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Charged-particle evaporation from hot 164Yb compound nuclei and the role of 5He emission

R. J. Charity, M. Korolija,* D. G. Sarantites, and L. G. Sobotka
Department of Chemistry, Washington University, St. Louis, Missouri, 63130

~Received 27 February 1997!

A systematic study of the decay properties of164Yb compound nuclei with excitation energies of 100–300
MeV was performed. The emission patterns of light charged particles detected in coincidence with evaporation
residues produced in64Ni1100Mo and 16O1148Sm reactions have been measured and compared to statistical
model predictions. There is found to be significant disagreement between the experiment and the model
calculations in the magnitude of the multiplicities and the peak position in the energy spectra. For deuterons
and tritons, significant nonstatistical components were present at all excitation energies. The proton energy
spectrum did not exhibit any entrance-channel dependence at an excitation energy of;170 MeV. However for
a particles, there is an enhancement in the spectrum at the lowest kinetic energies for the more symmetric
reaction. It is suggested that the emission and subsequent decay of5He fragments, can account for a large
fraction of the apparent, and often reported, decrease in the Coulomb barrier fora particle emission.
@S0556-2813~97!02408-4#

PACS number~s!: 25.70.Jj, 24.60.Dr
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I. INTRODUCTION

The study of the decay properties of hot nuclei produc
in heavy-ion collisions is an active field of investigation. F
reactions which are associated with compound nucleus e
tation energies of less than 300 MeV, data are routinely co
pared to predictions of statistical model calculations. A s
stantial number of studies have concluded that the peak
the experimental charged-particle energy spectra are sh
down in energy compared to predictions for the statisti
decay of spherical nuclei@1–8#. This shift has often been
interpreted as a lowering of the average Coulomb barrier
to deformation or due to a large surface diffuseness. H
ever, the interpretation of results for lighter systems@1,3#
have been controversial@9,10#.

Dynamical fusion models@11# predict that the initial
fused object can be quite deformed and the time period
quired for shape equilibration can be long~10 zs!. Charged-
particle emission during this period will be affected by th
deformation@12# and may contribute to the lowering of th
Coulomb barriers@13#. The nature of the predicted fusio
dynamics depends greatly on the entrance-channel m
asymmetry. Entrance channels with mass asymme
greater than that of the Businaro-Gallone peaks in
potential-energy surface are associated with shorter fu
times and little deformation during fusion. On the oth
hand, those with smaller mass-asymmetries have longe
sion times, during which the fused system is more deform
These predictions lead to a dependence of the deexcita
process on the entrance-channel mass asymmetry.

For reactions with bombarding energies near their fus
barrier, experimental investigations of the yield of energe
cally ‘‘expensive’’ decay products such as deuterons, trito

*Present address: Rudjer Boskovic Institute, Zagreb, Republi
Croatia.
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and high-energyg rays have shown dependences on the
trance channel’s mass asymmetry@12,14#. If interpreted in
terms of fusion dynamics, the data imply longer time sca
for the shape equilibration than is predicted. At higher bo
barding energies where decay rates for light particle emiss
are much larger, the observation that the shape of tha
particle energy spectrum is independent of entrance-cha
mass asymmetry@6,8# has cast some doubts on the extent
which fusion dynamics influences the deexcitation proce

Other discrepancies between statistical model simulati
and experimental data exist. Goninet al. @4# report experi-
mental charged-particle multiplicities at large excitation e
ergies which are significantly lower than statistical mod
estimates. Another study found that evaporation resid
were, on average, more neutron deficient than expected@15#.
The extent to which charged particle multiplicities are co
rectly predicted at large excitation energies is clearly in ne
of further study.

With these considerations in mind, we have continued
investigation of the energy spectra and angular distributi
of charged particles detected in coincidence with evapora
residues to study the decay of164Yb compound nuclei. In our
original study @16,17#, the 164Yb compound nuclei were
formed with an excitation energy of 54 MeV and the dom
nant decay modes were well described by statistical mo
calculations. Only the rare deuteron and triton decay ch
nels were found to have a significant dependence on
entrance-channel mass asymmetry@12#. In the present work,
the 64Ni1 100Mo reaction is used to follow the decay prop
erties of164Yb compound nuclei fromE* 5100 to 280 MeV.
In conjunction with this, a search for an entrance-chan
dependence of the deexcitation process is made atE* 5170
MeV using the same set of reactions as the original stu
16O1 148Sm and 64Ni1 100Mo. These two reactions hav
mass asymmetries which straddle the Businaro-Gall
value.

In this work, we also will present an alternative explan
of
873 © 1997 The American Physical Society
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874 56CHARITY, KOROLIJA, SARANTITES, AND SOBOTKA
tion of the apparent reduction in the Coulomb barriers
served in the energy spectra ofa particles. The emission o
the particle-unstable5He ground state will be shown in sta
tistical model calculations to account for a large fraction
the low-energya particles observed at large excitation en
gies.

The experimental apparatus used for the detection
evaporation residues and light charged particles is discu
in Sec. II. The results are presented and compared to s
dard statistical model predictions in Sec. III. A discussion
the disagreement between the experimental results and
statistical model calculations and an examination of so
possible explanations, including5He emission, can be foun
in Sec. IV. Finally in Sec. V, the conclusions of this work a
summarized and suggestions for the directions of furt
studies are presented.

II. EXPERIMENTAL METHOD

The decay of the compound nucleus164Yb was studied by
bombarding beams of64Ni and 16O projectiles on targets o
100Mo ~0.30 mg/cm2) and 148Sm ~0.86 mg/cm2), respec-
tively. The nickel beams of bombarding energiesE/A55.0,
6.8, 9.0, and 10.0 MeV and the oxygen beams
E/A513.4 MeV were extracted from the ALTAS accelerat
facility at the Argonne National Laboratory. The beams we
bunched with pulse widths of less than 1 ns.

Evaporation residues were detected in an annular par
plate avalanche counter~PPAC! centered at zero degree
with its anode subdivided into six concentric rings. The d
tance between the counter and the target was adjusted
pending on the reaction, to obtain an optimum sampling
the residue angular distribution. The maximum and mi
mum angles covered by the PPAC are listed in Table I
each reaction. Evaporation residues were separated
other reaction products by measurements of their energy
in the PPAC gas volume and the time of flight to the PPA
Absolute evaporation residue cross sections were determ
from the beam charge collected in a Faraday cup.

Light charged particles evaporated from the compou
nuclei were detected with the Microball CsI~Tl! array~Reac-
tion version! @18#. The first ring of the Microball was re
moved to avoid shadowing the PPAC and the seventh
was not operational in this experiment. Therefore, lig
charged particles were detected in seven rings of detec

TABLE I. For each of the reactions studied in this work, t
compound nucleus excitation energy is listed as well as the dist
between the target and PPAC and the resulting angular accep
of the PPAC.

Excitation PPAC-target PPAC
E/A energy distance angular rang

Projectile ~MeV! ~MeV! ~cm! ~deg!

64Ni 5.0 102 36.1 1.526.6
64Ni 6.8 170 36.1 1.526.6
64Ni 9.0 258 27.0 1.928.9
64Ni 10.0 296 36.1 1.526.6
16O 13.4 170 20.1 2.6211.7

16.3 3.2216.8
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covering the full angular range from 14° to 171° except
a break from 100° to 123°. The central angle of each ring
listed in Table II. In order to eliminate the large counting ra
due to elastically scattered projectiles, Pb absorbers w
placed in front of the CsI~Tl! crystals in rings 2 and 3 with
thicknesses of;133 and 74 mg/cm2, respectively. For all
other detectors, 5 mg/cm2 Sn-Pb absorbers were used to r
duce the counting rate fromd electrons and x rays.

The light output of the CsI~Tl! crystals was assumed t
vary linearly with particle energy for the hydrogen isotope
The absolute calibrations of the light output of all detecto
were obtained from the energy at which these fragme
punched through the CsI~Tl! crystals. This energy was ca
culated from the tables of Janni@19#. For a particles, the
functional dependence of the light output on energy w
taken from Ref.@18#, with coefficients modified in order to
fit data points obtained from a232U a source and from elas
tically scattereda particle beams of energies 21, 35, and
MeV.

III. RESULTS

The energy spectra and angular distributions of char
particles and evaporation residues will be presented in
section. As they are presented they will be compared to p
dictions of standard statistical model calculations. By st
dard we mean, calculations typically used by other auth
when comparing to data including onlyn, p, d, t, 3He, a,
g-ray, and symmetric fission decay channels. In this case
calculations were performed with the statistical model co
GEMINI @20,21#. The level density parameter was obtain
from Lestone’s temperature-dependent parametrization@22#
modified to account for the fading influence of the groun
state shell corrections@23#. Transmission coefficients wer
obtained from the incoming-wave boundary-condition calc
lations@24# using real nuclear potential obtained from glob
optical model fits@25–29#.

Particle emission angles were obtained from a quan
mechanical treatment, the projection of the initial compou
nucleus spin along the beam axis was assumed to be
(m50!. The projections of the spins of all particles and th
orbital angular momenta were chosen using Clebsch-Gor
coefficients. Theu angle of an emitted particle with angula
momentum quantum numbersm and l , was taken to have

ce
nce

TABLE II. Center angle for each Microball ring and the numb
of detectors per ring.

Ring Center angle No. of detectors

1
2 21° 10
3 36° 12
4 52° 12
5 70° 14
6 90° 14
7
8 135° 10
9 159° 6
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56 875CHARGED-PARTICLE EVAPORATION FROM HOT164Yb . . .
the distributionuPl
umu@cos(u)#u2sin(u), wherePl

m is the associ-
ated Legendre polynomial of the first kind. Finally to ta
into account the experimental biases, only simulated ev
which pass a ‘‘detector filter’’ were used for comparis
with experimental data.

A. 64Ni1100Mo

1. Evaporation residues

Angular distributions of evaporation residues obtain
from the four 64Ni-induced reactions are shown in Fig.
The angular ranges subtended by each annular ring of
PPAC are indicated by the horizontal error bars. The vert
error bars show only the statistical uncertainty. The syste
atic uncertainty due to absolute normalization of the Fara
cup and to the estimate of the average residue charge
@30# is 625%. The standard statistical model predictio
indicated by the solid curves, have been normalized to
yield in the first two rings. They do a reasonable job
reproducing the shape of the angular distributions. Howe
for theE/A59.0 and 10.0 MeV reactions, the predicted d
tributions are slightly narrower than the experimental dat

FIG. 1. Experimental evaporation residue angular distributi
obtained in the64Ni1100Mo reactions are compared to the statis
cal model predictions indicated by the curves. The dashed cu
were obtained from calculations including5He emission while, for
the solid curves, this fragment was excluded. For clarity, the res
for the higher bombarding energies have been scaled by the
cated factors.
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The effect of multiple scattering of the evaporation re
dues in the target was investigated. The magnitude of
scattering was estimated from Refs.@31,32# and was found to
have little effect on the shapes of the angular distributio
The predictions in Fig. 1 include the predicted smearing d
to this effect.

Evaporation residue cross sections were obtained by i
grating the angular distributions. They are plotted as so
points in Fig. 2~a! as a function of the excitation energy o
the compound nucleus. The error bars contain the system
uncertainties mentioned previously plus the uncertainty as
ciated with extrapolating the angular distributions to ze
degrees. This uncertainty is largest for theE/A55.0 MeV
reaction where theGEMINI predictions suggest that 34% o
the residues passed inside of the inner edge of the PPAC
thus were not detected. This bias in selecting the evapora
residues will have consequences when discussing the m
sured angular distributions ofa particles in Sec. III A 4.

Also plotted in Fig. 2~a! are 64Ni1 100Mo evaporation
residue cross sections measured by Rehmet al. @33# for bom-
barding energies located near the Coulomb barrier. In c
trast to these lower energy results, the residue cross sec
at the higher energies are no longer rising rapidly, but
crease slowly with increasing bombarding energy. This
havior is expected when the partial waves associated w

s

es

ts
di-

FIG. 2. ~a! Experimental evaporation residue excitation fun
tions measured for the64Ni1100Mo reactions in this work~solid
symbols! and from Ref.@33# ~open symbols!. ~b! Values of the
maximum partial waves contributing to evaporation residue prod
tion are plotted as a function of the compound nucleus excita
energy. The two curves indicate statistical model predictions
tained withaf /an51.00 ~dotted curve! and 1.06~solid curve!.
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876 56CHARITY, KOROLIJA, SARANTITES, AND SOBOTKA
evaporation residues are limited by competition with equil
rium fission or nonequilibrium exit channels such as f
fission or deep inelastic scattering. If the maximum par
waves associated with residue formation saturate at a v
l 0, then the residue cross section is approximately

sER5p|2~ l 011!2, ~1!

assuming a sharp transition from residue formation to fiss
The residue cross section therefore decreases with increa
bombarding energy due to the 1/Ec.m. energy dependence o
the quantity|2. The quantityl 0 is plotted in Fig. 2~b! and
we see that it saturates at;65\.

In reality l 0 may only approximately saturate. This
illustrated by the curves in Fig. 2 which were obtained fro
two statistical model calculations, one whereaf /an , the ra-
tio of level density parameters at the saddle point and at
equilibrium deformation, is unity~dotted curve! and the
other is foraf /an51.06 ~solid curve!. Neither of these two
curves is exactly flat, however, and more importantly, th
indicate that the data are consistent with intermediate va
of af /an . This result may suggest that competition wi
equilibrium fission is limitingl 0. Alternatively one may as-
sume that fusion reactions are restricted tol waves for
which the initial fission barrier is larger than the initial tem
perature~a condition necessary for strict application of t
transition state theory of statistical fission!. Using Sierk’s
fission barriers@34# the limiting value ofl 0 for fusion reac-
tions from this condition is;70 \ which is also consisten
with the data. However, the above condition may be
simplistic especially if the fusion time is long and significa
angular momentum is removed by particle evaporation d
ing this phase. As an alternative condition, we have assu
that fusion is still possible if after some delay time associa
with the fusion dynamics, the angular momentum-depend
fission barrier becomes larger than the temperature of
system. Within this scenario,GEMINI simulations predict tha
delay times of 20 zs or greater would generate an unobse
enhancement in the residue yield at the two highest b
barding energies. The angular momentum loss during
delay time was calculated both with a spherical compo
system and with a highly deformed prolate shape with
three to one ratio of major to minor axes. The lack of
enhancement in the residue cross section suggests tha
l waves of magnitude 70\ or greater, either the delay perio
is too small to allow for the development of a pocket in t
potential energy surface or that the collision dynamics do
allow the system to fall into this pocket.

The saturation inl 0 is important as it implies that the
partial-wave distributions associated with evaporation re
dues are approximately equivalent for the four bombard
energies. Therefore, any bombarding energy dependenc
the charged-particle multiplicities and angular distributio
are associated with either the evolution of the excitation
ergy or fusion dynamics, but not with differences in the sp
distributions. The two values ofaf /an were chosen to spa
the uncertainty associated with the experimental values
sER or l 0. As such, calculations with these two values
af /an are useful to determine how the uncertainty in t
partial-wave distributions affects the predicted charged p
ticle multiplicities and angular distributions. In general t
-
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effects are small, largerl waves are predicted to have in
creaseda particle emission and decreasedp,d,t emission.
The predictedp,d,t, and a multiplicities differ by at most
9% for the two values ofaf /an . In the following sections,
only GEMINI predictions withaf /an51.00 will be presented
however, the general conclusions drawn from comparis
of the statistical model predictions with the data are identi
for af /an51.06. The largest effect of changingaf /an is on
the a particle angular distributions which will be discusse
in Sec. III A 4.

2. Proton evaporation

The measured angular distributions and energy spectra
charged particles measured in coincidence with evapora
residues were transformed event-by-event into the reac
center-of-mass frame~c.m.!. Because of the large compoun
nucleus velocity, of those particles emitted backwards, o
those with the largest emission velocities have laborat
energies sufficient to exceed the particle identificat
threshold. Therefore, for rings 8 and 9 of the Microball~the
two most backward rings! only the exponential tails of en
ergy spectra were measured.

For protons, the associated center-of-mass energy sp
obtained with each Microball ring are very similar in sha
and magnitude. To highlight the similarity in shape, the e
ergy spectra for each ring were scaled to the yield in ring
These spectra are displayed in Fig. 3 for the four bombard
energies. The degree to which the spectra are similar ca
gauged by the overlap of all the curves. Note for rings 8 a
9 where only the exponential tails of the spectra were ab
threshold, one can only conclude that the slope of these
are consistent with those from the other rings.

A detailed examination of the spectra reveals that
largest deviations between rings occurs for the very hi
energy tails of theE/A59.0 and 10.0 MeV data. Here, th
forward-angle rings show slightly harder tails indicating t
onset of pre-equilibrium emission. This effect will be di
cussed later, but it should be stressed that these an
dependent deviations are very small and overall the shap
the proton energy spectra are almost independent of ang

The magnitude of the differential proton multiplicity als
shows little angular dependence. The proton angular dis
butions are displayed in Fig. 4. The differential proton m
tiplicity for each ring, obtained by the integrating the ass
ciated energy spectra, are plotted versus the average pr
center-of-mass angle. For rings 8 and 9, the shapes of
proton spectra determined with the other rings were use
extrapolate below the low-energy threshold. Within the e
perimental uncertainties, these center-of-mass angular d
butions are isotropic, consistent with statistical emissi
From the average values ofdm/dV ~indicated by the lines in
Fig. 4!, the proton multiplicities, plotted in Fig. 5, were ex
tracted. TheGEMINI predictions, which are indicated by th
curve in this figure, follow an excitation energy dependen
which is similar to that exhibited by the experimental mul
plicities. However, these predicted multiplicities are cons
tently 40–60 % larger than the experimental values.

The GEMINI simulations predict that the proton angul
distributions are isotropic, as was found experimentally.
Fig. 6, the simulated energy spectra are compared to
experimental results obtained from ring 5, for which a
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56 877CHARGED-PARTICLE EVAPORATION FROM HOT164Yb . . .
FIG. 3. Experimental proton energy spectra obtained from
64Ni1100Mo reactions for each of the indicated Microball rings a
bombarding energies. To highlight the similarity in shapes,
curves have been normalized to the yield measured for ring
each bombarding energy. Symbols are used for rings 6, 7, and
indicate the values of the low-energy threshold. For clarity,
results from the higher bombarding energies have been scale
the indicated factors.
pre-equilibrium component is negligible. At all four bom
barding energies, the predicted spectra are in agreement
the data only at the very lowest proton energies~5–8 MeV!,
otherwise the calculated differential multiplicities are cons
tently larger. As a consequence, the simulated peak yield
the average proton energy are;1 MeV larger than the ex-
perimental values. However, the simulations do reprod
the slope of the exponential tail at all four bombarding en
gies.

3. Deuteron and triton emission

Deuterons and tritons detected in coincidence with eva
ration residues, show features which are even more diffi
to reconcile with statistical model predictions. In fact, th
clearly have a relatively large nonstatistical component. T
is illustrated in Fig. 7 where energy spectra for the thr
hydrogen isotopes detected in theE/A59.0 MeV reaction
are shown for rings 2 and 9~the most forward and mos
backward Microball rings!. For protons, one finds that th
high-energy tails are consistent in slope and magnitude,
cept at the very highest proton energies where a small n
statistical component enhances the forward angles.

In contrast, for deuterons and tritons one finds the ex
nential tails in the two rings differ in magnitude by a fact
of ;2. Therefore, these exponential tails have center
mass angular distributions which are forward peaked and
consistent with the expected behavior for statistical emiss
i.e., symmetry aboutuc.m.590°. Also shown in Fig. 7 are
energy spectra predicted by theGEMINI calculations. In con-
trast to the case for protons, the experimental spectra, for
forward angles at least, exhibit much harder exponential t
than predicted. In fact, the slopes of the tails are larger t
that predicted forfirst chanceemission. Clearly, high-energ
deuteron and triton emission is dominated by nonstatist
processes. Even more surprisingly, these observations
true at all four bombarding energies, including the lowest.
Fig. 8, the deuteron energy spectra, determined from ring
and 9, are shown as a function of bombarding energy.
forward peaked angular distributions of the high-energy
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FIG. 4. Experimental angular distribution
measured for protons in the64Ni1100Mo reac-
tions for the four indicated bombarding energie
The results depicted by the square symbols w
obtained by using the shapes of the forward an
spectra to extrapolate below the low-ener
threshold. The curves indicate the mean values
these differential multiplicities.



the
d
te

n-
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FIG. 5. Experimental multiplicities of pro-
tons, deuterons, and tritons measured in
64Ni1100Mo reactions as a function of compoun
nucleus excitation energy. The curves indica
the statistical model predictions obtained by i
cluding ~dashed curve! and excluding ~solid
curve! 5He emission.
e
e
r
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d 9
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-
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ated
FIG. 6. Comparison of experiment proton energy spectra m
sured with ring 5 of the Microball to standard statistical mod
predictions for the64Ni1100Mo reactions. For clarity, the results fo
the higher bombarding energies have been scaled by the indic
factors.
a-
l

ted

FIG. 7. Experiment energy spectra measured with rings 2 an
of the Microball obtained for protons, deuterons, and tritons in
E/A59.0 MeV 64Ni1100Mo reaction. The curves indicate the re
sults obtained from statistical model simulations. For clarity,
results for deuterons and protons have been scaled by the indic
factors.
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56 879CHARGED-PARTICLE EVAPORATION FROM HOT164Yb . . .
FIG. 8. Experimental deuteron energy spectra measured in r
2 and 9 of the Microball for the64Ni1100Mo reactions. For clarity,
the results for the higher bombarding energies have been scale
the indicated factors. The curves show the predictions of the st
tical model calculations.
and its much harder slope, relative to the statistical mo
predictions, are clearly present even at the lowest bomb
ing energy.

To estimate the total deuteron and triton multiplicitie
two approaches were followed. First for an upper limit, o
can assume that the dominant lower energy deuterons
tritons are essentially all due to statistical emission. In t
case, their angular distribution should be symmetric ab
uc.m.590°. The differential multiplicities from rings 2 to 6
where the complete energy spectra were measured, w
therefore fit with the sum of zeroth- and second-order L
endre polynomials which have the appropriate symme
For the lower limit, it was assumed that the shape of
energy spectra is independent of angle. The shapes of
ward angle spectra were then used to extrapolate below
low-energy threshold in rings 8 and 9. The resulting forwa
peaked angular distributions were then fit with the sum
zeroth-, first-, and second-order Legendre polynomials.

The final angular distributions and the two fits are d
played in Figs. 9 and 10 for deuterons and tritons, resp
tively. The differential multiplicities, depicted by the squa
symbols, were obtained from the extrapolation proced
and were only used in the second fit. The two fits produ
quite different results atuc.m.5180°, however, when inte
grating the total multiplicity this difference turns out to be
minor importance as the differential multiplicities a
weighted by sin(uc.m.) and the total multiplicities differ by no
more than 10%. Note that the angular distributions obtain
for E/A55.0 MeV are slightly peaked atuc.m.590°. This is
a consequence of the bias introduced by the range of ev
ration residue angles sampled by the PPAC. This bias wil
discussed further in the next section.

The deuteron and triton multiplicities are plotted as
function of excitation energy in Fig. 5. As the magnitude
the statistical component could not be extracted, these
also represent maximum limits for this quantity. In any ca
the plotted data are a factor of 2 or 3 lower than theGEMINI

gs
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FIG. 9. Experimental deuteron angular distr
butions measured in the64Ni1100Mo reactions
for the indicated bombarding energies. The r
sults depicted by the square symbols were o
tained by using the shapes of the forward ang
spectra to extrapolate below the low-ener
threshold. The curves show fits to the angular d
tributions obtained with and without the extrapo
lated data points~see text!.
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FIG. 10. Experimental triton angular distribu
tions from the 64Ni1100Mo reactions. See cap
tion of Fig. 9 for details.
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predictions. However as with the protons, the relative ex
tation energy dependence is correctly calculated.

4. a particle evaporation

a particles, because their mass is greater and their C
lomb barrier is larger, induce a more substantial recoil m
tion to the decaying system than do the other charged
ticles. As such they have a much larger influence on the fi
evaporation residue angle and hence there emission pat
are much more biased when this range of angles is restri
by the detector acceptance. Care was taken to include
bias in the statistical model simulations before comparing
the data.

The measured~data points! center-of-mass energy spect
and the results from the standard calculation~solid curve! are
displayed in Fig. 11 fora particles detected in ring 5
(uc.m.;90°). As with the protons, the simulations reprodu
the slope of the exponential tail. However, unlike the p
tons, the experimental magnitude of the tail is approximat
reproduced in the simulations. ForE/A55.0 MeV, the sta-
tistical model predictions reproduce both the low- and hig
energy regions. However, as the bombarding energy
creases, theGEMINI calculations increasingly underpredi
the low-energy region and, relative to the experimen
value, the position of the peak is shifted up higher in ener

The a particle angular distributions are displayed in F
12. As for the other particles, the shapes of the energy s
tra measured at forward angles were used to extrapolate
the low-energy threshold in rings 8 and 9. The resulting
gular distributions are approximately symmetric abo
uc.m.590° and are well fit with a combination of zeroth- an
second-order Legendre polynomials~see figure!. Therefore
they show no evidence of any substantial nonequilibri
component. The total multiplicities are also plotted as a fu
tion of excitation energy in Fig. 5. Unlike the other charg
particles, the magnitude of these experimental multiplicit
are in fair agreement with the standard statistical model
culations.

The bias introduced by the selected range of resi
angles is largest forE/A55.0 MeV. To explore this bias, the
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FIG. 11. Experimentala particle energy spectra obtained fro
ring 5 of the Microball in the indicated64Ni1100Mo reactions. The
curves show the predictions of statistical model calculations. T
solid curves were obtained when only the evaporation of parti
stable fragments was considered in theGEMINI code. For the other
curves~dotted and dashed! the evaporation of the particle-unstab
5He ground state was also included in the statistical model ca
lations. The dashed curve is associated with the lower5He Cou-
lomb barrier~see text!.
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FIG. 12. Experimentala particle angular dis-
tributions measured in the indicated64Ni1
100Mo reactions. The results depicted by th
square symbols were obtained by using t
shapes of the forward angle spectra to extrapol
below the low-energy threshold. The curves a
fits used to determine the total multiplicity.
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angular distributions, gated on evaporation residue an
(u lab

ER), are plotted in Fig. 13. The distributions show a rap
change in shape and magnitude asu lab

ER increases. This behav
ior is readily understood: to obtain the largest residue ang
multiple a particle emission is required and of course the
are emitted atuc.m.;90° ~collinearly!. Hence the angular dis
tributions are peaked nearuc.m.590°. For the smallest resi
due angles,a particle emission atuc.m.;90° must clearly be
suppressed and the angular distributions must display a m
mum nearuc.m.590°.

To quantify this effect, the ratioR9/5 of the differential
multiplicities from rings 9 and 5 is determined. This is a
proximately the ratio of the angular distributions
uc.m.5180 and 90°. These ratios are plotted as a function
residue angle in Fig. 14 for the four bombarding energ
For E/A55.0 MeV, it was predicted that approximately 34
~Sec. III A 1! of residues passed inside the inner edge of
PPAC and were not detected. From the experimental de
dence ofR9/5 on u lab

ER, one expects these evaporation residu
le

s,
e

i-

f
.

e
n-
s

to be associated with very large values ofR9/5. The unbiased
angular distribution will therefore have a much more pr
nounced minimum atuc.m.590° than is evident from the
present work. The effect is smaller for the other bombard
energies as the dependence ofR9/5 on u lab

ER is not as strong
and the fraction of the residues which pass inside the in
edge of the PPAC is expected to be reduced by a factor
or more.

The experimental bias also affects the measured m
plicities. Figure 15 shows the dependence of the experim
tal a particle and proton multiplicities on the residue ang
For the lowest bombarding energy, thea particle multiplic-
ity decreases rapidly asu lab

ER decreases. The range of resid
angles accepted by the PPAC therefore selects out ev
with larger a particle multiplicities. In the simulation this
bias results in a 30% increase in the average multiplicity
E/A55.0 MeV. The dependence of the multiplicities o
u lab

ER is much smaller for the other bombarding energies a
so this effect should be reduced. In these cases the sim
d
ves
tal

n

FIG. 13. Experimentala particle angular dis-
tributions obtained from theE/A55.0 MeV
64Ni1100Mo reaction gated on the indicate
evaporation residue detection angles. The cur
show fits to these data used to determine the to
multiplicity. For clarity, the curves have bee
scaled by the indicated factors.
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tions predict, at most, a 4% increase in the average dete
multiplicities relative to the unbiased results. The bias ha
negligible influence for the proton at all bombarding en
gies. Note, theGEMINI simulation indicated by the curves i
Fig. 15 reproduce theu lab

ER dependence of the experiment

FIG. 14. Experimental ratios of the differentiala particle mul-
tiplicities measured in rings 9 and 5 of the Microball plotted as
function of the angle at which the evaporation residue was detec
The solid and dotted curves show the results of statistical mo
calculations obtained withaf /an51.06 and 1.00, respectively.
ed
a
-

multiplicities reasonably well, though as noted in Se
III A 2, the magnitude of the proton multiplicity is consis
tently overpredicted by the simulations.

The GEMINI calculations approximately reproduce th
shapes of the measured angular distributions. The predi
values ofR9/5 are compared to the experimental results
Fig. 14. The predictions show some sensitivity to the va
of the maximum partial wave (l 0) which contributes to resi-
due formation ~see Sec. III A 1!. Results obtained with
af /an51.00 and 1.06 are indicated by the dotted and so
curves, respectively. The former of these is associated w
the largerl 0 values and is in better agreement with the e
perimental data. Inclusion of even higher partial wav
would further improve the agreement at the largest bomba
ing energies. Both calculations give approximately the c
rect dependence ofR9/5 on u lab

ER.

B. 16O1148Sm

For the oxygen-induced reaction, because of the lar
beam velocity, incomplete fusion processes become m
important. An examination of the energy spectra of
charged particles detected in coincidence with evapora
residues reveals a strong nonstatistical component at the
ward angles, especially fora particles. Therefore in this pa
per only the spectra obtained from rings 8 and 9, the m
backwards rings of the Microball, will be presented.

1. Evaporation residues

Before examining the energy spectra, it is important
determine the degree of fusion associated with these eve
The velocity of the evaporation residues were measure
two PPAC-target distances~16 and 20 cm! to check for any
large systematic errors. Absolute time-of-flight measu
ments were obtained using elastic scattering to determine
time zero. The time zero is expected to be similar for re
dues and elastically scattered projectiles as they both
duce signals of similar pulse height in the PPAC, i.e., th
are no walk corrections. In calculating the systematic unc
tainty, the error in determining the time zero is assumed

d.
el
ion

e
by
FIG. 15. Average multiplicities of proton and
a particles measured as a function of evaporat
residue detection angle for the indicated64Ni1
100Mo reactions. For clarity, the results from th
higher bombarding energies have been scaled
the indicated factors.
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FIG. 16. Experimental average evaporatio
residue~open symbols! and compound nucleus
~solid symbols! velocity components along the
beam axis measured in the16O1148Sm reaction.
The dotted lines indicate the reaction center-o
mass velocity and the solid curves show the p
dictions of theGEMINI simulations. The results
are shown when either a proton, a heavier hyd
gen isotope, or ana particle is detected in rings 8
and 9, the most backward Microball rings.
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be less than 2 ns. Corrections for the average energy los
the thick Sm target were obtained from Ref.@31#.

The average component of the residue velocity along
beam axis is plotted in Fig. 16~open data points! as a func-
tion of u lab

ER when either a proton, a heavier hydrogen isoto
or an a particle is detected in rings 8 or 9. The results o
tained with the target-PPAC separations of 20 and 16 cm
indicated by the circular and square data points, respectiv
These two sets of measurements are in very good agreem
well within the 0.024 cm/ns systematic uncertainty. Most
the measured residue velocities are greater than the ce
of-mass velocity for the reaction indicated by the dotted li
The systematic increase in this velocity with the mass of
coincident light particle, suggests that this is a bias due to
recoil motions imparted when these coincident particles w
emitted backwards. Therefore to obtain the initial velocit
of the fused systems, these recoil effects must be subtra
The solid data points show the results of an event-by-ev
recoil correction. They no longer show any dependence
the charged-particle mass and are consistent with the ce
of-mass velocity for all but the largest values ofu lab

ER. The
GEMINI predictions, shown by the solid curves, indicate th
this u lab

ER dependence is expected. From the ratio of the rec
in

e

,
-
re
ly.
nt,

f
ter-
.
e
e

re
s
ed.
nt
n
er-

t
il-

corrected data to theGEMINI predictions, the average velocit
of the fused system was determined to be 0.9860.04 times
the complete fusion value. The close proximity of this nu
ber to the limiting complete fusion value suggests that
associated distribution of compound nucleus excitation en
gies is very narrow. From incomplete fusion logic, the av
age excitation energy is found to be 169.161.6 MeV and
thus this data set is well matched to theE/A56.8 MeV
64Ni1 100Mo reaction which has an excitation energy
170.4 MeV. To the extent that there is no incomplete fus
in the oxygen induced reactions and to which the compo
nuclei spin distributions associated with evaporation resi
formation are limited by fission competition~Sec. III A 1!,
then the spin distributions for the two entrance channels
also match. However, the consequences of incomplete fu
are not clear, it may further limit the spin distribution in th
oxygen induced reaction~see later!.

2. Charged particle emission

Energy spectra of charged particles~from rings 8 and 9!
detected in coincidence with evaporation residues were a
constructed. No attempt was made to extract absolute dif
y

re
FIG. 17. Comparision of the proton energ
spectra measured in the16O1148Sm and the
E/A56.8 MeV 64Ni1100Mo reactions. The pre-
dictions of the statistical model calculations a
indicated by the dotted curve.
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FIG. 18. Comparision of the deuteron energ
spectra measured in the16O1148Sm and the
E/A56.8 MeV 64Ni1100Mo reactions. The pre-
dictions of the statistical model calculations a
indicated by the dotted curve.
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ential multiplicities as the inclusive yield of evaporation re
dues is expected to be associated with events of lower a
age momentum transfer than those selected by
requirement of coincident charge particles in rings 8 and
Rather, all differential multiplicities were scaled so that t
value for protons reproduced the corresponding result
tained in theE/A56.8 MeV 64Ni1 100Mo reaction. The re-
sulting spectra for protons obtained from ring 9 are plotted
Fig. 17 ~solid symbols!. The data obtained from ring 8 ar
essentially identical. For comparison, the correspond
spectrum obtained with ring 3 from the matching Ni1Mo
reaction is indicated by the open symbols. The shapes o
proton spectra from the matched reactions agree well w
each other. The largest differences are forEc.m..20 MeV
where a nonstatistical tail is evident for the oxygen induc
reaction. Both experimental spectra are in disagreement
the GEMINI predictions indicated by the dotted curve.

For the heavier hydrogen isotopes, again only the h
energy tails of the spectra are above the low-energy thr
r-
e
.

b-

n

g
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th

d
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h
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old. As with the corresponding Ni1Mo data, these exponen
tial tails are much harder than theGEMINI predictions as il-
lustrated in Fig. 18 for deuterons. It is therefore likely th
the detected deuterons and tritons are predominately n
statistical. The magnitude of the differential multiplicitie
~normalized relative to protons! shown in Fig. 18 is larger a
backward angles for the lighter projectile. However, it is n
surprising that this nonstatistical component is entran
channel dependent.

The emission ofa particles also shows an entranc
channel dependence, but unlike the deuterons and tritons
dependence is not clearly associated with a nonstatis
component. To illustrate this entrance-channel effect, let
first concentrate on the shape of the energy spectra as t
are little affected by the bias induced by the PPAC acc
tance. In order to convince the reader that the difference
the energy spectra are of greater magnitude than the ex
mental uncertainties, the spectra are plotted as shaded b
in Fig. 19. These bands span the maximum and minim
re
FIG. 19. Comparision of thea particle energy
spectra measured in the16O1148Sm and the
E/A56.8 MeV 64Ni1100Mo reactions. The pre-
dictions of the statistical model calculations a
indicated by the dotted curve.
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values of the relative differential multiplicities~normalized
to same area! obtained from rings 2–5 and 8,9 for th
Ni1Mo and O1Sm reactions, respectively. The bands the
fore represent the uncertainty due to both the statistical
systematic errors. For the O1Sm reaction, the uncertainty i
the compound nucleus velocity also contributes to a sm
uncertainty in the determination of the emitteda particle
energy. Therefore spectra transformed with compou
nucleus velocities of 0.94 and 1.00 times the complete fus
value ~Sec. III B 1! were included when constructing th
band for the O1Sm reaction.

The entrance-channel dependence of the shape of the
ergy spectra is small in Fig. 19. The spectrum obtained w
the Ni1Mo reaction has a larger yield for the lowesta par-
ticle energies. While the slopes of the exponential tails
similar for the two experimental spectra, both of these sp
tra peak at lower energies than theGEMINI prediction which
is indicated by the dotted curve.

In comparing the ratio ofa particle to proton yields, ring
9 will be used as the averagea particle emission angles ar
very similar, i.e.,̂ uc.m.&5162° and 167° for the oxygen- an
nickel-induced reactions, respectively. The measured rati
a particle to proton differential multiplicities are 0.9
60.07 and 0.9960.07, respectively. However, these resu
are associated with different biases due to the PPAC ac
tance. Using theGEMINI simulations to correct for this effect
the unbiased ratio ofa particle to proton yields at thes
backward angles is 2169% lower in the O1Sm reaction as
compared to the Ni1Mo reaction.

Both the small differences between thea particle energy
spectra and between the backward relative yields indic
that there is an entrance-channel dependence in the dec
these systems. However, it is by no means clear that th
related to the effect of fusion dynamics on the decay proc
and/or a violation of the Bohr independence hypothesis.
though the compound nuclei excitation energies obtaine
the reactions are well matched, it is not certain that this
true for the initial spin distributions. Thea particle angular
distributions are strongly dependent on the initial spin dis
bution ~Sec. III A 4!, and the lower relativea particle yield
measured at the backward angle in the O1Sm reaction may
indicate that the initial compound nucleus spin distribution
limited to lower values. In complete fusion reactions, t
maximuml waves associated with evaporation residues
limited by statistical fission competition~Sec. III A 1!. How-
ever, in the O1Sm reaction, incomplete fusion process
may be relatively more prevalent at these largel waves
giving rise to compound nuclei of reduced spin.

IV. DISCUSSION

The standard statistical model calculations did not sa
factorily reproduce the experimental charged-particle d
presented in the previous section. Although the data w
compared with predictions from the codeGEMINI, similar
results and conclusions were obtained with the codeEVAP

@35#.
For both the protons anda particles, the peak in the en

ergy spectra is predicted to occur at larger energies than
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served experimentally. This disagreement has been note
a number of other studies@2,4–8# and is often attributed to a
reduction in the Coulomb barrier. However, it is not at
clear that the mechanism responsible for this disagreeme
the same for both protons anda particles. For instance, th
shift between the experimental and predicted peak posit
show little dependence on the bombarding energy for p
tons. Whereas fora particles, there is no shift at the lowe
bombarding energy and it steadily grows as the bombard
energy increases. Also the predicted magnitude of the ex
nential tails is approximately correct fora particles, whereas
they are overpredicted by;50% for protons.

One feature of the proton anda particle spectra which is
well reproduced in the statistical model simulations is t
slope of the exponential tails. This feature is related to
choice of level density parameter and indicates that the
perimental data are consistent with Lestone’s temperat
dependent parametrization@22# used in theGEMINI calcula-
tions. In this parametrization, the level density parame
decreases fromA/8.7 to A/9.8 MeV21 as the excitation en-
ergy increases from 100 to 280 MeV. Both the magnitu
and the temperature dependence affect the predicted s
For example, if a temperature-independent value is assum
then the slightly lower value ofA/11 MeV21 is needed to
obtain the same results for theE/A59.0 MeV reaction. This
temperature-independent value is consistent with other
ues extracted from slightly lower mass systems at large
citation energies@36,37#.

Gonin et al. @4# have subtracteda particle spectra mea
sured atE/A; 9 and 11 MeV in the60Ni1 100Mo reactions.
The resulting ‘‘quasi-first-chance emission’’ spectrum w
found to be consistent with a lower level density parame
of A/13.8 MeV21. This subtraction procedure was attempt
in this work, but the results obtained from the different M
croball rings were not consistent. It is likely that the expe
mental bias associated with the PPAC acceptance~which is
different at different bombarding energies! causes the failure
of this procedure.

The role of fusion dynamics is not clearly defined by th
work. The evaporation of charged particles during the per
before the fusion-induced collective modes~deformation or
compression-extension! are fully damped, is expected to in
fluence the average Coulomb barrier and decay rates. T
collective modes are expected to be dependent on
entrance-channel mass asymmetry and therefore lead
violation of the Bohr independence hypothesis. No entran
channel dependence of the shape of the proton energy s
tra was observed forE* ;170 MeV. This is not surprising as
large deformations are necessary to substantially change
average proton Coulomb barrier@5#. Futhermore, a signifi-
cant fraction of the low-energy protons are emitted very l
in the decay after the dominant neutron evaporation chan
drives the system to the neutron-deficient region. As su
proton emission is less affected by fusion dynamics dur
the early stage of the decay.

A small entrance-channel effect was observed for thea
particles, however, it is not clear whether this is due to
violation of the Bohr independence hypothesis or due t
mismatch in the compound nucleus spin distributions. Lo
energya particle emission was enhanced in the more sy
metric Ni1Mo reaction, consistent with fusion mode
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886 56CHARITY, KOROLIJA, SARANTITES, AND SOBOTKA
which predict that the more symmetric entrance chann
lead to systems with larger initial deformations@12#, and
hence have lower average Coulomb barriers. On the o
hand, the incomplete fusion process may deplete the pop
tion of compound nuclei at the highest spins in the oxyg
induced reaction. If this is the case, the emission of
lowest-energya particles is clearly more important at the
high spins. To add to the confusion, it should be noted tha
higher excitation energies (;300 MeV! no entrance-channe
dependence of the shape of thea particle spectra was ob
served for similar reactions covering a wider range
entrance-channel mass asymmetry@8#. Note also the lack of
an effect for the more limited range of asymmetries in R
@6# for E* 5194 MeV.

At lower excitation energies (E* ;50 MeV! for the same
set of reactions studied in this work, the ratio of deuteron a
triton to proton yields were found to be dependent on
entrance-channel mass asymmetry@12#. It was not possible
to confirm whether this effect is present at the higher exc
tion energy energies encountered in this work, due to
presence of the strong nonstatistical component in the d
teron and triton spectra.

Another important result of this work, is the overpredi
tion of the multiplicities for hydrogen isotopes. Although th
deuterons and tritons contain a significant nonstatistical c
tribution, the magnitude of the statistical component is
least a factor of 2 smaller than the statistical model pred
tions ~Sec. III A 3!. For protons, only the yield of the ver
lowest kinetic energies are correctly predicted (Ec.m.,6
MeV! and these are predominantly emitted at the very low
excitation energies (E* ,30 MeV! as discussed above. A
the more energetically ‘‘expensive’’ deuteron and trit
emissions occur only at the highest excitation energies,
may generalize and infer that the emission probability of
hydrogen isotopes is overpredicted in the statistical mo
for excitation energies greater than;30 MeV. The suppres-
sion of proton emissions from all but the lowest excitati
energies, changes the ratio of high- to low-energy proto
and so accounts for the shift in the peak position between
measured and predicted energy spectra. The mechanism
sociated with this reduction in emission probabilities for h
drogen isotopes is not clear, especially since the magni
of the a particle multiplicity is correctly predicted.

In the neighboring160Yb compound system formed wit
the very similar 60Ni1 100Mo (E/A;9 and 11 MeV! reac-
tion, Goninet al. @4# also report lower experimental charge
particles multiplicities than predicted by statistical mod
codes. However, it is difficult to fully reconcile these resu
with those of this work for the same range of excitati
energies (E* 5251–293 MeV!. For one thing, the experi
mental proton multiplicities reported by Goninet al. for the
more neutron-deficient160Yb system, are actually smalle
than that obtained in this work. Futhermore, in this work t
a particle multiplicity is in agreement with expectation
whereas the value reported by Goninet al. is a factor of
;3 less than statistical model predictions. It is difficult
envision how such a large difference in the decay proper
could occur with the addition of four neutrons to the proje
tile.

In an attempt to further understand the results obtaine
this work, we have explored, with mixed success, th
ls
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mechanisms which might account for some of the discrep
cies between the experimental data and the model pre
tions. These are discussed in the following sections.

A. Temperature dependence of the symmetry energy

Consideration was given to the effect of a predicted
crease in the symmetry energy associated with the temp
ture dependence of effective nucleon mass in the surfac
the nucleus@38#. The kinetic part of the symmetry energy
related to the level spacing at the Fermi surface and so
also related to the level density parameter@a(T)#. The fol-
lowing temperature-dependent term was therefore inclu
when calculating binding energies in theGEMINI simulations:

Esym
kin ~T!5

p

12S 1

a~T!
2

1

a~0! D ~N2Z!2. ~2!

The increase in the symmetry energy at the larger temp
tures, drives theb valley of stability closer toN5Z and so
enhances neutron and reduces proton emission. Howe
taking a(T) from Ref. @22#, the magnitude of the effect wa
very small. For theE/A59.0 MeV Ni1Mo reaction, the
predicted proton multiplicity decreases by only 5% and
tritons increase by 7%. The effect for tritons is of course
the wrong direction to reproduce the experimental data. U
less the temperature dependence ofEsym

kin (T) is much larger
and some extra mechanism is invoked to reduce the tr
probability ~see the next section!, this effect is of little im-
portance in understanding the data.

B. Deuteron and triton breakup

In a previous work, we have shown that a significant
duction in the predicted deuteron and triton multipliciti
could be obtained@39# by using transmission coefficient
calculated with the direct-reaction approach to fusi
~DRAF! method @40#. In the DRAF method, the optica
model imaginary potential is subdivided into an inner fusi
part and an outer direct-reaction part. Transmission coe
cients for fusion are calculated as the fraction of the inco
ing flux which is absorbed by the fusion part of the imag
nary potential. The DRAF transmission coefficients are
purely barrier penetration probabilities, but contain inform
tion about the competition between fusion and direct reac
channels. For example, at large kinetic energies where
barrier penetration factor is unity, the DRAF transmissi
coefficients in thed193Nb system@39# approach a value
closer to one half. The other;50% of the flux is associated
with absorption by the direct-reaction channels.

Before using DRAF transmission coefficients one m
first consider the relevance of the competition of fusion a
direct reactions to the inverse evaporation process. To
end it is important to note that the bulk of the direct reacti
channels involve the breakup of the deuteron due to its
teraction with the target’s Coulomb field@41#. Given the
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56 887CHARGED-PARTICLE EVAPORATION FROM HOT164Yb . . .
high probability of such an interaction for trajectories whi
can lead to fusion, it is not unreasonable to infer that ther
also a large breakup probability for the inverse evapora
process. Therefore the DRAF transmission coefficients m
be interpreted as containing barrier penetration and appr
mate breakup probabilities.

There is at present no experimental deuteron-fusion
triton-fusion cross sections to constrain DRAF calculatio
for the mass region of interest in this work. A breakup pro
ability of 50% or greater would be consistent with upp
limits obtained in this work for the statistical componen
However, protons produced in the breakup of these fr
ments would further exacerbate the disagreement betw
experimental and calculated proton multiplicities. Therefo
independent of the magnitude of the deuteron and tr
breakup probabilities, some other mechanism~s! must be in-
voked for a full description of the emission probabilities f
hydrogen isotopes.

C. Emission of 5He

One possible mechanism which may contribute to so
of the low-energya particles observed at the higher bom
barding energies is the emission of particle unstable st
which sequentially decay producinga particles. The most
likely candidate for this scenario is ground-state5He emis-
sion. There are a number reasons whya particles produced
from the decay of5He fragments will enhance the low
energy region of the energy spectra. Firstly,5He has a more
diffuse neutron density distribution compared to the rat
compact a particle configuration. Consequentially th
nuclear potential~between it and the emitting system! will
have a larger radius and hence the height of the Coulo
barrier will be reduced. Futhermore when the5He nucleus
decays, the resultinga particle retains, on average, only 80
of the 5He kinetic energy and if thisa particle is emitted
backwards from the decaying5He fragment its energy will
be even smaller.

The separation energy for the removal of a5He fragment
is significantly larger than that for ana particle, i.e., 7.7
MeV compared to22.7 MeV for decay from164Yb. There-
fore, the emission probability is only significant at the larg
excitation energies. This large separation energy is parti
compensated by the reduced Coulomb barrier, as alre
noted, and a larger spin~3/2 \ for 5He compared to zero fo
a particles! resulting in a spin-weighting factor (2s11)
which favors5He emission by a factor of 4. Also because
it’s larger spin and greater mass, the evaporation of a5He
fragment can remove more angular momentum from the
caying system. This increases the5He emission probability
at the higher compound nucleus spins where the level den
has a strong angular momentum dependence.

To obtain quantitative estimates of the influence5He
emission, the computer codeGEMINI was modified to include
this decay mode and treat its subsequent breakup. In ca
lating the total decay width for5He emission and the distri
bution of the relativea-n kinetic energy in the second ste
the Hauser-Feshback formalism was extended to include
integral over the line shape associated with this resona
~width50.6 MeV!. The line shape was taken to be that of
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isolated resonance in theR-matrix formalism@42# with pa-
rameters taken from Ref.@43#. As for all other decays, a
quantum treatment was used to choose the emission an
of both steps. The second step is assumed to bep-wave
decay.

Transmission coefficients were calculated with t
incoming-wave boundary-condition approximation using a
propriate Coulomb and centrifugal potential. However, t
choice of the nuclear potential introduces the largest un
tainty into the final calculations. As a first guess, the nucl
potential was taken from a global optical model analysis
6Li elastic scattering@44#. This procedure is justified for the
neighboring nuclei6He, where elastic scattering data can
reproduced with6Li optical model parameters@45,46#. The
Coulomb barrier determined from this nuclear potential is
MeV lower than the value used fora particle emission~18
MeV!. However, the Coulomb barrier for5He emission
might be even lower than this as5He is predicted to be
spatially even more extended than6He. In Ref.@47#, 5He is
predicted to have an rms neutron radius of 3.0 fm compa
to the value 2.6 fm predicted for6He. With this in mind, a
second set of transmission coefficients was calculated w
the diffuseness of the nuclear potential increased by 3
The resulting Coulomb barrier is decreased by an additio
2 MeV. Calculations with the two sets of transmission co
ficients should therefore provide a reasonable range for
expected magnitude of5He emission and its influence on th
a particle’s energy spectrum.

Before comparing the calculations to the data, it is imp
tant to note that the short lifetime of the5He fragment has
been neglected and it is assumed to decay outside of
influence of the Coulomb field of the decaying system. T
is not entirely correct; the5He fragment is predicted to deca
at a distance of;35 fm, on average, from the center of th
emitting nucleus. This distance is large enough that our se
ration of the emission and subsequent decay steps is m
ingful, but it will lead to an underprediction of thea particle
energy: Thea particle has a higherZ/A ratio than 5He and
hence experiences a larger acceleration by the Coulo
field. Decay in the presence of the Coulomb field theref
leads to largera particle and smaller neutron energies th
are simulated in theGEMINI calculations. The magnitude o
this effect is;1 MeV, on average, for thea particles, which
is similar in magnitude to our uncertainty in the Coulom
barrier. Also interactions of the5He fragment with the Cou-
lomb field may decrease its lifetime and further increase
a particle energy. Therefore we have not tried to incorpor
this effect into the calculations at this time.

The predicteda particle energy spectra obtained with th
two sets of transmission coefficients are indicated by the d
ted and dashed curves in Fig. 11. The dashed curves
associated with the lower5He Coulomb barrier and, as
consequence, it produces the larger effect. At the low
bombarding energy, the predicted5He multiplicity is negli-
gible and the calculated energy spectrum is essentially u
fected by the inclusion of5He emission. However, the5He
multiplicity is predicted to increase rapidly with excitatio
energy, and the inclusion of5He emission substantially im
proves the agreement between the simulations and data a
higher energies. In fact, the calculations with the lower Co
lomb barrier are in very good agreement with the data at
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bombarding energies and at the two highest bombarding
ergies, these calculations predict that5He emission account
for ;30% of thea particles.

The large recoil motions associated with5He emission
increases the predicted width of the evaporation residue
gular distributions. The simulated angular distributions, in
cated by the dashed curves in Fig. 1 for the calculations w
lower 5He Coulomb barrier, are also in better agreem
with the experimental data. The charged-particle multipli
ties obtained with the same calculations are indicated by
dashed curves in Fig. 5. The multiplicities of hydrogen is
topes are essentially unaffected by the inclusion of5He
emission and thea particle multiplicities are increase
slightly, but still consistent with the experiment values.

The inclusion of 5He emission, therefore improves th
agreement between the simulations and the experime
data. This is true for both the energy spectra ofa particles
and for the evaporation residue angular distributions. T
largest uncertainty in predicting the5He multiplicity is asso-
ciated with the choice of the Coulomb barrier. However,
calculations presented in this section, which cover a reas
able range of values for this quantity, indicate that5He emis-
sion can account for a significant fraction of the enhan
ment in the low-energy portion of thea particle energy
spectrum and thus contributes to the apparent decrease i
Coulomb barrier.

The predicted5He emission probability shows a sma
dependence on the compound nucleus spin. To investi
the effect of reducing the maximum spin in the O1Sm reac-
tion, let us concentrate on the calculation with the low
Coulomb barrier. In Fig. 11, 19% of thea particles originate
from 5He decay forE/A56.8 MeV Ni1Mo reaction. This
value is averaged over the compound nucleus spin distr
tion. To estimate the largest possible effect, let us assume
the O1Sm reaction that we are limited to spin zero system
In that case, the fraction ofa particles originating from
5He decay drops to 14%. This change in probability w
spin is too small to account for the observed entran
channel dependence of thea particle’s energy spectra an
suggests there is still room for fusion dynamics to play so
role in explaining this effect. However, it is important
experimentally investigate the magnitude of5He emission,
before any quantitative conclusions regarding modificati
to the Coulomb barrier due to deformation of other dynam
cal effects can be made. In any case, this indicates thaa
particles might not be the best probe of such effects at
higher bombarding energies.

The effect of other particle-unstable fragments was a
considered. The emission of the 21, first excited state of
6He will also give rise to low-energya particles, however,
the GEMINI calculations suggest that the multiplicity of th
fragment is insignificant,;100 times less than the value fo
5He at E* 5258 MeV. The evaporation of ground-sta
5Li is expected to be more probable, its yield atE* 5258
MeV is predicted to be a factor of;6 lower than the5He
yield. However, the kinetic energies ofa particles produced
from the decay of these fragments will not be as low as th
from 5He decay due to the larger Coulomb barrier for5Li
evaporation. Therefore,5Li emission does not contribute t
the enhancement of lowest-energya particles.
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The emission of5He fragments has been observed to a
company the spontaneous fission of252Cf @48# and thea
particles produced from the decay of these fragments acc
for ;11% of the long-rangea particles which are detecte
in coincidence with the fission fragments. It is interesting
note that for these long-rangea particles, there is also an
apparent enhancement in the low-energy region of their
ergy spectra which has been attributed to the contribu
from these5He a particles@49#.

V. CONCLUSIONS

The angular distributions and energy spectra of char
particles detected in coincidence with evaporation resid
has been measured for64Ni1 100Mo and 16O1 148Sm reac-
tions which produce compound nuclei with excitation ener
from 100 to 280 MeV. Standard statistical model calcu
tions incorporating only the evaporation of stable light p
ticles were not able to reproduce the shape and magnitud
energy spectra for all charged particles. For deuterons
tritons, the energy spectra show large nonstatistical com
nents, even for the lowest bombarding energy (E/A55.0
MeV! and only upper limits could be deduced for the ma
nitude of the statistical component. Nevertheless, these u
limits are significantly lower than statistical model estimat
For protons anda particles, the predicted position of th
peak in the energy spectra was shifted up in energy rela
to experiment data. The total proton multiplicities were a
overpredicted in the calculations.

Oxygen- and nickel-induced reactions were matched
produceE* 5170 MeV compound nuclei. The resulting pro
ton energy spectra were found, within the experimental
certainties, to have identical shapes apart from the prese
of a nonstatistical component. However, thea particle spec-
tra were found to display a small entrance-channel effect;
spectrum for the more symmetric reactions extends dow
lower kinetic energies. The interpretation of this result is n
obvious, as it is not clear how well the initial compoun
nucleus spin distributions were matched for the two entra
channels given our lack of understanding of the incompl
fusion processes which contributes to residue production
the O1Sm reaction.

Although the apparent decrease ina particle emission
barriers may indicate that fusion dynamics affect the dee
tation process, it was shown that a significant fraction of t
decrease could be accounted for within the statistical mo
by including the emission of5He nuclei. Statistical calcula
tions indicated that the sequential decay of this fragm
enhances the low-energy portion of thea particle spectra and
at the highest excitation energies (E* 5280 MeV! up to 30%
of thea particles may originate from such decays. Howev
the emission of5He fragments is unable to account for th
observed entrance-channel dependence of thea particle’s
energy spectra and suggests there is still room for fus
dynamics to play some role in explaining the energy spec

A full understanding of the decay of the highly excite
compound nuclei produced in this work is not obtained. T
mechanism responsible for the overprediction of the em
sion probabilities for hydrogen isotopes is not known. E
periments are needed to determine the magnitude of5He
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emission and to systematically search for entrance-cha
effects as a function of excitation energy. We have qu
tioned the sensitivity of both proton anda particles as probes
for the effects of fusion dynamics on the deexcitation p
cess. It would be useful to establish whether deuterons
tritons are any better. Clearly one needs to determ
whether at the backward angles, nonstatistical compon
are diminished and whether sequential decays from part
unstable fragments are significant. Preliminary calculati
suggest that the production of deuterons and tritons from
an
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excited states in6,7Li is negligible for the range of excitation
energies studied in this work.
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