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Light particle-evaporation residue coincidences for the79Br127Al system at 11.8 MeV/nucleon
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Evaporation residues~ER! of Z534–43 are measured in singles and in coincidence with emitted protons,
deuterons, tritons, and alpha particles. Measurements are done with a large detector array that covers the
scattering angles from 2.5° to 25°. The energy centroids of the coincidence spectra of the protons are reason-
ably well described by statistical model calculations assuming complete fusion, although those for the deuter-
ons and tritons are not. Thea-particle spectra are significantly different than the calculated ones. The slopes of
the high energy spectra of the protons required a level density parametera.A/12. Comparisons between the
experimental ER singles spectra and complete fusion calculations show small deviations that can be explained
by incomplete fusion however, when analyzed in coincidence with light particles a very good description with
complete fusion is found especially if the emission of intermediate mass fragments is included in the calcula-
tions.

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

The fusion of heavy nuclei has been studied for four d
cades and has never failed to present us with surprising
sults every time a new measurement is performed. Rec
examples are the energy spectra of light particles@1# and
gamma rays@2# and earlier studies of sub- and near-barri
fusion cross sections, which spawned an industry of me
surements and theories@3#. All these recurring surprises in-
dicate that fusion of heavy nuclei at energies near and ab
the Coulomb barrier is still poorly understood and warran
further studies with new or improved techniques.

An important step in understanding fusion and, in gener
nuclear collisions at energies near and above 10 Me
nucleon is the ability to study reaction products by means
exclusive measurements with appropriate gates applied
isolate the various competing reaction mechanisms. Suc
study is reported here for products of the reaction79Br127Al.
Light particles~protons, deuterons, tritons, and alphas! were
measured in coincidence with evaporation-residue-~ER-! like
fragments ofZ534–43 by using the large detector arra
HILI @4#. With this setup, important questions concerning th
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emission of light particles from hot compound nuclei can
addressed experimentally. By studying the light particles
coincidence with evaporation residues, no simplifying a
sumptions concerning the source velocities are needed,
hence characterization of the light-particle spectra in terms
barriers and temperatures becomes meaningful. In addit
by imposing multiplicity cuts on the number of coinciden
light particles, the isolation of central collisions from mor
peripheral processes is possible. Since the energies of
residues as well as of the emitted particles are studied
coincidence, issues related to the energy balance in the r
tion become accessible to direct study.

Effects such as incomplete momentum transfer will
discussed in the present work, and it will be shown how th
can be isolated by adequate triggers. Other aspects to
addressed will be those related to the shape of the ene
spectra of the light particles such as deformation of the em
ting compound nucleus. Deformation of the emitting com
pound nucleus has previously been suggested to explain
lower than expected energy where the light-particle spectr
peaks~e.g., Ref.@1#!. Another important aspect in the stud
of the energy spectra of the light particles is the slope of t
high-energy part, which can be characterized by the tempe
ture of the emitting system. It has been argued that the
usually high temperatures extracted from particle emiss
data require level density parameters (a) of the order ofA/12
@5–7#, which are smaller than the commonA/8 value used at
low excitation energies. The detailed analysis of the spec
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53 223LIGHT PARTICLE-EVAPORATION RESIDUE COINCIDENCES . . .
of the ER is also important in the understanding of the re
tion mechanism. It will be shown that the study of the E
spectra in coincidence with the light particles agrees ve
well with complete fusion predictions especially if the emi
sion of intermediate mass fragments~Z.3! ~IMF’s! is in-
cluded in the simulations. These questions will be addres
qualitatively as well as quantitatively in this paper throug
detailed Monte Carlo calculations using a modified versi
of the codeLILITA @8#, which is based on the Hauser
Feshbach formulation.

II. EXPERIMENTAL TECHNIQUES

Heavy evaporation residues~Z>34! of the 79Br127Al re-
action were produced by bombardment of27Al targets with a
930 MeV 79Br beam obtained from coupled-accelerator o
eration of HHIRF. The27Al targets were prepared from foils
of high purity aluminum with thickness of 372mg/cm2, veri-
fied by alpha ranging. Contaminants, mostly oxygen fro
surface oxidation, were considered to be negligible~below
5%!. Coincident light particles were detected with the hod
scope array of the HILI system, which is composed of 1
plastic scintillators that were calibrated with recoil proton
produced by an16O beam on a polypropylene target. Th
calibration for particles of higherZ andM was done as de-
scribed in Ref.@4#. Additional checks were carried out b
comparing the alpha-particle andZ51 spectra obtained with
the hodoscope to those obtained from calibrated Si dete
telescopes. For example, the energies measured by h
scope elements agreed with energies of Si telescopes w
2 MeV for the case of singlesa spectra measured for the
58Ni158Ni reaction at 500 MeV bombarding energy. We e
timate the absolute energy calibration to be better than 3%
typical example of a two-dimensionalE-DE measured spec-
trum used forZ identification is shown in Fig. 1. The hori-
zontal axis shows the totalE signal of the hodoscope ele
ment, and the vertical axis shows theDE signal extracted
from the 0.5 mm plastic detector placed in front of ea
hodoscope element. The gates drawn identify very clea
the p, d1t, anda13He particles. The rest of the events a
fragments that stop in theDE detectors and neutrals~neu-
trons andg rays!. The hodoscopes alone provideZ identifi-
cation; the mass of theZ51 and 2 isotopes was determine
by time of flight, measured using the cyclotron rf and th
time signal of each plastic detector. The yield of the3He
particles was observed to be negligible.

The evaporation residues were measured with the ion
tion chambers of the HILI system, which were calibrate
using the elastic scattering of Br on aluminum and gold. T
calibration was extended to lower energies using fragme
of Z lower than the beam that penetrated through the ioni
tion chambers and whose maximum energy loss can be
termined by using stopping power tables. The major unc
tainty in the energy calibration comes from the energy lo
corrections that are needed because the fragments lose
ergy in the entrance parallel plate detector and the entra
foils to the ionization chamber. For example, for the case
930 MeV 79Br ions, their energy loss before detection pr
dicted by standard stopping power calculation is 90 Me
Even assuming an uncertainty of 10% in this number,
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uncertainty in the total energy will be about 1%. Of course
for lower energies this uncertainty can be bigger.

III. RESULTS: QUALITATIVE FEATURES

Examples of measured energy spectra of evaporatio
residue-like fragments~Z>36! are shown in singles~circles!
and in coincidences~crosses! in Fig. 2. The singles spectra
were measured in separate runs where events on the ion
tion chamber were recorded regardless of the status of
hodoscopes. The coincidence requirement, defined asm52,
is such that a fragment is considered only if two identifie
light charged particles~p, d, t, ora! are present in any of the
hodoscope’s elements. The vertical scale given in the figu
corresponds to the actual experimental counts divided by t
integrated charge given inmC. The spectra displayed in Fig.
2 are for residues of nuclear charges between 36 and 42
are given for the whole angular range spanned by the HI
system~2.5°–25°!. It should be noted that there is a differ-
ence of about a factor of 10 between the singles yield and t
m52 coincidence yield. This difference is due to the limite
angular coverage of the HILI detector~singles and coinci-
dences should be identical for 4p coverage!. A dramatic
change is observed between the singles and them52 spectra.
In fact, for the case ofZ536, a strong quasielastic compo-
nent is seen in the singles around an energy of 900 MeV, b
disappears completely in the two-particle coincidence cas
Also, to a lesser extent the same effect is seen forZ538
~E;800 MeV!. For higherZ’s, like Z540, it is apparent that
the shape of the energy spectra does not change with incre
ing m, which indicates that for these fragments the mech
nism is mostly of a central collision nature like complete o
incomplete fusion processes. The shift toward lower ener
seen in the higherZ spectra may be due to the coinciden

FIG. 1. DE vs E array for the light particles emitted in the
reaction79Br127Al at E79Br

5930 MeV. The gates forp, d1t, anda
are indicated in this figure. The light particles are detected by t
plastic elements of the hodoscope of the HILI system.
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224 53J. GOMEZ DEL CAMPOet al.
constraint which required two light particles to be emitte
into forward angles. This bias may depress the efficiency
detecting evaporation residues with higher forward m
menta. Our preliminary analysis of these data@9# has already
pointed out some of these features.

Energy spectra forp, d, t, anda are shown in Fig. 3. The
crosses show data for the case of one light charged partic
coincidence with an evaporation residue~m51!, and the
open circles show the case of two light charged partic
~m52! ~one whose spectrum is shown in the figure and
additional identified light charged particle!. These spectra
were obtained by summing all the counts from each elem
of the hodoscope for laboratory angles between 2.5° and 2
The spectra in Fig. 3 have the constraint of being in coin
dence with fragments ofZ536–43, which were detected
with the ionization chamber of the HILI system. The ener

FIG. 2. Experimental spectra for evaporation residues~ER’s! of
Z536–42 for the reaction 930 MeV79Br127Al. The circles corre-
spond to the singles measurements and the crosses to the req
ment that two light charged particles are in coincidence with the
~m52!.
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cutoffs seen in Fig. 3~about 8 MeV forp’s and 20 MeV for
a’s! are primarily due to the energy threshold imposed by th
0.5 mm thickness of theDE element of the plastic hodo-
scopes. As can be seen from the data shown in Fig. 3, t
spectra have the same shape regardless of the multiplic
requirement, which is in sharp contrast with what is seen
Fig. 2 for the case of the ER’s. Further discussions of th
features seen in Figs. 2 and 3 will be done in the next sectio
when comparisons to statistical model calculations will b
presented.

One unique feature of the present data is that the lig
charged particles are detected in coincidence, and for eve
event the velocities of the ER’s and coincident light particle
are well determined. This allows for the construction of th

uire-
ER

FIG. 3. Experimental energy spectra~circles and crosses! for
light charged particles~p, d, t, or a! emitted in coincidence with
evaporation residues of79Br127Al at 11.8 MeV/nucleon. The
crosses are for one charged particle in coincidence and the op
circles for two~the one indicated in the figure plus any of the four!.
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53 225LIGHT PARTICLE-EVAPORATION RESIDUE COINCIDENCES . . .
relative kinetic energy spectra~Erel! defined by Erel
5~1/2!mV rel

2 , wherem is the reduced mass of the pair an
Vrel5uVl2VERu whereVl is the laboratory velocity of the
light particle andVER that of the ER. The mass of the ER
~our experiment measures onlyZ! was estimated by assum
ing that the most probable mass of each residue will have
same neutron to proton ratio as the projectile79Br.

The results forErel are shown in Fig. 4 for them>1 case
~open circles! for the p, d, t, and a in coincidence with
residues ofZ538. These spectra will be used to extract t
slope parameters (T) from the high-energy part of the spec
tra. These slope parameters can be related to the nuc

FIG. 4. Spectra ofp, d, t, anda particles in coincidence with
the ER withZ538 as a function of the relative center-of-mass e
ergy ~Erel!. The experimental spectra are represented by the o
circles, and the solid lines are the results of an exponential fit w
the indicated slope valueT. These spectra were built by determin
ing the relative kinetic energy of each coincident pair in an eve
by-event way.
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temperature and are extracted by fitting the expressi
exp~2Erel/T! to the high-energy part of the spectra. The soli
lines drawn in the figure correspond to the best fit for th
indicatedT value. The values ofT extracted from the experi-
mental spectra for every light particle in coincidence with th
ER are shown in Fig. 5. The solid line corresponds to th
expected temperature for the compound nucleus formed
this reaction~5.1 MeV! obtained by using the level density
parametera5A/12, which is consistent with current system
atics @5–7#, and assuming a maximum excitation energy o
230 MeV, which corresponds to the complete fusion valu
Although the error bars are substantial, a few trends d
emerge from the data shown in Fig. 5. In the cases ofp and
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FIG. 5. Temperature parameter (T) as a function ofZ of the ER.
The T values were deduced from the center-of-mass spectra~like
those of Fig. 4! by fitting an exponential to the high-energy slope
The open circles correspond to the experimental values, and
solid lines represent the expected temperature of the compou
nucleus for a level density parametera5A/12.
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226 53J. GOMEZ DEL CAMPOet al.
a particle emission, the extracted temperatures increase w
the mass~charge! of the heavy fragment in coincidence. Thi
variation is probably due to the experimental bias introduc
by the gating on the final product in the cascade. To rea
lower masses, smaller amounts of energy have to be remo
during each evaporation~on average!; therefore, gating on
lighter products emphasizes cascades where the emitted
ticles removed less energy, i.e., had less kinetic energy. T
d and t emissions are only a small part of the cascade a
have minimal effects on the energy balance throughout
cascade. The average value ofT extracted over all theZ
values forp, d, t, anda are~in MeV! 5.3, 6.7, 6.5, and 6.0,
respectively, with thed and t showing the largest values,
maybe due to their propensity to be emitted early in th
cascade. One important feature of the experimentalT values
shown in Fig. 5 is that they all lie above 5.1 MeV, which i
the expected temperature extracted with a level density
rameter value ofA/12. This in support of the idea@6,7# that
for high excitation energies the level density parameter (a)
should decrease significantly from its low excitation value
A/8. The relationship between the slope and temperature
the emitting system is only an approximation. The samplin
of the particles spectra harbors in it, not only the fluctuatio
due to the particle emission, but also the uncertainty in t
source velocity that contributed to the yields seen at lo
energies~below the Coulomb barrier! and increases the high
energy slope by about 10%–20%. More discussions of the
subjects will be given in the next section where the statistic
model calculations are presented.

IV. ANALYSIS: QUANTITATIVE

A. Complete fusion

Since most of the light particles are in coincidence wi
heavy fragments which haveZ’s characteristic of ER of the
compound nucleus, the experimental results can be co
pared to Hauser-Feshbach calculations assuming that the
ticles are emitted by a compound nucleus formed at equil
rium following a complete fusion~CF! reaction. Hauser-
Feshbach calculations were performed using the Mon
Carlo codeLILITA @8#. Substantial modifications were mad
to the code to improve the statistical model calculations. T
most important one was the introduction of transmission c
efficients obtained with an optical model calculation usin
the optical model parameters of Ref.@10#. ~The original ver-
sion ofLILITA has a simple parametrization for low excitatio
energies plus a sharp cutoff for high excitation energie!
The calculations were done using the value ofA/8 for the
level density parameter~standard value used at low excita
tion energies! and the dependence of deformation on angu
momentum described by Huizengaet al. @11#. For the
79Br127Al fusion reaction, a critical angular momentum o
75\ was used, consistent with previous analysis of fusio
cross sections@12,13# of similar mass numbers for target plus
projectile. Small changes, on the order of 10%, to the val
of the critical angular momentum have negligible effects o
the comparisons, which will be shown. The calculations a
of the Monte Carlo type and therefore are done in an eve
by-event manner, trying to simulate as much as possible
experimental condition. Therefore, the same experimen
constraints of geometry, thresholds, energy losses in fo
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etc., placed by the HILI system on the experimental spec
have been applied to the calculations.

The first important comparison to do between the expe
mental spectra and calculations is for the singles yields
ER’s. Figure 6 shows such a comparison for the energy sp
tra of residues ofZ538, 39, 40, and 41. The spectra hav
been integrated over all the angular coverage of the HI
detector. The solid lines are the Monte Carlo predictio
which assumes CF and equilibrium decay. Plotted on t
vertical axis is the differential multiplicity (dM/dE) defined
as the ratio of the counts of a given residue in the energy b
dE ~1 MeV steps! to the total residue counts~integrated over
angle, energy, andZ for Z>38!. Several features are impor-
tant to discuss from the comparisons shown in Fig. 6. Th
most obvious one is the general agreement of the magnitu
of the differential multiplicities except forZ538, which is
overpredicted by about a factor of 2. The calculations pred

FIG. 6. Singles spectra of fragments ofZ538–40. The solid
lines are the results of a complete fusion calculation. The vertic
axis ~differential multiplicity! is explained in the text. The thick
solid line ~labeled O37! drawn forZ538 corresponds to the simu-
lation of the oxygen contaminant in the target.
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53 227LIGHT PARTICLE-EVAPORATION RESIDUE COINCIDENCES . . .
reasonably well the decrease in multiplicities fromZ539
~maximum about 0.005! to Z541 ~maximum about 0.002!.
In addition, forZ539 and 40 the centroids of the experime
tal energy spectra are well reproduced by the calculati
Two discrepancies stand out in the comparisons shown
Fig. 6: The widths of the calculated spectra are sligh
narrower, and the centroids for the calculated spectra, es
cially for Z538 and 41, are shifted towards lower energie
The shift in the energy spectrum forZ541 can be under-
stood in the context of a simple incomplete fusion~IF!
mechanism. According to Refs.@14–16#, the most likely IF
process is to lose particles from the lighter of the two pa
ners in the reaction~27Al in this case!. Such an IF process
will predict spectra with more events at higher energie
which is what is seen in Fig. 6 forZ541. The discrepancy in
the centroids of experimental and calculated spectra
Z538 is more likely to arise from the fact that forZ538
other more peripheral processes can be present. More de
on these effects will be given later on when the energy sp
tra of the residues in coincidence with the emitted light p
ticles will be presented.

It was mentioned in Sec. II that the Al target had less th
5% of oxygen contamination. Before continuing with th
analysis of the79Br127Al data, it is important to assess th
possible contributions to the residue energy spectra of
contaminant. The fusion of79Br116O will produce ER’s of
similarZ ~;38! as those of the79Br127Al reaction, although
with much less intensity and with a more forward peak a
gular distribution due to the very light mass of the targ
~16O!, making the effect even less important due to the
opening of the HILI detector. Nevertheless, it is important
establish the relevance of this contamination. The best wa
to simulate, in the same manner as was done for
79Br127Al reaction ~results shown in Fig. 6!, the 79Br116O
fusion. The simulations were also done with the codeLILITA

using a set of statistical model parameters consistent with
one used for the Al target. The result of the calculation f
the energy spectra of residues ofZ538 is shown by the thick
solid line on the bottom panel of Fig. 6. The calculation h
been renormalized by a factor of 7, and so it can be plotted
the figure. As can be seen, the predicted centroid of ab
700 MeV could overlap with the peripheral component of t
Br1Al reaction. However, the expected yield is very sma
and can certainly be neglected. We chose to compare to
Z538 spectra because the calculation predicted the m
mum cross section for thisZ for the fusion of79Br116O. ~To
show also that the oxygen contaminant is negligible in t
analysis of the light particles in coincidence with the ER, w
have added on the bottom panel of Fig. 10 the effect of
oxygen contamination on thea-particle spectra in coinci-
dence withZ538.!

Comparisons between the experimental and calculated
ergy spectra~integrated over the angular coverage of th
HILI detector! of the emittedp, d, t, anda’s are shown in
Figs. 7–10 where the open circles represent the experime
values and the crosses the calculations. The vertical s
refers to the differential multiplicitydM/dE defined as the
number of light particles in a given energy bindE divided by
the number of residues of chargeZ, indicated in the figure.
The spectra shown in Figs. 7–10 were taken in coincide
with a given evaporation residue with the additional co
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straint that at least one charged particle be in coinciden
~total multiplicity in the detectorm>1!. Residues ofZ538–
40 were chosen for the comparisons in Figs. 7–10 becau
they are the most probable fragments that are produced in
complete fusion reaction. The first observation to be notice
from the comparisons shown in Figs. 7–10 is that the max
mum of the differential multiplicities is only reasonably well
predicted for the proton case~Fig. 7!. The maxima for the
deuterons are overpredicted by about a factor of 3 and for t
tritons by a factor of 4. For thea-particle case~Fig. 10!, the
high-energy multiplicity is well predicted, but the maximum
is shifted with respect to the experimental spectrum. Mor
discussions on the yields of the light particles in coincidenc
with the ER will be given later after commenting on the
shape of the energy spectra.

The comparison between the data~open circles! and cal-
culations ~crosses! shown in Fig. 7 forp’s in coincidence
with the specified residues indicate that the data are certain
consistent with emission from a compound nucleus. A sligh
deviation is seen for energies above 50 MeV where the ca

FIG. 7. Experimental energy spectra~circles! for any proton in
coincidence with ER’s ofZ538, 39, and 40. The statistical model
calculations for complete fusion are given by the crosses. The ve
tical axis ~differential multiplicity! is explained in the text.
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228 53J. GOMEZ DEL CAMPOet al.
culation falls off more rapidly than the data. Although th
high-energy behavior of the calculated spectra depe
strongly on the level density parametera, it will be shown
later that the use of surface absorption in the optical mo
potential parameters, employed to calculate the transmis
coefficients, also has a sizable effect. A small shift can
seen on the low-energy side of approximately 1 MeV:
possible interpretation could be related to deformations
the compound nucleus of the kind discussed in Ref.@1#.

Depicted in Fig. 8 are the experimental~open points! and
calculated~crosses! spectra for the case of deuterons in c
incidence with residues ofZ538–40. A significant discrep-
ancy between prediction and data can be noticed already.
low-energy part is not well reproduced, and the widths of t
predicted spectra are narrower than those of the data. Pr
ous experiments have not observed such large differen
although in the work reported in Ref.@17# it is pointed out
that the difference in the yield of deuterons between stand
statistical model calculations and data may be due to
choice of transmission coefficients and level density para

FIG. 8. Experimental energy spectra~circles! for any deuteron
in coincidence with ER’s ofZ538, 39, and 40. The statistical mode
calculations are given by the crosses. The vertical axis~differential
multiplicity! is explained in the text.
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eters. The high-energy behavior is similar to the proton spe
tra. For the emitted tritons in coincidence with ER’s~Fig. 9!,
the agreement between data and calculations is slightly be
than for the deuteron case; both the low-energy part of t
spectra and the width are reasonably well reproduced, a
only small deviations are seen. The high-energy behavior
reproduced much better than forp’s andd’s.

From Fig. 10, which compares data and predictions ofa
spectra in coincidence with residues, it is obvious that a ve
large shift of about 10 MeV is seen in the low-energy part o
the spectra. This shift is so large that if it were interpreted
terms of static deformations the deformation would have
be very large, i.e., an equivalent reduced radius of;2.3 fm.
Similar shifts ina-particle spectra have been reported in Re
@18# for a compound system of slightly heavier mass than th
one discussed here. It is important to emphasize that usin
different level density parameters will not change appreci
bly the low-energy shape of the predicteda spectra shown in
Fig. 10. Most of the changes will occur at the high-energ
end of the spectra. In the work of Ref.@18#, dynamical ef-
fects are called for to explain the anomalous low-energya

l

FIG. 9. Experimental energy spectra~circles! for any triton in
coincidence with ER’s ofZ538, 39, and 40. The statistical model
calculations are given by the crosses. The vertical axis~differential
multiplicity! is explained in the text.
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53 229LIGHT PARTICLE-EVAPORATION RESIDUE COINCIDENCES . . .
emission. In the present work, we propose that the m
likely effect for the discrepancies seen in Fig. 10 is of
dynamical nature like preequilibrium shape emission or i
complete fusion.

As mentioned earlier, one can see from Figs. 7–10 th
the magnitudes of the predicted differential multiplicitie
(dM/dE) are not in good agreement with the experiment
ones. One way to further illustrate this point is to analyze t
integrated multiplicityM , obtained by integrating over en-
ergy the differential multiplicities. In Fig. 11, we show the
experimental multiplicitiesM for emission ofp, d, t, anda
as a function of theZ of the residue. To minimize effects due
to reactions other than fusion, the additional constraint
requiring that more than one light charged particle be d
tected has been applied. This means that at least a tr
coincidence requirement is fulfilled~one residue, the indi-
cated light particle, plus one more light charged particle!. It
should also be kept in mind that the fragments ofZ534 and
35 may have large nonfusionlike components. The calcula
multiplicities M are shown as lines in Fig. 11. The main

FIG. 10. Experimental energy spectra~circles! for anya in co-
incidence with ER’s ofZ538, 39, and 40. The statistical mode
calculations are given by the crosses. The vertical axis~differential
multiplicity! is explained in the text. The squares~labeled O! cor-
respond to the calculateda spectra expected from the oxygen con
taminant in the target.
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observation to make from Fig. 11 is that the calculatedM for
tritons overpredicts the experimental one by about a factor
3 almost independently ofZ, although it should be noted that
the overall probability of emission of a triton is very small.
The difficulties in predicting the yields of triton have been
pointed out previously in Ref.@17#. The predicted probabili-
ties for p, d, anda as a function ofZ are all better than a
factor of 2, although it is evident that the calculateda mul-
tiplicities are low and the proton multiplicities are high for
Z.38. From the comparisons shown in Figs. 10 and 11, it
already evident that mechanisms other than complete fusi
should be explored.

We next examine the energy spectra of the heavy residu
in coincidence with light particles: The calculated spectr
for the residues ofZ538, 39, 40, and 41~solid lines! are
shown in Fig. 12. The calculations are part of the same sim
lation used to generate the light-particle spectra shown
Figs. 7–10. The coincidence requirement for these spec
~m>1! is that at least one charged particle~p, d, t, or a! be
registered with the residue. The conclusions that can b
drawn from the comparisons shown in Fig. 12 are entirel
similar to the ones discussed already for the singles spec
shown in Fig. 6. The agreement between experiment an
calculations is better forZ538 and 39 than in Fig. 6 mainly
because the coincidence requirement reduces the events
the high-energy portion of the experimental spectra. Even
coincidence there is still a disagreement on the high-ener
portion of the spectra, in particular forZ541, and also the
predicted spectra are narrower than the experimental on
This together with the discrepancies discussed earlier in co
nection with the light-particle spectra~Figs. 7–10! indicates
that other mechanisms like incomplete fusion should be co
sidered and that is done later on.

B. Complete fusion calculation and uncertainties
in the level density

The calculations presented in Sec. IV A were done usin
the standard level density parameter ofa5A/8; however,
recent analyses have suggested smaller values, likeA/10, or
even that an energy-dependent level density parame

l

-

FIG. 11. Integrated multiplicityM of p ~circles!, d ~triangles!, t
~crosses!, anda ~squares! as a function of theZ of the ER. The lines
~solid and dashed! correspond to the calculated values assuming
complete fusion mechanism with a level density parameter ofA/8.
The coincidence requirement ism>2.
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should be used@6,7#. Also, in connection with the analysis of
the data given in Fig. 5, a value ofA/12 could be more
appropriate. To investigate to what extent the discrepanc
between the data and calculations are due to uncertainties
the level density, a full set of simulations was done using t
level density parameter ofA/12.

The first comparisons of interest to discuss are on t
energy spectra of the light particles emitted in coinciden
with the ER. Figure 13 shows these spectra forp andd in
coincidence withZ538, and Fig. 14 showst anda in coin-
cidence also withZ538. The vertical scale in Figs. 13 and
14 gives the differential multiplicitydM/dE, as defined ear-
lier in connection with Figs. 7–10. Comparing thep spectra
with the corresponding one for theA/8 calculations~bottom

FIG. 12. Experimental energy spectra~circles! of ER’s of
Z538–41 in coincidence with any light charged particle~m>1! p,
d, t, or a. The solid lines are the statistical model calculations fo
complete fusion. The differential multiplicity given in the vertica
axis is explained in the text.
ies
on

he

he
ce

panel of Fig. 7!, a much better fit to the experiment can be
seen by usingA/12. The magnitude of the maximum of the
spectra is well reproduced as well as the high-energy beha
ior ~although still the predicted spectra falls off faster than

FIG. 14. Experimental energy spectra~circles! for tritons ~bot-
tom panel! and a’s ~top panel! in coincidence withZ538. The
calculations~crosses! are for a complete fusion process calculated
with a level density parameter ofa5A/12.

r
l

FIG. 13. Experimental energy spectra~circles! for protons~bot-
tom panel! and deuterons~top panel! in coincidence withZ538.
The calculations~crosses! are for a complete fusion process calcu-
lated with a level density parameter ofa5A/12.
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the data!. For thed case, top panel of Fig. 13 and bottom
panel of Fig. 8, it can be seen that the high-energy behav
of the calculated spectrum improves as compared to the
periment. The comparisons for thet anda spectra~Fig. 14
and bottom panels of Figs. 9 and 10! do not clearly indicate
a preference betweenA/8 orA/12. Although the observations
made on the data given in Figs. 13 and 14 are based on
analysis of the light charged particle spectra in coinciden
with Z538, they remain the same by analyzing the otherZ’s
from 39 to 41.

Another useful comparison is of the energy-integrat
multiplicities M , similar to those shown in Fig. 11 for the
A/8 case. The results using the level density ofA/12 are
shown in Fig. 15. The main observation is that forZ.37 ~the
relevant region for complete fusion! the agreement within
the experimental~squares! and calculated~dashed lines! M
values forp is very well reproduced. For thea-particle case,
the predictions~solid lines! are slightly better than in Fig. 11
The multiplicities ford andt are not well predicted just as in
Fig. 11. From the comparison shown in Figs. 7–11 a
13–15 and based on the high-energy slopes of thep andd
spectra, it can be concluded that a slightly better descript
of the data can be achieved by using the value ofA/12,
supporting the idea@6,7# that for higher excitation energies
~like in this case about 180 MeV! a lower value of thea
parameter should be used. The calculations for the ene
spectra of the ER like those shown in Fig. 6 were done
theA/12 case, but no significant change was seen and, th
fore, they are not shown. Also, it is important to notice th
the uncertainties in level density do not explain the anom
lous low-energya emission, and therefore further explan
tions have to be found.

C. Incomplete fusion processes

From the comparisons shown in Figs. 6 and 12, it is cle
that the process of complete fusion does not fully explain
data, which suggests that an additional component is nee
to explain the discrepancy particularly in theZ541 spectra.
A typical mechanism is that of IF as discussed in Refs.@14–
16#. Following IF systematics@14–16#, a 10% contribution

FIG. 15. Integrated multiplicityM of p ~circles!, d ~triangles!, t
~crosses!, anda ~squares! as a function of theZ of the ER. The lines
~solid and dashed! correspond to the calculated values assuming
complete fusion mechanism with a level density parametera5A/
12. The coincident requirement ism>2.
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of IF with particles lost from the lighter of the two partners
~the target in this case! should be expected. A complete simu
lation was done using a 10% contribution of IF, but no effec
was clearly seen with respect to the complete fusion calc
lations; therefore, a 20% component had to be assumed
order to have sizable effects. These simulations assume
loss of ana particle from the target with a complete fusion o
the projectile with the target remnant~23Na! at a projectile
energy of 11.8 MeV/nucleon. The critical angular momen
tum used was 70\, five units less than the complete fusion
case essentially due to the mass loss. All simulations we
done using the standard level densityA/8.

The first result of the IF calculations that we want to
discuss is for the residue energy spectra, which are shown
Fig. 16, for fragments ofZ538–41 in coincidence with any
light charged particle. The data~open circles! are the same as
presented in Fig. 12. As can be seen from the compariso
the centroid for the spectra forZ541 is much better pre-
dicted for the CF1IF calculation than for the CF alone~Fig.
12!. In general, the shapes of the spectra forZ538–40 are as
well reproduced or better than for the CF case. The overp
diction of the magnitude of the differential multiplicity for
Z538 ~same as in Fig. 12! and the fact that the predicted
widths of the spectra are significantly narrower than the da
indicate that although an IF process may be present s
other effects could be important. The next important result
present in the IF calculations is in the energy spectra of t
p, d, t, anda emitted in coincidence with the ER. In Fig. 17
we show the results for thep and d in coincidence with
Z538 and in Fig. 18 those fort anda also in coincidence
with Z538. The data~solid points! are the same as those o
Figs. 13 and 14. The results of the CF1IF calculations
~crosses! shown in Figs. 17 and 18 compared to the calcula
tions given in Figs. 13, 14, and 7–10 are very similar, whic
means that the major discrepancies between the experime
spectra and the calculations are not due to an incompl
fusion mechanism and, therefore, still other processes w
have to be considered. In particular, it should be noted th
the calculated spectra fora’s in coincidence withZ538 ~Fig.
18! show still the large discrepancy with the data at low
energies~also seen in Fig. 10!.

D. Influence of other decay channels in complete
and incomplete fusion calculations

So far, the calculations given in Secs. IV A, IV B, and
IV C contain five decay channelsn, p, d, t, anda, and hence
uncertainties can be introduced if not all the important cha
nels are included. Recently, in the study of the Kr1Al reac-
tion at 10 MeV/nucleon@19#, large cross sections have bee
reported for decay of binary channels when one of the rea
tion partners has aZ.2. Also earlier work@20# in the study
of the58Ni158Ni at 11 MeV/nucleon, large cross sections fo
the emission of intermediate mass fragments~Z>3! ~IMF’s!
have been reported. Following the analysis done in Ref.@20#,
we have calculated the first step emission of the deexcitati
process using the codeBUSCO @20#, which uses many emis-
sion channels up toZ520. The output of this calculation is
fed into the full Monte Carlo deexcitation process with th
codeLILITA , but for the multiple steps using only the five
light-particle channels~n, p, d, t, and a!. The statistical

a
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model parameters are the same as used in Sec. IV A. T
first results of these many channels calculations are shown
Fig. 19 for the case of evaporation residues in coinciden
with one or more light charged particles. The data are t
same as those given in Figs. 6 and 16. The most import
result of the comparisons shown in Fig. 19 is that the wid
of the predicted residue spectra is now in very good agre
ment with the experiment, although there are still problem
with the absolute prediction of the values of the differenti
multiplicities. The shift seen for the case ofZ541 is due to
the fact that the calculations in Fig. 19 have only the com
plete fusion component. Another important result of the
calculations will be the comparisons with the energy spec

FIG. 16. Experimental energy spectra~circles! of ER’s of
Z538–41 in coincidence with any light charged particle~m>1! p,
d, t, or a. The solid lines are the statistical model calculations fo
complete fusion plus 20% of incomplete fusion contribution. Th
differential multiplicity given in the vertical axis is explained in the
text.
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of the emitted light particles. The results for the spectra ofp
andd in coincidence withZ538 are shown in Fig. 20, and
those fort anda also in coincidence withZ538 are shown
in Fig. 21. The results shown in Figs. 20 and 21 have to b

r
e

FIG. 17. Experimental energy spectra~circles! for protons~bot-
tom panel! and deuterons~top panel! in coincidence withZ538.
The calculations~crosses! are for a complete fusion process plus a
20% contribution of incomplete fusion.

FIG. 18. Experimental energy spectra~circles! for tritons ~bot-
tom panel! and a’s ~top panel! in coincidence withZ538. The
calculations~crosses! are for a complete fusion process plus a 20%
contribution of incomplete fusion.
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53 233LIGHT PARTICLE-EVAPORATION RESIDUE COINCIDENCES . . .
compared to the CF1IF case~Figs. 17, 18! and with the CF
case~Figs. 7–10!. A significant improvement can be seen fo
all the spectra shown in Figs. 20 and 21 with respect to
other calculations, implying that a full deexcitation mech
nism including IMF’s is important to improve the predictio
of the complete fusion mechanism. However, even if sign
cant improvement is seen, still the excess of low-ene
counts in thea spectra is evident~see Figs. 10, 18, and 21!.
Clearly, other mechanisms not considered so far should
responsible for the emission of low-energya particles.

E. Processes other than CF or IF

The most important difference between the experimen
data and all the calculations presented so far is in the lo

FIG. 19. Experimental energy spectra~circles! of ER’s of
Z538–41 in coincidence with any charged particle~m>1! p, d, t,
or a. The solid lines are the statistical model calculations for co
plete fusion assuming all decay channels~mainly light particles and
IMF’s up to Z520!. The differential multiplicity given in the verti-
cal axis is explained in the text.
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energy part of thea spectra. One mechanism that has be
mentioned earlier that could account for such low-energya’s
is the deformation effects in the compound nucleus. A sim
estimation of the amounts that the barrier must decrease
order to fit the data gives a radius parameter of about 2.3
a very large radius indeed~10.9 fm for a 106Cd nucleus!.
However, perhaps more plausible mechanisms can be
voked to explain this anomaly. One such mechanism is t
of preequilibrium shape emission. Indeed, it is possible th
emission could occur with the system formed in an interm
diate state of a dinuclear shape~composed of target and pro
jectile! such as has been suggested previously for lighter s
tems as a doorway to fusion@21# or to explain
experimentally observed large binary yields@22#. One can
assume that the system, while still in the dinuclear sta
emits onea particle in the forward and backward direction
On the average the barriers will be smaller since now th
belong to Al ~target! or Br ~projectile!. We have done such
calculations with the assumption that the preequilibriu
shape emission will occur only for angular momenta in t
entrance channel (J) larger than the critical value for fusion
Jc . For values ofJ less thanJc, the usual complete fusion
process occurs. For the present calculations, we have u
Jmax of 85\ and aJc of 65\. This value ofJc is ten units less
than the one used for the CF calculations because it is n
essary to reduce the CF contribution in order to introduce
preequilibrium component. Nevertheless, most of the co
parisons shown here are for the energy spectra which dep

m-

FIG. 20. Experimental energy spectra~circles! for protons~bot-
tom panel! and deuterons~top panel! in coincidence withZ538.
The calculations~crosses! are for a complete fusion process assum
ing all decay channels~mainly light particles and IMF’s up to
Z520!.
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234 53J. GOMEZ DEL CAMPOet al.
very little on small changes ofJc . The emission ofn, p, d, t,
anda was computed from the dinuclear configuration un
the residual angular momenta value fell belowJc , at which
point the system undergoes fusion and continues the us
equilibrium decay. The calculations were done using t
level densityA/12 and the codeLILITA modified to accom-
modate the dinuclear step.

Results of the dinuclear calculation for the light-partic
spectra in coincidence withZ538 are shown in Fig. 22 forp
andd and in Fig. 23 fort anda. The most important result of
this calculations is for thea-particle emission~top panel of
Fig. 23! where one can see that the fit has been greatly i
proved with respect to the calculations shown in Figs. 10, 1
18, and 21. This ‘‘preequilibrium’’ calculation differs from
the more common one used at energies above 20 M
nucleon@23,24# in that it requires low-energy emission from
the dinuclear system following full momentum transfer. Th
main difference from equilibrium emission is in the low
emission barrier due to the dinuclear shape assumed. A
the overall features of the calculations shown in Figs. 22 a
23 for p, d, andt are significantly better than from the othe
calculations. The results of this calculation for the ER spec
are essentially the same as those shown in Fig. 12.

The persistence of the dinuclear configuration as a ma
reaction mechanism in heavy ion collisions for energies up
;20 MeV/nucleon has been documented recently in R
@25#.

FIG. 21. Experimental energy spectra~circles! for tritons ~bot-
tom panel! and a’s ~top panel! in coincidence withZ538. The
calculations~crosses! are for a complete fusion process assumin
all decay channels~mainly light particles and IMF’s up toZ520!.
til

ual
he

le

m-
4,

eV/

e

lso
nd
r
tra

jor
to
ef.

F. Choices of transmission coefficients

Recently@17,26#, it has been pointed out that the usua
approach of using, in the statistical model calculations, tran
mission coefficients~Tl ’s! derived from optical model calcu-
lations which fit the elastic scattering of the decaying pa
may not be adequate. In particular, for neutrons, protons, a
deuterons, the fit to the elastic scattering always requires t
introduction of the surface absorption terms~usually in the
form of a derivative to the Woods-Saxon formula!. This
makes theTl ’s fall off with increasing energy to values be-
low unity ~normally to values around 0.9–0.7!. A typical
case is shown in Fig. 24 for the case of al54 proton on
105Ag where the solid line represents the transmission coe
ficients obtained using the potential given in Refs.@10#, @26#.
Using the same geometry as the real well, we have subs
tuted the surface absorption term by volume absorption. T
resulting Tl ’s are given by the crossed line and reach a
asymptotic value of unity at high energy. UsingTl ’s obtained
from volume absorption potential forn, p, and d, we re-
peated the calculations of complete fusion such as tho
shown in Figs. 7 and 8. The results are shown forp andd in
coincidence withZ540 in Fig. 25 where the calculated spec
tra have been arbitrarily normalized to the data. As can b
seen from Fig. 25, the improvement of the calculated spec
at high energy for thep case is significant compared to the
curve in Fig. 7. The deuteron case improves slightly, but st
the fit is as poor as in Fig. 8. In Refs.@17#, @26# other effects
of the optical model approach, such as shape resonance

g

FIG. 22. Experimental energy spectra~circles! for protons~bot-
tom panel! and deuterons~top panel! in coincidence withZ538.
The calculations~crosses! are for a process assuming emission from
a dinuclear system prior to complete fusion and equilibration.
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53 235LIGHT PARTICLE-EVAPORATION RESIDUE COINCIDENCES . . .
transparency, were investigated for all light particles~p, d, t,
and a!, and the authors proposed a simpler model IWB
~incoming wave boundary condition! for which the transmis-
sion is now only through a real potential and the imagina
part is substituted by ongoing wave boundary conditions
side the barrier. In the IWBC model the low-energy tails
well as the high-energy asymptotic behavior are modifie
Evaluation of the effects of IWBC in the present calculatio

FIG. 23. Experimental energy spectra~circles! for tritons ~bot-
tom panel! and a’s ~top panel! in coincidence withZ538. The
calculations~crosses! are fora processes assuming emission from
dinuclear system prior to complete fusion and equilibration.

FIG. 24. Transmission coefficients (Tl) for l54 for p1105Ag.
The solid line is obtained by using the optical model potential giv
in Ref. @10#, and the crossed line is the same potential expec
when the surface absorption term is substituted by volume abso
tion.
C

ry
in-
as
d.
n

~other than the asymptotic behavior! is complicated because
of other effects especially due to multiple emission~in fact,
for Z538 already ten charges are evaporated from the co
pound system! where uncertainties in level densities and
other parameters strongly influence the calculated spect
Regarding the high-energy behavior of theTl ’s, one can say
that for tritons anda’s for which the optical model is already
of the volume absorption type~i.e., Tl→1! the high-energy
part is reasonably predicted~see Figs. 9, 10, 14, and 18!, and
therefore with all other parameters constant the predictio
for p andd are indeed improved by imposing the asymptoti
condition ofTl51.

V. CONCLUSIONS

An analysis of the ER spectra obtained in coincidenc
with p, d, t, anda particles shows that complete fusion is the
main component as expected from current systematics
complete-incomplete fusion deduced for lighter systems.
fact, it is shown that the ER spectra, analyzed in coinciden
with light charged particles, have centroids which are consi
tent with complete fusion and a 10%–20% incomplete fusio
component. However, the predicted widths of the ER spect
are narrower than the experimental values. By allowing als
IMF evaporation to compete with light-particle emission, we
can account for the width of the observed evaporation res
due energy spectra.

The analysis of the light-particle spectra presents som
difficulties in understanding the reaction mechanism. Th
centroids of the energy spectra of protons, deuterons, a
tritons are generally consistent with expectations o
complete-incomplete fusion mechanisms, but thea particles
show much lower kinetic energies than expected. In additio
the experimental yields of deuterons and tritons are mu
smaller than the predicted values. The predicted high-ener

a

en
ted
rp-

FIG. 25. Experimental energy spectra~circles! of p and d in
coincidence with ER’s ofZ540. The solid lines are the statistical
model calculations for complete fusion but using the set of tran
mission coefficients with a volume absorption term for the optica
potential of the kind shown in Fig. 24.
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236 53J. GOMEZ DEL CAMPOet al.
slopes of the energy spectra ofp andd are too steep when a
value ofA/8 for the level density parameter is used; going
A/12 produces slopes that are in better agreement with
experiment. A preequilibrium shape emission mechani
which assumes full momentum transfer forming an interm
diate dinuclear system, with emission from targetlike a
projectilelike barriers for the light particles, can account f
the lower energies of thea spectra, give a good fit for pro-
tons, and reasonable fits for deuterons and tritons. Slight
provements are observed for the high-energy tail of the p
ton and deuteron spectra using volume absorption for
optical model potential.

We have presented an analysis showing the effects
level densities, transmission coefficients, incomplete fusio
emission of IMF’s, and preequilibrium shape emissio
to
the
sm
e-
nd
or

im-
ro-
the

of
n,
n,

which are all relevant in determining the real mechanis
involved in the emission of light particles and in the produc
tion of ER’s. We have not achieved a unique description
the data or an overall description combining all these effec
however, we have shown that a successful description m
consider several of them.
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