signal for the TOF
measurement was derived from the prompt NMM sig-
nal associated with an event detected in one of the two
silicon detectors. The stop signals for the TOF mea-
surement, as well as the charged-product energy signals,
were provided by the latter silicon detectors. The reso-
lution of this energy-TOF measurement was sufficient to
distinguish evaporation residues from the reactions of in-
terest from charged products of a different origin. Most
notably, the effective NMM-silicon detector coincidence
requirement imposed by the TOF measurement allowed
one to reject elastic-scattering events that would other-
wise have flooded the acquisition system, which was op-
erated with a large busy time required by the gadolinium-
loaded scintillator NMM. It is important to note that the
efficiency of the NMM for detecting at least one of the
10-30 low-energy prompt - rays [8], emitted typically in
a fusion-evaporation reaction, is essentially unity for all
significant vy multiplicities. This method of event trigger-
ing, hence, does not lead to any noticeable biasing of the
acquired events.

As an example of data acquired with the NMM setup,
two-dimensional scatter plots of TOF vs energy are
shown in Fig. 2, for events from the reactions of 160-
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FIG. 2. Distributions of time of flight (TOF) vs energy of
evaporation residues (left-most and center scatter plots), and
of TOF vs multiplicity of the coincident neutrons (right-most
contour diagram), for the reactions of 120-MeV 28Si with 2C
(left panel) and carbon-backed 24Sn targets (center and right
panels).

MeV 28Si projectiles with a 2C target (left), and with
a 124Sn target and its 2C backing (center). There are
clearly two groups of events distinguishable in the center
plot, associated with the 124Sn + 28Si and 12C + 28Si
reactions, respectively. This figure demonstrates that
events related to fusion reactions of Si with Sn or C,
as well as other backgrounds, are easily identified in the
present experiment. On the right-hand panel of Fig. 2,
a two-dimensional contour diagram of TOF vs neutron
multiplicity is shown. The contributions due to the 124Sn
and the 12C backing are clearly distinguished also in this
representation of data. As expected, the Sn+Si fusion
reaction, leading to a more neutron-rich and highly ex-
cited Gd, results in higher neutron multiplicities than the
fusion of 12C with 288i.

The ER detectors were located at §=+6°. With an
angular acceptance of A@=5°, these detectors presented
an effective solid angle of approximately 12% of 47 for
the (kinematically focused) ER’s of interest. As illus-
trated in Fig. 3, this geometrical efficiency depends on
the evaporation channel and, hence, has to be accounted
for in a detailed data analysis. In this figure, theoretical
ER angular distributions calculated with the code PACE
[29] are shown for the On, 1n, 2n, 3n, and 4n decay chan-
nels of the composite system formed in the 118Sn + 28Sj
reaction at Ej,p,=120 MeV. The limited angular range of
ER detection, indicated by vertical arrows in this figure,
leads to a higher rejection or miss rate for events with low
neutron multiplicities, as compared with events of higher
neutron multiplicity. This effect results typically in an
approximately 5% increase in observed average neutron
multiplicity, a bias which has been taken into account in
the analysis and interpretation of data.
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FIG. 3. Differential cross section do/dQ2 vs angle 6., for
ER’s from the '®Sn+-?Si reaction at Ei.,=120 MeV, associ-
ated with evaporation of n < 4 neutrons. The vertical arrows
indicate the limits of angular acceptance of the ER detectors.
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B. Inclusive and exclusive neutron energy spectra

In the second series of experiments reported in the
present work, energy spectra and angular distributions of
neutrons from the fusion reactions of interest were mea-
sured both in a singles mode and in coincidence with
evaporation residues, using a TOF method.

The setup used in this type of experiment is schemati-
cally illustrated in Fig. 4. The neutron TOF spectrome-
ter consisted of 10 or 11 fast NE213 liquid-scintillator de-
tectors, incorporating Amperex XP2041 photomultipliers
and operated in conjunction with pulse-shape discrimi-
nator modules. The latter modules, developed by HMI-
Elektronik, allowed one to distinguish very efficiently be-
tween detector signals due to neutrons and v rays. Two
of the detectors, placed in close vicinity of the target,
were set up to provide the start signals for the TOF
measurement by detecting prompt reaction v rays. The
remaining NE213 detectors were placed at distances of
about 1 m from the target and at angles between 31.5°
and 90°, in the case of the 124Sn target, and between 40°
and 130°, in the case of the 118Sn target. These detectors
were set up to detect neutrons and, therefore, to provide
stop signals for the TOF measurement.

The TOF measurement, hence, required a ~y-neutron
coincidence, a necessity in cases of a structureless (DC)
beams like the one from the Rochester tandem acceler-
ator. Such a coincidence requirement not only affects
adversely the useful count rate but has the potential of
biasing the acquired events. Due to the fact that the
start signals for the TOF measurement and, hence, the
event acquisition triggers were generated by prompt v
rays measured with low-efficiency -y detectors, the ac-
quired data are weighted approximately linearly with the
multiplicity of low-energy < rays, emitted from the evap-
oration residues at the end of their decay cascades. For-
tunately, the v multiplicities and energies are known [8]
for some of the individual Gd ER’s of interest here, pro-
duced in 28Si-induced reactions under very similar con-
ditions. From a consistently rather weak dependence of
the v multiplicity on the energy of a detected «y ray and a
concentration of the spectra at low 7 energies, where the
~ detectors have their maximum efficiency, one expects
the above y-n coincidence requirement not to lead to any
noticeable bias in the data of the type presented here.
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FIG. 4. Schematic diagram of the neutron TOF setup with
two start () detectors and nine stop (neutron) detectors. An
additional HPGe detector was used to identify ER’s by their
characteristic v rays. ER’s are identified in mass by a recoil
mass spectrometer (RMS).
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A superposition of v and neutron TOF spectra is
shown in Fig. 5, as measured with one neutron detector
and both start v detectors. The two narrow peaks below
channel number 200 are due to prompt v rays detected
in the stop detector and in either of two start detectors.
The time resolution inferred from these narrow y-vy co-
incidence peaks is approximately 0.7 ns. As seen from
this figure, the random background in the TOF spec-
trum was negligibly low. Additional test measurements,
in which 10-cm-diam and 33-cm-long steel “shadow bars”
were placed in front of two of the neutron detectors,
showed that contamination of the TOF spectra by scat-
tered neutrons was of no significance in the experiment.
In principle, distortions of the TOF spectra could be in-
duced by delayed ~ rays from the decay of isomeric states,
starting the neutron TOF measurement. However, in
the present experiment, effects of this kind were found
to be unimportant, as illustrated by the rather symmet-
ric shape of the ¥~ coincidence line in the 118Sn+28Sj
TOF spectrum shown in Fig. 5. Delayed v rays starting
the TOF measurement with significant probability would
have produced tail on the left-hand side of the y-v coinci-
dence peak. In the experimental TOF spectra for either
system, no indication is found of such a tail exceeding
1% in intensity relative to the -y peak.

The time-of-flight (TOF) data were used to calculate
the neutron kinetic energies. The obtained “raw” labora-
tory energy spectra were then corrected for the neutron
detection efficiency [30], which depends on neutron en-
ergy, scintillator geometry, and electronic signal thresh-
old. The latter threshold corresponded to approximately
0.5 MeV of recoil-proton energy. Finally, the corrected
laboratory spectra were transformed into the c.m. frame
of reference. The above procedure, which involves cal-
culation of detection efficiencies and several data conver-
sions, was tested using the experimental data from an
experiment with the same TOF setup, however, with the
target replaced by a 1 uCi 252Cf fission/neutron source.
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FIG. 5. Typical TOF spectrum from the 140-MeV

11891+ 288 reaction. The two narrow peaks on the left are
due to v rays detected in both start and stop detectors, while
the broad distribution at higher TOF’s is due to neutrons.
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FIG. 6. Mass spectrum of ER’s from the reaction

11891 +288i at Flab=140 MeV.

In this test experiment, energy spectra and multiplicities
of neutrons coincident with the spontaneous fission frag-
ments were determined and found in excellent agreement
with published data for the 2°2Cf nuclide [31].

In this second series of experiments, exclusive neu-
tron data were collected in coincidence with evaporation
residues detected and identified in the Rochester Recoil
Mass Spectrometer (RMS) [32]. Such an exclusive mea-
surement of neutron spectra required a triple coincidence
between signals from start (y) and stop (neutron) detec-
tors, and from the RMS focal-plane detector and, hence,
could be carried out only with a very low count rate. Be-
cause of this low count rate, such exclusive measurements
were performed only at Ej,,=140 MeV for the 118Sn tar-
get and at Ej,p=120 and 140 MeV in the case of the
12491 428Si reaction.

A typical mass spectrum of evaporation residues from
the !8Sn+(140 MeV)?8Si reaction, detected in the
position-sensitive silicon focal-plane detector of the RMS,
is shown in Fig. 6. Here, three groups of ER with mass
numbers of A = 141-143 are clearly distinguished, with
a resolution characteristic of the RMS, as set up for
the present experiment. An even better mass separa-
tion than that seen in Fig. 6 can be achieved by using a
two-dimensional representation of energy vs position of
the data from the RMS focal-plane detector. In order to
ascertain the validity of the RMS calibration and, hence,
of the mass number assignment of the peaks in the ER
energy spectra, characteristic « rays of the ER’s were de-
tected using a high-purity germanium (HPGe) detector
placed near the target.

III. RESULTS AND DISCUSSION

In the following, experimental results for the multiplic-
ity distributions and energy spectra of neutrons emitted
in the 118Sn + 28Si and 124Sn + 28Si fusion reactions are
presented and discussed in terms of a statistical evapora-
tion model. As the decay of the composite system formed
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in the reaction 1'8Sn + 28Si was found in earlier studies
[7] to follow the general systematics of fusion-evaporation
reactions in the energy domain of interest here, the study
of this system served to a certain extent as a means of cal-
ibration or verification of the experimental and analysis
method used in the present study. Such a “calibration”
of the rather complex experimental method adds credi-
bility to the conclusions reached in the exploration of the
anomalies reported earlier [6,7,11] for the 24Sn + 28Sj
reaction.

A. The '18Sn 4 28Sj reaction

Experimental results obtained in the two series of ex-
periments on the 118Sn +28Si reaction, as well as results
of respective theoretical calculations, are shown in Figs.
7-10. In Fig. 7, multiplicity distributions P(n) of neu-
trons from this reaction are shown, as measured with the
NMM in coincidence with ER’s. The solid histograms
in this figure represent experimental results obtained at
FE\.,=130, 140, and 150 MeV and correspond to excita-
tion energies between E*=60 and 90 MeV. These multi-
plicities have only been corrected for background. Statis-
tical uncertainties of the experimental results, indicated
by error bars, are small compared to systematical errors
associated with calculations of detection probabilities.
The dashed curves represent the results of evaporation
calculations, using the code PACE [29]. These calcula-
tions used values of the model parameters based on sys-
tematics of compound-nuclear decay widths established

4

10 ] T I T ' T ] T
3 18591 +28g5f  — EXPT.

10 —— PACE

Enp=150 MeV

2
10 L1 140 uev \| xt000
1 100f \
= 10 130 MeV
E../ \[x10 \
10 1 120 MeV » \
— \ \
10—'1 A d \ N \
o \
10~? v
10—3 l 1 l ! I 1 l 1
0 2 4 6 8

NEUTRON MULTIPLICITY n

FIG. 7. Observed neutron multiplicity distributions P(n),
for the !'®Sn+28Si reaction at Ej,p=120-150 MeV (his-
tograms) and results of theoretical calculations using the code
PACE (dashed), folded with neutron detection probability and
angular acceptance function of the silicon detector.
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of the neutron multiplicity distribution for the **¥Sn + 28Si re-
action extrapolated to 4w. The open symbols represent PACE
calculations.

for the mass region of interest. In particular, the cru-
cial nuclear level density parameter a has been assumed
to scale with the mass number A according to a = A/8
MeV~!. The theoretical distributions, corrected for neu-
tron detection efficiency of the NMM and for the incom-
plete angular acceptance of the ER detectors, are seen
to reproduce the data for the most probable deexcitation
channels quite accurately. Only for the very highest mul-
tiplicities associated with rare decay channels, the sim-
ulation calculations fail to reproduce the experimental
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FIG. 9. Angle-integrated energy spectrum of neutrons
(solid symbols) associated with ER’s with A = 139-143, pro-
duced in the *8Sn + 28Si reaction at Ej,,=140 MeV. The
solid curve is a fit with Eq. (1), the dash-dotted curve repre-
sents a PACE calculation with a = A/8 MeV 1.
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FIG. 10. Angle-integrated energy spectra of neutrons from
individual ER’s, identified by mass A in each panel, from the
reaction *'8Sn + 28Si at Fjap,=140 MeV. Symbols and curves
have the same meaning as in Fig. 9.

data quantitatively.

A different quantitative comparison between experi-
mental results, corrected for the detection efficiencies of
both neutrons and evaporation residues, and the sim-
ulation calculations is shown in Fig. 8. In this figure,
values of first two central moments, average values and
variances, of the multiplicity distribution of neutrons
in coincidence with ER’s are displayed as functions of
the bombarding energy. Here, the average experimen-
tal (solid dots) multiplicities are observed to be well
explained by the statistical-decay calculations, over the
whole bombarding-energy range explored. Theoretical
model calculations are also seen to explain the trends in
evolution of the second moment of the neutron multiplic-
ity distribution with the bombarding energy, although
the predicted values lie systematically somewhat below
the measured ones. The origin of the small but system-
atic discrepancies is most likely to be found in numerous
simplifying assumptions made in the computational im-
plementation of the statistical model. Most notably, the
theoretical calculations depend strongly on the assumed
values of the effective level density parameter a, which
may well show significant deviations from the simple “av-
erage” a = A/8 MeV~! scaling. In particular, the un-
derestimation of the experimental probabilities for high
multiplicities points to a possible decrease in magnitude
of a for the neutron-poor Gd isotopes.

It was one of the aims of the neutron TOF experiments
to provide an independent and more sensitive measure
of the crucial level density parameter. Results of these
experiments for the 118Sn+-28Si system are shown in Figs.
9 and 10. Figure 9 displays the results on the energy
spectra of neutrons produced in the 8Sn + 28Si fusion
reaction at Ejap=140 MeV. Solid dots with error bars
in this figure represent experimental spectra of neutrons
coincident with evaporation residues of atomic numbers
A = 139-143, detected in the RMS focal-plane detector.
The solid line is the result of a fit using the theoretical
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equation [35]

dm m
— T—(n+1) n
dEcm. T(n+1) Ecm.

exp(—Eem./T) (1)

describing the energy-differential average neutron mul-
tiplicity (772) in the rest frame of the emitter. In Eq.
(1), the logarithmic-slope parameter T reflects an effec-
tive temperature along the decay cascade, related to but
not identical [35,36] with the actual nuclear temperature
of the first emitter nucleus in the cascade. The shape
parameter n in this equation reflects the average num-
ber of cascade neutrons, such that in the one-neutron
case (n = 1), the shape of the spectrum is Maxwellian.
For an evaporation cascade of many neutrons, it has
been shown [35] that n = 0.45 and the slope parameter
T = (11/12)Ty,, where T, is the nuclear temperature of
the first daughter of the compound nucleus. As seen in
Fig. 9, the theoretical sequential-evaporation spectrum,
calculated assuming T' = 1.71 MeV and n = 0.45, gives
an excellent account of the data. It also agrees very well
with the results (dashed curve) of the statistical-model
calculations using the code PACE [29]. In these PACE cal-
culations, the yrast line was calculated according to the
rotating liquid drop model, and the level density formula
of Gilbert and Cameron [33] was used with a level den-
sity parameter of a = A/8 MeV~! consistently along the
decay cascade. The code default values were used for
diffuseness of the entrance-channel angular momentum
cutoff (Al = 2), electromagnetic transition probabilities,
and particle transmission coefficients. In Fig. 9, there
is no indication of the presence of any noticeable pree-
quilibrium component in the high-energy portion of the
experimental spectrum, in excess of the yields expected
theoretically for equilibrium evaporation.

In Fig. 10, angle-integrated neutron energy spectra are
shown for decay cascades leading to individual evapora-
tion residues of the indicated mass numbers identified by
the RMS. The spectra for the A = 139 and 140 cases
were summed to improve counting statistics. In all four
cases displayed in Fig. 10, a simple theoretical evapo-
ration spectrum (solid curves) parametrized by Eq. (1)
accounts well for all of the experimentally observed yield.
Also, the “full” statistical-model predictions (dot-dashed
curves) obtained with the code PACE [29] using a com-
mon level density parameter scaling of a = A/8 MeV ™!
agree well with the measured spectra.

In summary of the present observations for the '8Sn +
288i fusion-evaporation reaction, it is concluded that the
data sets from both types of experiments including neu-
tron multiplicity distributions and neutron energy spec-
tra are consistent with an assumption of a statistical
evaporation from an equilibrated 146Gd compound nu-
cleus. There is no indication of a sizable preequilibrium
neutron component, nor is there any noticeable influence
seen of particular nuclear structure effects. The 1!8Sn +
28Si reaction appears to be well represented by the stan-
dard notions of compound nucleus formation and decay,
in agreement with previous observations [7]. Therefore,
this reaction can be regarded as a “reference” standard
for comparison.
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B. The 124Sn +4 28Sj reaction

A set of experimental data similar to the one for the
“reference” reaction !'8Sn + 28Si has been gathered for
the 124Sn + 288i fusion reaction at bombarding energies
of Ej.,=120, 130, 140, and 150 MeV. The composite sys-
tem 192Gd, formed in these reactions with excitation en-
ergies ranging from 57 to 87 MeV, was found in several
earlier studies [6,7,11] to exhibit certain decay anoma-
lies. Experimental results obtained for this system in the
present work, as well as the results of theoretical model
calculations, are displayed in Figs. 11-14.

In Fig. 11, which is analogous to Fig. 8 for the “ref-
erence” reaction, values of the experimental (solid dots
with error bars) first two central moments of the neu-
tron multiplicity distribution from the 124Sn + 28Si reac-
tion at several bombarding energies are compared with
theoretical predictions made under various assumptions.
As seen from a comparison of Figs. 11 and 8, for the
neutron-rich system '24Sn + 28Si, both average multi-
plicities and variances of the multiplicity distributions
are consistently larger than in the case of the neutron-
poorer reference reaction. Qualitatively, such effects are
expected from phase-space considerations, due to differ-
ences in neutron binding energies in the composite sys-
tems formed in the two reactions, as well as from the
different competition from charged-particle evaporation.
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FIG. 11. Bombarding-energy dependence of the experi-
mental first and second moments of the neutron multiplicity
distribution for the 124Sn + 288i reaction (solid symbols with
error bars). The data are corrected for NMM efficiency and
for background. The curves represent PACE calculations cor-
rected for the finite acceptance of the ER detectors. See text
for further explanation.
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FIG. 12. Angle-integrated energy spectrum of neutrons
from ER’s with A = 144-148 from the reaction 2*Sn + 28Si
at Ejab=140 MeV. The solid symbols are experimental data,
while the solid curve represents a best fit obtained with Eq.
(1). Dotted and dot-dashed curves are results of PACE calcu-
lations with level density parameters a = A/11 MeV~! and
a= A/8 MeV™!, respectively.

Quantitatively, however, such an explanation is clearly
insufficient, as demonstrated by the dashed curves in Fig.
11. The latter curves, significantly overpredicting the av-
erages and underpredicting variances, represent results
of statistical-model calculations using the code PACE [29]
with the same systematic model parameters that were
found satisfactory in the case of the 118Sn + 28Si ref-
erence reaction. In particular, the critical level density
parameter in these calculations was assumed to be given
by a = A/8 MeV~1.

Given the success of theoretical model calculations in
the cases of the 118Sn + 28Si, and several other refer-
ence reactions mentioned in Sec. II, the 124Sn + 28Si sys-
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FIG. 13. Angle-integrated experimental spectrum (solid
dots with error bars) of neutrons from ER’s produced in the
124g5n + 28Gj reaction at Ejab=120 MeV. The solid curve rep-
resents the best fit obtained with Eq. (1), which also agrees
with the prediction of a PACE calculation with level density
parameters given by a = A4/12 MeV ™1,
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FIG. 14. Angle-integrated experimental (solid symbols)
spectra of neutrons in coincidence with ER’s produced in the
1249n + 288 reaction at Elap,=120 MeV. The distributions
are identified by the respective ER mass numbers. The solid
curves represent best fits obtained with Eq. (1).

tem can be considered to a certain extent as anomalous,
in agreement with the conclusions of Stwertka et al. [7].
The present study, however, provides important clues as
to the sources of the observed “anomaly,” not available
in the previous studies of similar systems. In particular,
the observation of unexpectedly large variances of the
neutron multiplicity distributions [Fig. 11(b)] points to
unexpectedly high temperatures of the composite system
along the decay cascade, a conclusion supported by rela-
tively low average multiplicities. This observation, hence,
invalidates the speculation put forward in the literature
that the lower neutron multiplicities might be due to a di-
version of the decay cascades into superdeformed bands,
terminating prematurely neutron evaporation. If such
bands of large collective energies (or any other collective
modes) were to play any significant role in determining
the particle evaporation patterns, their presence would
effectively reduce the available thermal energy [37] and,
hence, lower the emission temperatures, as well as the
first two moments of the neutron multiplicity distribu-
tion. This was verified by PACE calculations employing
an elevated yrast line. Such calculations proved unable
to reproduce simultaneously both average and variance
of the neutron multiplicity distribution for the system
2881412481, The observed anomaly cannot be explained
by the enhanced + transition strengths, either. As shown
by Fornal et al. [34] for a slightly different reaction, the v
transitions have an effect mainly on the low-energy peak
of the particle energy spectrum but change the spectral
slope parameter only insignificantly. In contrast, both
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the observed neutron energy spectra and variances o2,
require a significant increase in the effective temperature
parameter.

In order to verify quantitatively that the experimen-
tal trends displayed in Fig. 11 are due to temperatures of
the composite system that are higher than expected from
systematics, model calculations were performed in which
the level density parameters were decreased to a = A/12
MeV~!, effectively raising the theoretical emission tem-
peratures. Results of these calculations, shown in Fig.
11 by solid curves, are seen to provide a much better
description of the data. A further improvement of the
agreement between theoretical and experimental values
of the first two moments of the neutron multiplicity dis-
tributions can be achieved by allowing for a diffuse cutoff
of the compound nucleus spin distribution larger than the
minimal value of Al=0.5% assumed for the solid curves.
Such rather large diffuseness is realistic at energies close
to the fusion barrier of approximately 90 MeV [38—40].
The dot-dashed curves in Fig. 11 represent the results of
the theoretical model calculations in which the diffuse-
ness was increased to Al=12%4. Such a value of the diffuse-
ness parameter is compatible with the barrier-fluctuation
systematics by Rossner et al. [39] predicting Al ~ 8% at
the present energies. At any rate, the much improved
agreement of the dot-dashed curves with the experimen-
tal points in Fig. 11 indicates that, at least partially,
the residual discrepancies between the theoretical solid
curves and the experimental data could be due to effects
of the spin distribution of the composite system, induced
by fusion barrier fluctuations. Since such fluctuations
are dependent on structure and neutron excess, it can be
speculated that they are weaker in the case of low-energy
fusion of the relatively neutron-poor system 118Sn + 285j,
where they lead to negligible effects in neutron multiplic-
ity distributions. However, at present no quantitative
support for this speculation can be offered. Although a
more thorough discussion of the effects of barrier fluctu-
ations on particle emission patterns is beyond the scope
of this paper, the above sensitivity of the neutron (par-
ticle) multiplicity distribution suggests an independent
and widely applicable method of studying such effects
experimentally.

The important conclusion that the effective temper-
ature of the composite system formed in the 124Sn +
285i fusion reaction is higher than expected from the nu-
clear level density systematics, is unaffected by the above
complication of the data points at the lowest bombarding
energies. The value of the effective level density param-
eter a deduced from the NMM experiment is confirmed
by the analysis of the data obtained in the TOF-RMS
experiments on this system, as shown in Figs. 12-14.

In Fig. 12, the measured center-of-mass cumulative
energy spectrum (solid dots with error bars) of neu-
trons from the fusion reaction 24Sn + 28Si at Ej,, =140
MeV, summed over the evaporation residue mass num-
bers A = 144-148, is compared with the results of various
theoretical calculations. As in the case of the reference re-
action 118Sn + 288i of Figs. 9 and 10, the presence of any
significant preequilibrium emission component can be ex-
cluded also for the 124Sn + 28Si reaction, and the spec-
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trum of Fig. 12 can, therefore, be analyzed in terms of
equilibrium evaporation from an excited composite sys-
tem. The solid curve in this figure represents the best
fit obtained using Eq. (1). It is seen to almost coincide
with the results of the “full” statistical-model calcula-
tions (dotted curve) performed using the computer code
PACE with a level density parameter scaling of a = A/11
MeV~!, a value consistent with a = A/12 MeV~1! ear-
lier found necessary to explain the neutron multiplicity
distributions for this reaction. The dash-dotted curve
in Fig. 12 represents the results of the statistical-model
calculations with the level density parameter scaling of
a = A/8 MeV~! and a standard diffuseness of the angu-
lar momentum cutoff of Al=2, consistent with the data
from the reference reaction 118Sn + 28Si. The latter curve
demonstrates the sensitivity of the neutron energy spec-
tra to the level density parameter a.

Figure 13 shows energy spectra of neutrons in coin-
cidence with evaporation residues from the 124Sn + 28Si
reaction at Ej,;,=120 MeV, a bombarding energy close to
the fusion barrier. Again, no contribution from a pree-
quilibrium emission source is seen, and the solid curve
represents the theoretical prediction for equilibrium evap-
oration, obtained using a = A/12 MeV~!. In this case,
the best-fit [Eq. (1)] and PACE-calculation curves coin-
cide. It is interesting to note that the same scaling of the
level density parameter is deduced by Kiihn et al. [6] for
the 92Zr + %4Ni reaction.

For the most intensely populated evaporation residues
147Gd and 8Gd, inclusive energy spectra of neutrons
were obtained with sufficiently good statistics. These are
displayed in Fig. 14, together with the spectrum summed
over all A values measured with RMS. The solid curves
in this figure represent best fits obtained using Eq. (1),
which required a spectral slope parameter of T = (1.83
+ 0.16) MeV and T = (2.05 £+ 0.23) MeV for the cases
of 147Gd and 48Gd, respectively. These two slope pa-
rameters agree with each other within their statistical
uncertainty. They agree also with the average slope pa-
rameter of T = 2.09 MeV required to fit Eq. (1) to the
theoretical spectrum as calculated with the code PACE
and a = A/12 MeV~1.

IV. SUMMARY AND CONCLUSIONS

The present work represents an attempt to explain as-
pects of neutron emission from the composite system
152G d formed in the heavy-ion fusion reaction 24Sn +
283j that were previously found at variance with the es-
tablished systematics of statistical decay of similar sys-
tems. A rich set of experimental data was collected by
measuring, in two series of experiments and at several
bombarding energies, both the exclusive energy spectra
and the multiplicity distributions of neutrons coincident
with massive evaporation residues. For comparison, sim-
ilar data were collected for the “well-behaved” composite
system of 146Gd formed in the 1'8Sn + 28Si.

Energy spectra of neutrons emitted from both systems
are well described by Maxwellian-like distributions over
the whole range of bombarding energies Ej,5,=120-140
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MeV explored, with no indication on any significant role
of preequilibrium emission mechanism. Average neutron
energies are, however, systematically higher for 152Gd
than for the 146Gd reference system, at a similar excita-
tion energy per nucleon, and point to different scalings
of the level density parameter a or a different specific
heat along the decay paths of the two systems. While
the decay of #6Gd can be well understood assuming a
parameter value of a = A/8 MeV ™1, a scaling according
to a = A/12 MeV~! is required, in order to explain the
spectra of neutrons emitted from the °2Gd system. This
conclusion regarding different thermal characteristics is
further confirmed by the systematic quantitative differ-
ences between the measured multiplicity distributions of
neutrons emitted from the two systems. According to
microscopic models, this difference in nuclear level densi-
ties can be traced back to a smaller effective density g of
single-particle states at the Fermi surface for the nuclei in
the evaporation chain originating in the 12Gd composite
than that for the daughters of 146Gd.

While providing no microscopic explanation for the de-
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duced difference in thermal properties of the two com-
posite systems studied, the present results speak clearly
against hypothesis attributing differences in the neutron
emission patterns of 46Gd and !%2Gd to the influence
of superdeformed bands, which would be difficult to rec-
oncile with Bohr’s notion of a statistically equilibrated
compound nucleus.
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