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Proton and a-particle spectral shapes and multiplicities have been measured in coincidence with
evaporation residues from 145 to 220 MeV 28Si+!%Ho and 115 and 140 MeV 60+ Ay,?°®Pb
fusion reactions. Evaporation residues were separated using an electrostatic deflector and detected
with large area surface barrier detectors. Light charged particles were detected at forward and
backward angles with 14 single Nal detectors. In the context of the statistical model, the charged
particle spectra provide information about the shapes and level densities of the emitting systems.
Deformed emitters are inferred, and to a varying degree, an energy-dependent level density parameter
is compatible with the data in each of the three cases. Implications for current fusion and fission

dynamics studies are discussed.

PACS number(s): 24.60.Dr, 25.70.Gh

I. INTRODUCTION

A primary decay mode for an equilibrated compound
nucleus (CN) involves light charged particle evaporation.
While the statistical model (SM) has been used for many
decades to analyze a variety of observables related to CN
decay [1], the successful description of light particle emis-
sion remains essential for evaluating the validity of the
model and the parameter choices within it. Studies of
evaporated particle energy spectra yield direct informa-
tion about the main SM ingredients, the nuclear level
densities, and barrier penetration probabilities. Deter-
mination of these properties has application to current
research into fusion and fission dynamics which often de-
pends on the SM in some form for comparison to data.

Systematics collected during the 1950’s and 1960’s typ-
ically provide the starting point for SM calculations.
From detailed balance, transmission coefficients (T,’s) for
particle absorption are taken to describe particle emis-
sion. Most often, these come from optical model analyses
of elastic scattering data. Studies of measured light par-
ticle spectra, focusing on peak positions and low energy
shapes, have yielded varying conclusions concerning T;’s.
In some cases, T;’s derived from OM systematics give
acceptable results [2]; in others, reductions in charged
particle emission barriers (typically by ~10%) are found
necessary [3—6]. Alternative methods of calculating T;’s
deemed more appropriate to particle evaporation have
also been proposed [7,8].

For nuclear level densities, the most extensive infor-
mation comes from slow neutron resonance data, at en-
ergies just above the neutron binding energy [1,9]. In
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SM calculations, level densities are routinely treated in
an approximation to the Fermi gas model taking p(U) x
exp(2va U ) with level density parameter a. Calculations
of the nuclear shape and size dependence of the level den-
sity parameter are available [10,11], but these provide for
a “smooth” value, @, which does not account for fluctu-
ations in a due to shell and pairing effects. To include
these effects, several theoretical and phenomenological
descriptions [12-14] show that above some critical en-
ergy (typically taken to be around 20 MeV) the effective
excitation energy U should be calculated with respect to
liquid drop ground state masses while at lower energies,
a should be gradually varied from a according to the shell
and pairing energies of the particular nucleus. (One com-
mon form of such a description is presented in Sec. IIT A.)
These treatments demonstrate a good understanding of
the @ ~ A/8 or A/9 (MeV)™" dependence [9,15] which
describes the low energy systematics.

However, the compound systems produced in heavy ion
collisions can deviate significantly in excitation energy
and angular momentum from those involved in the neu-
tron resonance studies. Here light particle energy spec-
tral shapes provide the major experimental information
on level densities, but the situation is not as well under-
stood. Figure 1 shows level density parameters used in
recent SM descriptions of neutron, proton, and a-particle
spectra in the literature from systems with initial ex-
citation energy 256 < Eg&y < 200 MeV [2,3,6,8,16-24].
Not only are there fewer such studies over the entire A
range, but there are some significant deviations from the
known @ ~ A/8 or A/9 (MeV) ™! forms valid near the
neutron binding energy. This implies some energy de-
pendence in @, even when it has not been included ex-
plicitly in the descriptions. A variation in @ with energy
(or equivalently with temperature, T =~ /U/a) is not
surprising and some energy-dependent forms have been
used [8]. There are theoretical predictions for such effects
[25,26], derived considering the variation with tempera-
ture of the nuclear size, surface diffuseness, and effective
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FIG. 1. Level density parameters taken from the litera-
ture extracted from neutron, proton, and/or a-particle spec-
tral shapes from systems with initial excitation 25 MeV
< E&n <200 MeV.

mass. At higher temperatures 2 < T < 6 MeV some
experimental support for this behavior has been found
[25,27,28]. (Other work [18] has failed to find conclusive
evidence for the specific T' dependence predicted in [26].)
As the experimental situation is by no means clear be-
low E&y = 200 MeV and since data for heavy systems
are particularly lacking, further experimental attention
to such systems is desirable.

Furthermore, uncertainty in these issues influences
conclusions about nonstatistical effects when SM calcu-
lations are used as a benchmark. In one application,
Hinde et al. [29], in extracting dynamical fission de-
lay times from prefission neutron multiplicities in the
A ~ 200 region, note the sensitivity of their results to
the value of the equilibrium level density parameter (a,)
used in the calculations. For example, changing a,, from
A/8 (MeV) ™! to A/10 (MeV) ™" significantly increases
calculated prefission multiplicities, thereby reducing the
extracted fission delay time by a factor of 2. The sensi-
tivity to @, in calculations of prefission light charged par-
ticle multiplicities has also been discussed [30]. Recent
attempts have been made to reduce these uncertainties
through simultaneous measurements of prefission parti-
cle mean energies [31,32] but the theoretical values of a,
of [11] were still relied on in these works. Additionally,
as pointed out in [31,32], prefission data also require ac-
counting for the complications of deformation-dependent
variations in effective excitation energy, particle binding
energies, and/or transmission coefficients along the entire
path to scission.

In the present work, we have measured proton and a-
particle energy spectra and multiplicities associated with
evaporation residues (ER’s) from three heavy systems,
19371*, 213Fr* and 224Th*, produced in heavy ion fusion
reactions at moderate excitation energies between 60 and
130 MeV. These ER-gated data complement studies in-
volving fission coincidences in the same mass and energy
region [5,20,29-32] since the systems have relatively small
angular momentum and do not cross the saddle point.
Charged particles in coincidence with ER’s are well suited

for a detailed analysis in the context of the statistical
model because the spectra are kinematically associated
with a single source. This contrasts with the situation for
singles or fission coincidence data which usually require
deconvolution of components from several sources.

Evaporation residue cross sections for 28Si4+1°Ho were
also measured and will be discussed in an appendix.
These and previously measured ER cross sections for
1604197 Au, and 0+2%8Pb [33] were used to constrain
the SM calculations.

II. EXPERIMENT

Beams of 145 to 220 MeV ?2Si and 114 and 138 MeV
160 were produced by the Stony Brook LINAC. The
1650, 197 Au, and 2°®Pb targets were 300 to 400 ug/cm?
thick. Table I summarizes the reactions and excitation
energies of the compound nuclei formed.

The setup for detecting evaporation residues was simi-
lar to that used previously for *60+1%7 Au,2%8Pb residue
cross section measurements [33]. ER’s were separated
from the beam by an electrostatic deflector and were
identified in three 400 mm? silicon surface barrier detec-
tors at 7°, 65 cmn downstream from the target, using pulse
height-TOF information. A 10 ug/cm? carbon charge re-
set foil was mounted 3 mm from the target to partially
equilibrate ER charge state distributions.

Protons and a particles were detected in 5.1 cm
x 3.8 cm Nal(Tl) detectors, 23 cm from the target
and collimated to 3.8 cm. Six of these detectors were
positioned around the beam axis at 165° for measur-
ing the evaporative spectra in this work. Eight others
were placed at various forward angles (48+15°) to study
preequilibrium emission evident in the ER cross section
data of Ref. [33]. The charged particles were separated
from gamma rays and from each other by using both
pulse shape-energy and TOF-energy discrimination [34].
197 Au(p,p) elastic scattering and SLi(p,a) and '°F(p,a)
reactions at several energies were used for energy cali-
brations in advance of the actual data taking. A 22%Th
a source was used as a monitor for gain shifts during
the course of the data runs. As an added check for gain
shifts, the mean proton and a-particle channel positions
were computed for successive short run segments. Over-
all, the detectors were stable throughout the experiments
to within ~+4% and no gain corrections were made.

The entire detector and deflector setup was modeled
to determine efficiencies and explore the kinematic bias
in the ER-light charged particle coincidence data. ER
charge state distributions and small angle scattering in
the target were determined via scans in deflector volt-
age as described in [33]. Coincidence efficiencies were

TABLE I. Reactions studied in the present work.

Projectile Target CN E&n
145,166,193,216 MeV 28Si '®*Ho '%3T1* 65,84,106,126 MeV
114,138 MeV €0 TAy 23Ert 74,98 MeV
114,138 MeV '¢0 208py, 224Th* 61,84 MeV
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then calculated by a detailed trajectory tracing code [35].
This was necessary for finding particle multiplicities and
possible distortions of the measured particle spectra. The
calculations show that at back angles, spectral shapes are
not affected significantly by the ER coincidence require-
ment. Reasonable variations of the parameters entering
the efficiency calculations (describing, e.g., particle angu-
lar distributions and ER multiple scattering and charge
state distributions) correspond to a £25% and +40% un-
certainty in extracted proton and a-particle multiplici-
ties, respectively.

An approximate description of the preequilibrium com-
ponents of the spectra at forward and back angles was
accomplished using incomplete fusion cross sections from
the sum-rule model of [36] and a moving source descrip-
tion of particle emission [37]. The angular momentum-
dependent cross sections calculated according to [36] were
used as a starting point for further SM calculations to es-
timate preequilibrium particle yields in coincidence with
associated ER’s. These calculations indicate that contri-
butions from incomplete fusion to the back angle spectra
should be negligible but should dominate the forward an-
gle spectra as observed.

The summed back angle center-of-mass energy spec-
tra from protons and a particles gated by ER’s from
28Gi4+165Ho, 160+!°7Au, and 60+42°®Pb fusion are
shown in Figs. 2-5. Multiplicities are listed in Tables
II-IV.
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FIG. 2. Comparison of measured proton and a-particle
spectra from 2%Si4+!®Ho—!°3T1* with SM calculations as-
suming @, = A/9 (MeV) ™! and various emitter deformations:
spherical emitter (solid curves), axis ratio 1.3 (dashed), and
1.5 (dotted).
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FIG. 3. Measured ?®Si+'**Ho—'%3T1"* spectra as in Fig. 2,
but with SM calculations assuming emitter axis ratio 1.3
and different level density forms @, = A/9 (MeV) ™' (short
dashed), @, = A/11 (MeV)™ ! (solid), @n = A/13 (MeV)™!
(dotted), and a,(U) = A/(8.2 MeV +4.3U/A) (long dashed).
Taking @, (U) = A/(8.2 MeV + 3.0 U/A) gives results indistin-
guishable from the solid curves.

III. ANALYSIS
A. Statistical model calculations

A modified Monte Carlo version of the code
CASCADE [38,39] was used to perform SM calculations.
Fusion cross sections for 0+°7Au, and 160+208pPp
were taken as the sum of fission cross sections from
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FIG. 4. Measured *0+'%"Au—2!3Fr* spectra with SM
calculations assuming emitter axis ratio 1.3, and using
Gn = A/11 (MeV)™' (solid) and @.(U) = A/(8.2 MeV
+ 4.3U/A) (dashed) are shown.
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FIG. 5. Measured *0+2°®Pb—22*Th* spectra compared
to SM calculations using @, = A/11 (MeV)™' with emit-
ter axis ratios 1.45 and 1.35 (dashed), and using a,(U) =
A/(8.2 MeV + 8.5U/A) with axis ratios 1.45 and 1.4 (solid).
Calculations with @, = A/15 (MeV)™ ' reproduce the solid
curves.

[40] and [41], respectively, and residue cross sections
from [33]. For 28Si+1%5Ho, these were unavailable, so
the fusion cross sections for the neighboring systems
28Gj4164,167,170F [42] were scaled and extrapolated. For
reference, Table V lists these values for the reactions
studied, and indicates the maximum angular momenta,
Jmax, which generate the fusion cross sections. (Triangu-
lar angular momentum distributions were used with 4 &
diffuseness.) Essentially all the highest partial waves lead
to fission so uncertainties in total fusion cross sections or
partial wave distributions do not significantly affect the
calculated ER cross sections or ER-related particle spec-
tra.

Our initial “standard” calculations used the CASCADE
optical model transmission coefficient routine for neu-
trons, protons, and « particles which relies on commonly
used systematics [43-45]. We later modeled emitter de-
formation using the surface-area weighting approach of
Huizenga et al. [46]. This involved averaging T;’s cal-
culated for the varying radii along the surface accord-
ing to their corresponding surface area fractions. Prolate
shapes were assumed.

Level densities were calculated in a usual parametriza-
tion of the equidistant-level approximation of the Fermi
gas model [47]. Whereas the original CASCADE routine
treats the disappearance of shell effects in a linear inter-
polation scheme for the level density parameter, we chose

TABLE II. 2%Si+!®®*Ho measured and calculated proton
and a-particle multiplicities. SM calculations use emitter axis
ratio 1.3 and @»(U) =A/(8.2 MeV + 3.0U/A). Uncertainties
are discussed in the text.

Ep,-oj TER (exp.) TER (SM) QER (exp.) QER (SM)
145 MeV  0.14+0.04 0.14 0.114+0.04 0.13
166 MeV  0.31+0.08 0.31 0.30+0.12 0.30
193 MeV  0.50+0.13 0.56 0.59+0.24 0.53
216 MeV  0.62+0.16 0.78 0.69+0.28 0.70
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TABLE III. '®*0+'°"Au measured and calculated proton
and a-particle multiplicities. SM calculations use axis ratio
1.3 and a,(U) =A/(8.2 MeV + 4.3U/A).

Epmj TER (exp.) TER (SM) QER (exp.) QER (SM)
114 MeV  0.1440.04 0.12 0.17+0.07 0.18
138 MeV  0.41+0.10 0.30 0.4610.18 0.49

to incorporate the more physical description presented by
several authors [10,12,14,48]:

-U
anzdn[l+%(1—exp E,,)]’

with U = F — E,ot + 6P. The shell and pairing energy
corrections relate to the difference between empirical and
liquid drop masses, §S + 0P = M — My,p, and the damp-
ing energy E, was taken to be 18.5 MeV [10]. For a
standard value, a constant @, = A/9 (MeV) ™" was used,
close to that of [10,11] and in agreement with the neutron
resonance systematics. To facilitate direct comparisons
with related works in the literature, we began with the
common procedure of keeping a,, a constant, but varying
it as a parameter.

For a more realistic description, we performed calcu-
lations using an energy-dependent @, (U), guided by the
description of Shlomo and Natowitz [26] which follows
a linear variation in (U/A) for the relevant energies in-
volved here. From a curve shown in [26], we parametrized

a,(U) as

A
" 8.2 MeV + kU/A’

an(U) 1)
with k = 4.3 fitting the results presented for A = 210
(similar to the masses involved in this work). This form
also agrees with the systematic trend of the neutron res-
onance data, allowing us to test different energy depen-
dences through modifications of the factor x, without
producing inconsistencies at low energies.

Rotational (yrast) energies were taken from the rotat-
ing liquid drop model (RLDM) [49]. These are very small
for heavy systems, i.e., Erot < 5 MeV for the partial
waves leading to ER’s, making the calculations insensi-
tive to their precise magnitude.

Fission channel competition involves several other pa-
rameters whose effects are difficult to isolate. However,
the ER-associated particles are not sensitive to the spe-
cific combination of fission parameters as long as the
calculations yield the same ER cross sections. (Even
large changes in the fission competition, which severely
influence ER cross sections, correlate only loosely with

TABLE IV. '0+2°®Pb measured and calculated proton
and a-particle multiplicities. SM calculations use axis ratios
1.45,1.4 and @, (U) =A/(8.2 MeV + 8.5 U/A).

Epro; mer (exp.) 7er (SM) agr (exp.) oarr (SM)
114 MeV  0.13+0.03 0.12 0.2240.09 0.32
138 MeV  0.27+0.07 0.29 0.56+0.22 0.52
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TABLE V. Cross sections and related parameters used in
the SM calculations (as described in text).

Reaction ocn (mb) Jmax Ogr (mb) ky aj/an
145 MeV 28Si+!%*Ho 450 45 219 09 1.01
166 MeV 28Si+1%Ho 920 70 214 0.9 1.01

193 MeV 28Si+'%°Ho 1000 70 156 09 1.01
216 MeV 28Si+'%%Ho 900 70 147 0.9 1.01
114 MeV %0+°"Au 1050 50 69 1.0 1.03
138 MeV ®O+'°7Au 1400 64 57 1.0 1.03
114 MeV °0+2%Pb 1150 52 8 09 1.04
138 MeV 0+2%%Pb 1450 65 11 0.9 1.02

the preresidue particle spectral shapes.) The final val-
ues of the fission parameters used are listed in Table V.
The parameters were chosen to best describe the mag-
nitude and shape of the ER excitation function for each
system, where possible parameter variation with energy
was avoided for the sake of simplicity. They were varied
within what we consider reasonable limits. The factor k¢
scaling the fission barrier heights from the rotating finite
range model (RFRM) predictions [50] was held within
10% of ky = 1. The ratio a7/d, of the saddle point
to equilibrium shape level density parameters was kept
within 1.0 < @f/a, < 1.1, the range described in various
experimental and theoretical determinations for heavy
systems [10,11,51-53]. Fission time delays were not im-
plemented in the standard calculations. (The discussion
in the appendix provides some examples of how changes
in fission parameters specifically influence ER cross sec-
tions for the 28Si+!%5Ho reaction.)

B. Comparisons with charged particle data

The standard SM caleulations failed to describe ade-
quately the measured proton and a-particle spectra. The
calculated spectra are generally too soft. Furthermore,
for o particles, the calculated spectra peak at higher
energies than the data. It is found that including sig-
nificant effective emitter deformation gives the correct
peak energies and that modifications in the level den-
sity description lead to correct high energy slopes. We
also show that without the constraint on the level den-
sity description from the neutron resonance systematics,
the data here would not distinguish between the use of a
constant @,, and an energy-dependent @, (U). The forms
which reproduce the data are described below and their
plausibility and implications will be discussed in the next
section.

Calculations for 23T1* with the standard value &, =
A/9 (MeV)™! and a spherical emitter shape are com-
pared to the data in Fig. 2. The effect of varying the
emitter deformation (as exhibited in the T;’s) is illus-
trated using larger emitter axis ratios of 1.3 and 1.5 [while
keeping d, = A/9 (MeV)™']. Deformation influences a-
particle spectra more severely than it does proton spec-
tra as observed previously [6,54]. A 1.3 axis ratio brings
the calculation into good agreement with the low energy
portion of the data. To describe the high energy slopes

using a constant &,, its value must be reduced. Calcu-
lations assuming axis ratio 1.3, but varying a, between
A/9 (MeV) ™" and A/13 (MeV) ', are shown in Fig. 3.
The choice G, = A/11 (MeV) ™}, along with axis ratio
1.3 produces the best description of both proton and a-
particle spectra at all four excitation energies. In the
energy-dependent parametrization of (1), the theoreti-
cal energy dependence from [26], produces harder spec-
tra than those measured for the higher beam energies
(see Fig. 3). Using a reduced factor k = 3.0, however,
does result in satisfactory fits of the data which are es-
sentially indistinguishable from the @, = 4/11 (MeV)™*
curves. The predicted charged particle multiplicities do
not change dramatically with any of these variations, and
agree with the data within the uncertainty of the effi-
ciency determinations (see Table II).

The 213Fr* particle spectra have poorer statistics which
limit conclusions about the system. However, emitter de-
formation similar to that in 1°3T1* is clearly needed. This
together with either a constant level @, = A/11 (MeV)™?
or the energy-dependent a, (U) of (1) with k = 4.3 (com-
patible with [26]) produces satisfactory results for spec-
tral shapes and multiplicities (shown in Fig. 4 and Table
I1I).

The 224Th* spectra deviate more significantly from
the predictions of the standard calculations. To de-
scribe the spectra, a larger effective emitter deformation
appears necessary at 114 MeV than at 138 MeV. The
dn = A/11 (MeV)™" or theoretical a,(U) level densi-
ties fail to produce hard enough spectra overall. Instead,
either x in (1) must be increased to 8.5, doubling the
expected dependence of [26], or a very small constant
an, = A/15 (MeV)_1 must be used in order to reproduce
the data. With either of these descriptions and emit-
ter axis ratios 1.45 and 1.4, the calculations show good
agreement with the spectral shapes and multiplicities.
(See Fig. 5 and Table IV.)

Table VI summarizes the parameter descriptions which
reproduce the charged particle data for the three systems.

C. Discussion

In light systems, reduced particle emission barriers
are usually understood in terms of spin-dependent shape
changes as predicted by the RLDM. In contrast, for
the heavy systems studied here, RLDM predictions sug-
gest almost spherical equilibrium shapes with axis ratios

TABLE VI. SM descriptions satisfactorily describing pre-
residue particle spectra in this work. (See text.)

Effective
CN deformation Level densities
193+ 1.3 an(U) = A/(8.2 MeV + 3.0U/A)
or @, = A/11 (MeV)™!
213y~ 1.3 @n(U) = A/(8.2 MeV + 4.3U/A)
or @, = A/11 (MeV) ™!
224Th* 1.45,1.4 @n(U) = A/(8.2 MeV + 8.5U/A)

or @, = A/15 (MeV)™!
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< 1.1 for the angular momenta relevant to ER produc-
tion. However, other effects may manifest themselves
in heavier systems. Specifically, there may be significant
nuclear shape fluctuations and/or dynamics not included
in the SM description. The possibility of dynamical ef-
fects being involved in charged particle decay in this mass
region has been discussed previously by several authors
[65,56]. The picture of the equilibrated nucleus decaying
from an equilibrium shape may be inadequate if parti-
cle emission occurs either during the composite nucleus
formation stage or while the nucleus evolves toward the
saddle configuration.

Fusion time scales were estimated for the reactions
studied here to be ~ 3 x 102! s using Feldmeier’s macro-
scopic model [57,58] incorporating one-body dissipation.
While these times are an order of magnitude shorter than
those expected for the more mass-symmetric system ex-
amined in [55], they are still comparable to the SM mean
lifetimes calculated in CASCADE. (SM lifetimes range
from about 1 to 10x1072! s at the initial compound nu-
cleus excitation energies.) Thermalization times should
be negligible, shorter than the dynamical times by an or-
der of magnitude [57]. Hence, statistical emission prior
to full relaxation of the compound nucleus shape cannot
be ruled out.

However, the large fissility of these systems and the
magnitude of current estimates of fission delay times sug-
gest that particle emission along the path to the saddle
point may be most important. The ~ 10 x 1072 s pre-
saddle time delay determined by Lestone et al. [32] would
allow charged particle evaporation from deformed shapes
in a system “trying” to fission. The resulting reduction in
fissility and excitation energy can significantly stabilize
such a system, enhancing its probability for winding up
in an ER channel. The fact that the larger effective de-
formations are evident in 224Th*, the most fissile system
studied here, supports this interpretation. This system
was also produced with the most asymmetric reaction,
again arguing against the dominance of entrance channel
effects.!

It should be noted, however, that even in a static
statistical picture, the deformations seen in the particle
spectra may simply reflect a Boltzmann averaging over
all possible configurations of the system. As pointed
out by Gaardhgje [59], even at temperatures as low as
T > 1 MeV, the sampling of a broad range of shapes
in the rather flat potential energy surfaces of heavy sys-
tems can be considerable. The available energy is rela-

!Prefission proton and a-particle spectra from a system
studied in the present work, 2**Fr*, were presented by Ike-
zoe et al. [20] and are suggestive of an even larger emitter
deformation than determined for our preresidue data. In our
calculations, an axis ratio of ~1.7 is needed to describe the
“compound nucleus” components of their prefission spectra.
This is still well within the saddle point deformation (with
axis ratio ~2.3), but appears to support the idea that charged
particle emission continues to occur while the compound nu-
cleus evolves toward a saddle shape.

tively unchanged even at the saddle point deformations
for these systems, as indicated by the small fission barri-
ers (zero angular momentum RFRM values are By = 12,
8, and 6 MeV, for 193TI1*, 213Fr*, and 224Th*, respec-
tively). Quantitative calculations of shape fluctuation
effects for particle decay in these systems are not avail-
able at present; a more elaborate statistical code would
be required than is currently implemented.

It is clear, therefore, that particle evaporation from
deformed emitters is not surprising in this mass region.
While the standard SM cannot distinguish between the
various mechanisms which can produce this effect, it can
successfully describe the data through the adoption of
effective emitter deformations.

The nuclear level density descriptions used in this work
are shown in Fig. 6 (calculated for 224Th* here for illus-
tration). In the SM, the variation of level density with
daughter excitation energy, Ej, essentially determines
the high energy shape of a particle spectrum. This fol-
lows from the direct relation between the particle energies
€ and the parent and daughter excitation energies:

e=FE; —E;—S,

with S specifying the particle separation energy. The
spectral shape does not depend on whether a constant
@, or an energy-dependent a,(U) is used if the resulting
shapes of p(E}) are the same for the relevant range of
energy. In the present reactions, since the high energy
parts of the spectra are dominated by emissions from
“first stage” decays, the energy range probed falls be-
low the initial CN excitation energy, E¢y, at roughly
(E&y — 30 MeV) S E* S (E&y — 15 MeV). For exam-
ple, in Fig. 6, the a,(U) = A/(8.2 MeV + 8.5U/A) and
a, = A/15 (MeV)_1 descriptions show similar shapes in
p(E*) between 30 and 70 MeV. Consequently, these pro-
duce similar particle spectral shapes for 224Th* at the
initial excitation energies produced. The acceptable de-
scriptions determined for ®3TI1* and for 2!3Fr* compare
in the same manner.

To decide on the appropriate form, one must appeal
to evidence from a broader energy range. The extensive
neutron resonance systematics at low energy clearly favor
an ~ A/8 or A/9 (MeV) " and so constrain the level
densities in that region. The spectral shapes at higher
energies then determine not only the p(E*) shape in a
limited energy region, but also establish its magnitude
and energy dependence over a wide range of excitation.
The data presented in this work, therefore, support the
energy-dependent a, (U) forms listed in Table VI.

The differences between the descriptions needed for the
three systems are not understood. The a,(U) energy
variation shown in [26] does depend somewhat on mass.
In our parametrization (1), one expects x would change
by ~15% over the limited mass range studied here. How-
ever, the data show a much larger variation for the three
systems; k varies by a factor of ~ 3. To further inves-
tigate these issues, more studies in this mass region and
over a wider energy range are indicated.

One possible direction for future study involves the
determination of the decay lifetimes for such systems us-
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FIG. 6. Level densities for >*Th* (at 20 %) with the various
level density forms described in the text: @, = A/11 (MeV)™*
(short dashed), a,(U) = A/(8.2 MeV + 3.0U/A) (solid),
a,(U) = A/(8.2MeV + 4.3U/A) (dotted), an(U) =
A/(8.2MeV + 8.5U/A) (long dashed), and
Gy = A/15 (MeV) ™! (dot-dashed).

ing particle-particle small-momentum correlations [60].
In the SM, lifetimes derive directly from the total de-
cay widths, potentially offering an additional tool for
examining level densities. The level density forms with
small constant a,,’s result in shorter mean lifetimes than
those with standard values; the variable &,(U) forms
produce lifetimes which are shorter still. As an exam-
ple, for the !°3T1* system at E&y = 126 MeV, the
level densities which equally well describe the parti-
cle spectra, with a,(U) = A/(8.2 MeV + 3.0U/A) and
n = A/11 (MeV) ™}, give significantly different SM life-
times; at J = 0, these are 0.7x1072! s and 1.4x107%! g,
respectively. Determination of the lifetimes may there-
fore provide new insight into nuclear level densities.

The present SM results have significant implications
on current estimates of fission delay times. The effect of
both the level densities and emitter deformations deter-
mined would be to enhance particle emission over fission
competition compared to those in standard SM calcu-
lations. This would lead to shorter deduced fission de-
lays needed to describe prescission light particle or y-ray
emission data. We should point out, however, that the
extent of the variation in SM parameters seen even for
the ER-associated data suggests that increasingly quan-
titative demands on the SM for these reactions may not
be appropriate. The dynamical effects discussed above
dictate the importance of calculations merging dynamics
with statistical decay. Such treatments are beginning to
appear in the literature [61,62].

IV. SUMMARY

We have measured evaporation residue-gated proton
and a-particle energy spectra and multiplicities from
1937]*, 213Fy* . and 224Th* composite nuclei produced at
moderate excitation energies. Results from all three sys-
tems suggest emitter deformation and so demonstrate the
need to consider dynamical effects and/or nuclear shape
fluctuations in a statistical model description of evapo-
rative particle decay.

The measured spectra also exhibit harder shapes than
those predicted by standard SM calculations. A satisfac-
tory description of the data is obtained using either small
constant level density parameters, or level density param-
eters with various energy dependences. Constrained by
the trends from level density systematics at low ener-
gies, the latter is more appropriate and gives a reliable
description of the magnitudes of level densities over a sig-
nificant energy range. The theoretical description of level
densities from [26] adequately described some but not all
of the data. Additional studies in this mass region and
extended to higher energies would be desirable.
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APPENDIX: 2%Si{165Ho ER CROSS SECTIONS

Residue cross sections for 28Si+1%5Ho are presented in
Fig. 7. Using the parameter descriptions extracted from
the charged particle spectra, SM predictions are com-

T T ’ T T T l T T T
200 |
=
£
< 100 -
b |
50 |
| 1 | i | I 1 ’ | | | I
120 160 200 240

Eproj (MeV)

FIG. 7. 2Si+!%%Ho measured and calculated ogr. SM cal-
culations use @s/dn» = 1.02, with 0.9xRFRM barriers and no
presaddle delay (solid), 0.9 x RFRM barriers and a 9x 1072 s
presaddle delay (dashed), and temperature-dependent bar-
riers and no presaddle delay (dotted). Calculations includ-
ing delay with either temperature-dependent barriers and
af/an = 1.02 or 0.9XxRFRM barriers and as/a» increased
to 1.04 give results similar to the solid curve.
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pared with the data. The effects of modifying parame-
ters which specifically affect the fission competition were
explored.

Taking ds/d, = 1.02 and using RFRM fission barriers
reduced by 10% results in a satisfactory description of
the data. Imposing a 9x1072! s presaddle fission delay
as described in the recent work by Lestone et al. [32], the
calculated excitation function is raised above the mea-
sured values as shown. Increasing ag/a, slightly to 1.04
compensates and brings the prediction back in line with
the data. This value is still well within conventional lim-
its and it illustrates the well-known sensitivity to very

small variation in ay/a,.

Alternatively, a reduction of fission barriers with tem-
perature, as suggested by Newton et al. [63], can also
have a dramatic influence on ER survival. By itself, this
effect causes the predicted ER cross section to decrease
too rapidly with energy. In combination with the fission
delay, and keeping as/a, = 1.02, the data can again be
described well.

In summary, the ER cross section data by itself cannot
be used to confirm (or to preclude) current ideas about
dynamical delay times or temperature-dependent fission
barriers within the present uncertainties of the SM.
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