PHYSICAL REVIEW C VOLUME 53, NUMBER 1 JANUARY 1996

Light particle-evaporation residue coincidences for the’Br +2’Al system at 11.8 MeV/nucleon

J. Gomez del Campo, D. Shapira, M. Korolija, H. J. Kim, K. Tehnd J. Shela
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

J. P. Wieleczko
Grand Accelerateur National d’'lons Lourds, BeiPostale 5133, 14040 Caen CEDEX, France

E. Chavez, M. E. Ortiz, and A. Dacal
Instituto de Fsica Universidad Nacional Autmma de Mgico, Mexico 01000 D.F., Mexico

C. Volant
DAPNIA/SPhN CEN-Saclay, 91191 Gif-sur-Yvette, Cedex, France

A. D’'Onofrio
Universitadegli Studi di Salerno, Baronisi Salerno, and Istituto Nazionale di Fisica Nucleare, 80125 Napoli, Italy
(Received 21 August 1995

Evaporation residue€ER) of Z=34-43 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. Theparticle spectra are significantly different than the calculated ones. The slopes of
the high energy spectra of the protons required a level density paraarefetl2. 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 numbe(s): 24.60.Dr, 25.70.Gh

[. INTRODUCTION emission of light particles from hot compound nuclei can be
addressed experimentally. By studying the light particles in

The fusion of heavy nuclei has been studied for four de-coincidence with evaporation residues, no simplifying as-
cades and has never failed to present us with surprising resumptions concerning the source velocities are needed, and
sults every time a new measurement is performed. Recetence characterization of the light-particle spectra in terms of
examples are the energy spectra of light partiflelsand  barriers and temperatures becomes meaningful. In addition,
gamma rayg2] and earlier studies of sub- and near-barrierby imposing multiplicity cuts on the number of coincident
fusion cross sections, which spawned an industry of meadlight particles, the isolation of central collisions from more
surements and theori¢8]. All these recurring surprises in- peripheral processes is possible. Since the energies of the
dicate that fusion of heavy nuclei at energies near and abovesidues as well as of the emitted particles are studied in
the Coulomb barrier is still poorly understood and warrantscoincidence, issues related to the energy balance in the reac-
further studies with new or improved techniques. tion become accessible to direct study.

An important step in understanding fusion and, in general, Effects such as incomplete momentum transfer will be
nuclear collisions at energies near and above 10 MeVdiscussed in the present work, and it will be shown how they
nucleon is the ability to study reaction products by means otan be isolated by adequate triggers. Other aspects to be
exclusive measurements with appropriate gates applied taddressed will be those related to the shape of the energy
isolate the various competing reaction mechanisms. Such spectra of the light particles such as deformation of the emit-
study is reported here for products of the reactir+2Al. ting compound nucleus. Deformation of the emitting com-
Light particles(protons, deuterons, tritons, and alphagre  pound nucleus has previously been suggested to explain the
measured in coincidence with evaporation-resi¢tig-) like lower than expected energy where the light-particle spectrum
fragments ofZ=34-43 by using the large detector array peaks(e.g., Ref[1]). Another important aspect in the study
HILI [4]. With this setup, important questions concerning theof the energy spectra of the light particles is the slope of the

high-energy part, which can be characterized by the tempera-
ture of the emitting system. It has been argued that the un-
*Present address: Argonne National Laboratory, Argonne, Ilusually high temperatures extracted from particle emission

60439. data require level density parametea$ 6f the order ofA/12
"Present address: University of Maryland, College Park, MD[5—7], which are smaller than the comma8 value used at
20742. low excitation energies. The detailed analysis of the spectra
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of the ER is also important in the understanding of the reac-
tion mechanism. It will be shown that the study of the ER
spectra in coincidence with the light particles agrees very 210
well with complete fusion predictions especially if the emis- 1
sion of intermediate mass fragmen®>3) (IMF's) is in-
cluded in the simulations. These questions will be addressed
qualitatively as well as quantitatively in this paper through
detailed Monte Carlo calculations using a modified version
of the codeLiLiTA [8], which is based on the Hauser-
Feshbach formulation.

Il. EXPERIMENTAL TECHNIQUES

AE (arbitrary units)

Heavy evaporation residuég&=34) of the "Br+2’Al re-
action were produced by bombardmentf &l targets with a
930 MeV "Br beam obtained from coupled-accelerator op-
eration of HHIRF. The?’Al targets were prepared from foils 0 — T T T T
of high purity aluminum with thickness of 372g/cn?, veri- 0 30 60 90 120 150 180
fied by alpha ranging. Contaminants, mostly oxygen from E (arbitrary units)
surface oxidation, were considered to be negligifiielow
5%). Coincident light particles were detected with the hodo-
scope array of the HILI system, which is composed of 192 FI_G.%. AEZ7VS E array for the light particles emitted in the
plastic scintillators that were calibrated with recoil protonsréaction”Br+'Al at Esq, =930 MeV. The gates fop, d+t, anda
produced by anleo beam on a po'ypropy'ene target. The are indicated in this figure. The ||ght partiCleS are detected by the
calibration for particles of higheZ andM was done as de- Plastic elements of the hodoscope of the HILI system.
scribed in Ref[4]. Additional checks were carried out by
comparing the alpha-particle afd=1 spectra obtained with uncertainty in the total energy will be about 1%. Of course,
the hodoscope to those obtained from calibrated Si detectd®r lower energies this uncertainty can be bigger.
telescopes. For example, the energies measured by hodo-
scope elements agreed vyith energies of Si telescopes within ll. RESULTS: QUALITATIVE FEATURES
2 MeV for the case of singlea spectra measured for the
%8Ni +°8Ni reaction at 500 MeV bombarding energy. We es- Examples of measured energy spectra of evaporation-
timate the absolute energy calibration to be better than 3%. Aesidue-like fragmentéZ=36) are shown in single&ircles
typical example of a two-dimensionBFAE measured spec- and in coincidencegcrossesin Fig. 2. The singles spectra
trum used forZ identification is shown in Fig. 1. The hori- were measured in separate runs where events on the ioniza-
zontal axis shows the totd signal of the hodoscope ele- tion chamber were recorded regardless of the status of the
ment, and the vertical axis shows tiéE signal extracted hodoscopes. The coincidence requirement, defined-ag,
from the 0.5 mm plastic detector placed in front of eachis such that a fragment is considered only if two identified
hodoscope element. The gates drawn identify very clearlyight charged particle§p, d, t, or «) are present in any of the
the p, d+t, anda+°He particles. The rest of the events are hodoscope’s elements. The vertical scale given in the figure
fragments that stop in thAE detectors and neutral®ieu- corresponds to the actual experimental counts divided by the
trons andy rays. The hodoscopes alone provideidentifi-  integrated charge given inC. The spectra displayed in Fig.
cation; the mass of thE=1 and 2 isotopes was determined 2 are for residues of nuclear charges between 36 and 42 and
by time of flight, measured using the cyclotron rf and theare given for the whole angular range spanned by the HILI
time signal of each plastic detector. The yield of thée  system(2.5°—25). It should be noted that there is a differ-
particles was observed to be negligible. ence of about a factor of 10 between the singles yield and the

The evaporation residues were measured with the ionizan=2 coincidence yield. This difference is due to the limited
tion chambers of the HILI system, which were calibratedangular coverage of the HILI detect¢singles and coinci-
using the elastic scattering of Br on aluminum and gold. Thedences should be identical forr4coveragé A dramatic
calibration was extended to lower energies using fragmentshange is observed between the singles andth@ spectra.
of Z lower than the beam that penetrated through the ionizah fact, for the case o£=36, a strong quasielastic compo-
tion chambers and whose maximum energy loss can be deent is seen in the singles around an energy of 900 MeV, but
termined by using stopping power tables. The major uncerdisappears completely in the two-particle coincidence case.
tainty in the energy calibration comes from the energy losAlso, to a lesser extent the same effect is seenzfef38
corrections that are needed because the fragments lose &&~800 MeV). For higherZ's, like Z=40, it is apparent that
ergy in the entrance parallel plate detector and the entrandbe shape of the energy spectra does not change with increas-
foils to the ionization chamber. For example, for the case ofng m, which indicates that for these fragments the mecha-
930 MeV "Br ions, their energy loss before detection pre-nism is mostly of a central collision nature like complete or
dicted by standard stopping power calculation is 90 MeVincomplete fusion processes. The shift toward lower energy
Even assuming an uncertainty of 10% in this number, theseen in the higheZ spectra may be due to the coincident
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FIG. 2. Experimental spectra for evaporation residiR’s) of
Z=36-42 for the reaction 930 Me(PBr+2Al. The circles corre- _ _
spond to the singles measurements and the crosses to the require-FIG. 3. Experimental energy spectfaircles and crossggor

ment that two light charged particles are in coincidence with the ERight charged particlesp, d, t, or @) emitted in coincidence with
evaporation residues of°Br+2’Al at 11.8 MeV/nucleon. The

crosses are for one charged particle in coincidence and the open
constraint which required two light particles to be emittegcircles for two(the one indicated in the figure plus any of the four

into forward angles. This bias may depress the efficiency of
detecting evaporation residues with higher forward mo-cutoffs seen in Fig. 3about 8 MeV forp’s and 20 MeV for

(m=

menta. Our preliminary analysis of these d&hhas already
pointed out some of these features.

2).

a’s) are primarily due to the energy threshold imposed by the
0.5 mm thickness of thE element of the plastic hodo-

Energy spectra fop, d, t, anda are shown in Fig. 3. The scopes. As can be seen from the data shown in Fig. 3, the

crosses show data for the case of one light charged particle spectra have the same shape regardless of the multiplicity
coincidence with an evaporation resid@g@=1), and the requirement, which is in sharp contrast with what is seen in

open circles show the case of two light charged particlestig. 2 for the case of the ER’s. Further discussions of the

(m=2) (one whose spectrum is shown in the figure and arfeatures seen in Figs. 2 and 3 will be done in the next section
additional identified light charged partigleThese spectra when comparisons to statistical model calculations will be

were obtained by summing all the counts from each elementresented.

of the hodoscope for laboratory angles between 2.5° and 25°. One unique feature of the present data is that the light
The spectra in Fig. 3 have the constraint of being in coinci-charged particles are detected in coincidence, and for every
dence with fragments oZ=36-43, which were detected event the velocities of the ER’s and coincident light particles

with the ionization chamber of the HILI system. The energyare well determined. This allows for the construction of the
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FIG. 4. Spectra op, d, t, and « particles in coincidence with )
the ER withZ=38 as a function of the relative center-of-mass en-_ FIG. 5. Temperature parametdr)(as a function of of the ER.
ergy (E,e). The experimental spectra are represented by the opefhe T values were deduced from the center-of-mass speite
circles, and the solid lines are the results of an exponential fit witfhose of Fig. 4 by fitting an exponential to the high-energy slope.
the indicated slope valu€. These spectra were built by determin- The open circles correspond to the experimental values, and the

ing the relative kinetic energy of each coincident pair in an eventS0lid lines represent the expected temperature of the compound
by-event way. nucleus for a level density parameter A/12.

temperature and are extracted by fitting the expression

relative kinetic energy spectrdE,,) defined by E,  exp(—E,/T) to the high-energy part of the spectra. The solid
=(1/2uVZ,, whereu is the reduced mass of the pair and lines drawn in the figure correspond to the best fit for the
V,e=|V,— Ve WhereV, is the laboratory velocity of the indicatedT value. The values of extracted from the experi-
light particle andVgg that of the ER. The mass of the ER mental spectra for every light particle in coincidence with the
(our experiment measures orify) was estimated by assum- ER are shown in Fig. 5. The solid line corresponds to the
ing that the most probable mass of each residue will have thexpected temperature for the compound nucleus formed in
same neutron to proton ratio as the projectigr. this reaction(5.1 MeV) obtained by using the level density

The results folE, are shown in Fig. 4 for then=1 case parametea=A/12, which is consistent with current system-
(open circleg for the p, d, t, and « in coincidence with atics[5—7], and assuming a maximum excitation energy of
residues ofZ=38. These spectra will be used to extract the230 MeV, which corresponds to the complete fusion value.
slope parametersT) from the high-energy part of the spec- Although the error bars are substantial, a few trends do
tra. These slope parameters can be related to the nucleeamerge from the data shown in Fig. 5. In the caseg ahd
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a particle emission, the extracted temperatures increase with

the masgcharge of the heavy fragment in coincidence. This _ 0.003 2241, singles
variation is probably due to the experimental bias introduced - o Exp.
by the gating on the final product in the cascade. To reach > ,,] — cac.cF
lower masses, smaller amounts of energy have to be removed é
during each evaporatiofon averagg therefore, gating on w
lighter products emphasizes cascades where the emitted par- 5 0.0011
ticles removed less energy, i.e., had less kinetic energy. The °
d andt emissions are only a small part of the cascade and 0.000
have minimal effects on the energy balance throughout the ,
cascade. The average value Dfextracted over all thez - 0006 2-40, singles
values forp, d, t, and« are(in MeV) 5.3, 6.7, 6.5, and 6.0, T o BXP.
respectively, with thed andt showing the largest values, > 0004 Cale. CF
maybe due to their propensity to be emitted early in the £
cascade. One important feature of the experimehtedlues w
shown in Fig. 5 is that they all lie above 5.1 MeV, whichis 2 %%%]
the expected temperature extracted with a level density pa-
rameter value ofA/12. This in support of the idei®,7] that 0.000
for high excitation energies the level density parametgr ( 0.006 .
should decrease significantly from its low excitation value of Z=39, singles
A/8. The relationship between the slope and temperature of - ° E"'; .
the emitting system is only an approximation. The sampling % 0004 &
of the particles spectra harbors in it, not only the fluctuation =
due to the particle emission, but also the uncertainty in the 3 0002
source velocity that contributed to the yields seen at low g '
energiegbelow the Coulomb barri¢rand increases the high
energy slope by about 10%—-20%. More discussions of these 0.000
subjects will be given in the next section where the statistical 0.006
model calculations are presented. - §=3:' singles
Y 0.004 1 C:ﬁ:.‘ CF
IV. ANALYSIS: QUANTITATIVE 3 T Cae ot
A. Complete fusion w0002 F
Since most of the light particles are in coincidence with g
heavy fragments which hav&s characteristic of ER of the 0.000 i y - " &
compound nucleus, the experimental results can be com- 300 400 500 600 700 800
pared to Hauser-Feshbach calculations assuming that the par- E ap (MeV)

ticles are emitted by a compound nucleus formed at equilib-
rium following a complete fusionCF) reaction. Hauser-
Feshbach calculations were _perfor“??d using the Mont‘ﬁnes are the results of a complete fusion calculation. The vertical
Carlo codeLiLITA [8]. Substantial modifications were made i " itterential multiplicity) is explained in the text. The thick

to the_code to improve the St"_’lt'sucal model caIcuIaFlor_ls. Th%olid line (labeled O<7) drawn forZ=38 corresponds to the simu-
most important one was the introduction of transmission COraion of the oxygen contaminant in the target.

efficients obtained with an optical model calculation using

the optical model parameters of REL0]. (The original ver-  etc., placed by the HILI system on the experimental spectra
sion of LILITA has a simple parametrization for low excitation have been applied to the calculations.

energies plus a sharp cutoff for high excitation energies. The first important comparison to do between the experi-
The calculations were done using the valueAd8 for the  mental spectra and calculations is for the singles yields of
level density parametgistandard value used at low excita- ER’s. Figure 6 shows such a comparison for the energy spec-
tion energiesand the dependence of deformation on angulatra of residues oZ=38, 39, 40, and 41. The spectra have
momentum described by Huizenget al. [11]. For the been integrated over all the angular coverage of the HILI
"*Br+27Al fusion reaction, a critical angular momentum of detector. The solid lines are the Monte Carlo prediction,
75h was used, consistent with previous analysis of fusionvhich assumes CF and equilibrium decay. Plotted on the
cross sectiongl2,13 of similar mass numbers for target plus vertical axis is the differential multiplicitydM/dE) defined
projectile. Small changes, on the order of 10%, to the values the ratio of the counts of a given residue in the energy bin
of the critical angular momentum have negligible effects ondE (1 MeV stepsto the total residue countstegrated over

the comparisons, which will be shown. The calculations areangle, energy, and for Z=38). Several features are impor-

of the Monte Carlo type and therefore are done in an eventtant to discuss from the comparisons shown in Fig. 6. The
by-event manner, trying to simulate as much as possible theost obvious one is the general agreement of the magnitude
experimental condition. Therefore, the same experimentabf the differential multiplicities except foz =38, which is
constraints of geometry, thresholds, energy losses in foilspverpredicted by about a factor of 2. The calculations predict

FIG. 6. Singles spectra of fragments #&=38-40. The solid
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reasonably well the decrease in multiplicities frafs=39
(maximum about 0.005to0 Z=41 (maximum about 0.002
In addition, forz=39 and 40 the centroids of the experimen-

107" T T T — -

Z=40-proton coincidences
m21

tal energy spectra are well reproduced by the calculation. 107 X ° e
Two discrepancies stand out in the comparisons shown in 7 ';"",. "o
Fig. 6: The widths of the calculated spectra are slightly % 10°? +

narrower, and the centroids for the calculated spectra, espe- £ #*?3%%

cially for Z=38 and 41, are shifted towards lower energies. % ;5 tiwf&%’%o

The shift in the energy spectrum f&=41 can be under- 3 . BV R
stood in the context of a simple incomplete fusidiF) 1o-slo °x

mechanism. According to Refgl4-14, the most likely IF
process is to lose particles from the lighter of the two part-
ners in the reactiort?’Al in this case. Such an IF process
will predict spectra with more events at higher energies,

107"
Z=39-proton coincidences
m21

which is what is seen in Fig. 6 f@=41. The discrepancy in 0% Ry f E:Tc cF ]
the centroids of experimental and calculated spectra for 7 ‘
Z=38 is more likely to arise from the fact that f@=38 > 10} “3}%
other more peripheral processes can be present. More details £ &o
on these effects will be given later on when the energy spec- g 104k 5 ‘(’%O
tra of the residues in coincidence with the emitted light par- £ I
ticles will be presented. o 4 o

It was mentioned in Sec. Il that the Al target had less than 107 ' ' ' ' '
5% of oxygen contamination. Before continuing with the
analysis of the°Br+2Al data, it is important to assess the 107 »
possible contributions to the residue energy spectra of this Z=38 proton comneidences
contaminant. The fusion d®Br+0 will produce ER’s of 10°2} T oo
similar Z (~38) as those of thé®Br-+2’Al reaction, although -
with much less intensity and with a more forward peak an- - 10°3
gular distribution due to the very light mass of the target g ?‘%%m
(*%0), making the effect even less important due to the 3°  w o T
opening of the HILI detector. Nevertheless, it is importantto 5 ¢ . 6987:&0
establish the relevance of this contamination. The best way is  * °. L o o
to simulate, in the same manner as was done for the 1078 ——— . o
®Br+2’Al reaction (results shown in Fig. )6 the "*Br+°0 0 20 40 60 80 100 120
fusion. The simulations were also done with the codera Ep (Mev)

using a set of statistical model parameters consistent with the

one used for the Al target. The result of the calculation for FIG. 7. Experimental energy speci(eircles for any proton in

the energy spectra of residuesf38 is shown by the thick coincidence with ER’s 0Z=38, 39, and 40. The statistical model

solid line on the bottom panel of Fig. 6. The calculation hascalculations for complete fusion are given by the crosses. The ver-

been renormalized by a factor of 7, and so it can be plotted itical axis (differential multiplicity) is explained in the text.

the figure. As can be seen, the predicted centroid of about

700 MeV could overlap with the peripheral component of thestraint that at least one charged particle be in coincidence

Br+Al reaction. However, the expected yield is very small (total multiplicity in the detectom=1). Residues oZ =38—

and can certainly be neglected. We chose to compare to th) were chosen for the comparisons in Figs. 7-10 because

Z=38 spectra because the calculation predicted the maxthey are the most probable fragments that are produced in a

mum cross section for thia for the fusion of °Br+€0. (To  complete fusion reaction. The first observation to be noticed

show also that the oxygen contaminant is negligible in therom the comparisons shown in Figs. 7—10 is that the maxi-

analysis of the light particles in coincidence with the ER, wemum of the differential multiplicities is only reasonably well

have added on the bottom panel of Fig. 10 the effect of thepredicted for the proton cag€ig. 7). The maxima for the

oxygen contamination on the-particle spectra in coinci- deuterons are overpredicted by about a factor of 3 and for the

dence withZ=38) tritons by a factor of 4. For the-particle casdFig. 10, the
Comparisons between the experimental and calculated etHgh-energy multiplicity is well predicted, but the maximum

ergy spectraintegrated over the angular coverage of theis shifted with respect to the experimental spectrum. More

HILI detectop of the emittedp, d, t, and a’s are shown in  discussions on the yields of the light particles in coincidence

Figs. 7—10 where the open circles represent the experimentalith the ER will be given later after commenting on the

values and the crosses the calculations. The vertical scakhape of the energy spectra.

refers to the differential multiplicityd M/dE defined as the The comparison between the d&tgpen circley and cal-

number of light particles in a given energy Wi divided by  culations(crosses shown in Fig. 7 forp’s in coincidence

the number of residues of charg@e indicated in the figure. with the specified residues indicate that the data are certainly

The spectra shown in Figs. 7—10 were taken in coincidenceonsistent with emission from a compound nucleus. A slight

with a given evaporation residue with the additional con-deviation is seen for energies above 50 MeV where the cal-
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FIG. 8. Experimental energy spectfeircles for any deuteron FIG. 9. Experimental energy spectfercles for any triton in

in coincidence with ER’s 0f =38, 39, and 40. The statistical model coincidence with ER's oZ=38, 39, and 40. The statistical model
calculations are given by the crosses. The vertical @ifferential ~ calculations are given by the crosses. The vertical @ifterential
multiplicity) is explained in the text. multiplicity) is explained in the text.

eters. The high-energy behavior is similar to the proton spec-

culation falls off more rapidly than the data. Although the tra. For the emitted tritons in coincidence with ER&g. 9),
high-energy behavior of the calculated spectra dependghe agreement between data and calculations is slightly better
strongly on the level density parameterit will be shown than for the deuteron case; both the low-energy part of the
later that the use of surface absorption in the optical modedpectra and the width are reasonably well reproduced, and
potential parameters, employed to calculate the transmissiaomly small deviations are seen. The high-energy behavior is
coefficients, also has a sizable effect. A small shift can beeproduced much better than fpis andd’s.
seen on the low-energy side of approximately 1 MeV: its From Fig. 10, which compares data and predictiong of
possible interpretation could be related to deformations ofpectra in coincidence with residues, it is obvious that a very
the compound nucleus of the kind discussed in REf. large shift of about 10 MeV is seen in the low-energy part of

Depicted in Fig. 8 are the experimentapen pointsand  the spectra. This shift is so large that if it were interpreted in
calculated(crosses spectra for the case of deuterons in co-terms of static deformations the deformation would have to
incidence with residues a=38-40. A significant discrep- be very large, i.e., an equivalent reduced radius-&f3 fm.
ancy between prediction and data can be noticed already. Tt&milar shifts ina-particle spectra have been reported in Ref.
low-energy part is not well reproduced, and the widths of thg 18] for a compound system of slightly heavier mass than the
predicted spectra are narrower than those of the data. Prevane discussed here. It is important to emphasize that using a
ous experiments have not observed such large differencedifferent level density parameters will not change apprecia-
although in the work reported in RefL7] it is pointed out  bly the low-energy shape of the predictedpectra shown in
that the difference in the yield of deuterons between standarBig. 10. Most of the changes will occur at the high-energy
statistical model calculations and data may be due to thend of the spectra. In the work of R¢fL8], dynamical ef-
choice of transmission coefficients and level density paramfects are called for to explain the anomalous low-enekgy
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z 107 . FIG. 11. Integrated muItipIicit)M of p (circles, d (triangles},t
£ %{% (crossep anda (squarepas a function of th& of the ER. The lines
5 1074 *Ed) ] (solid and dashedcorrespond to the calculated values assuming a
] @oc@ complete fusion mechanism with a level density parametek/8f
& The coincidence requirement is=2.
10°° :
107" : — observation to make from Fig. 11 is that the calculdtedor
2°98 - aipha colncidences tritons overpredicts the experimental one by about a factor of
o . o ] 3 almost independently &, although it should be noted that
S = GCale.O the overall probability of emission of a triton is very small.
s Sl g The difficulties in predicting the yields of triton have been
oo ° pointed out previously in Ref17]. The predicted probabili-
§ ° e, ties for p, d, anda as a function ofZ are all better than a
S 10 o o "u_. % 1 factor of 2, although it is evident that the calculateadnul-
°o _." "t O tiplicities are low and the proton multiplicities are high for
10°% . e . . L Z>38. From the comparisons shown in Figs. 10 and 11, it is
0 20 40 60 80 100 120 140 160 already evident that mechanisms other than complete fusion
E, (MeV) should be explored.

We next examine the energy spectra of the heavy residues
in coincidence with light particles: The calculated spectra
FIG. 10. Experimental energy specfi@rcles for any « in co- for the residues oZ=38, 39, 40, and 41solid line9 are
incidence with ER's 0fZ=38, 39, and 40. The statistical model shown in Fig. 12. The calculations are part of the same simu-
calculations are given by the crosses. The vertical @ifferential  |3tion used to generate the light-particle spectra shown in
multiplicity) is explained in the text. The squaréabeled O cor- Figs. 7-10. The coincidence requirement for these spectra
respond tp the calculated spectra expected from the oxygen con- (m=1) is that at least one charged parti¢fe d, t, or @) be
taminant in the target. registered with the residue. The conclusions that can be
emission. In the present work, we propose that the mosgrayvn from the comparisons shown in Fig. 12. are entirely
likely efféct for the discrepancies seen in Fig. 10 is of a imilar to th_e ones discussed already for the smgl_es spectra
dynamical nature like preequilibrium shape erﬁission or in-ShOWn n F|g. 6. The agreement betwee_n experiment and
lete fusion calculations is bgttgr for=38 and 39 than in Fig. 6 mainly _
complete fu ' . . ecause the coincidence requirement reduces the events in
As mentioned earlier, one can see from Figs. 7-10 th

the magnitudes of the predicted differential multiplicities e high-energy portion of the experimental spectra. Even in

(dM/dE) are not in good agreement with the experimentaICOinCidence there is still a disagreement on the high-energy

. . . ortion of the spectra, in particular f@&=41, and also the
ones. One way to further illustrate this point is to analyze thé3 . ' ’ .
integrated mu>lltiplicityM obtained by i?]tegrating ove): en- predicted spectra are narrower than the experimental ones.

erav the differential multinlicities. In Eia. 11. we show the This together with the discrepancies discussed earlier in con-
exg}:arimental multi Iicitiesl?/l for e.rnissio% of ' d t and nection with the light-particle spectf&igs. 7—10 indicates

P . p . ' 01p, 0, 1, @ that other mechanisms like incomplete fusion should be con-
as a function of th& of the residue. To minimize effects due

to reactions other than fusion, the additional constraint ofS'dered and that is done later on.
requiring that more than one light charged particle be de-
tected has been applied. This means that at least a triple
coincidence requirement is fulfillebne residue, the indi-
cated light particle, plus one more light charged partidle The calculations presented in Sec. IV A were done using
should also be kept in mind that the fragmentZef34 and  the standard level density parameter aof A/8; however,

35 may have large nonfusionlike components. The calculaterkcent analyses have suggested smaller valuesAlike, or
multiplicities M are shown as lines in Fig. 11. The main even that an energy-dependent level density parameter

B. Complete fusion calculation and uncertainties
in the level density
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FIG. 12. Experimental energy spectfaircle9 of ER’s of 1078 , T T : T . £+
Z=38-41 in coincidence with any light charged partitie=1) p, 0 20 40 60 80 100 120 140 160
d, t, or . The solid lines are the statistical model calculations for E, (Mev)
complete fusion. The differential multiplicity given in the vertical
axis is explained in the text. )

e . . . . . .

- Z=38 - triton coincidences
should be usefb,7]. Also, in connection with the analysis of ‘ m ° Exp.
. : . > . F 5 + Cale. CF, Al12

the data given in Fig. 5, a value &/12 could be more 2 107 £ g, "“"@
appropriate. To investigate to what extent the discrepancies =~ # 6“"%&%
between the data and calculations are due to uncertainties on 4 - % % 1
the level density, a full set of simulations was done using the = . ;’fﬁ* mo‘;ﬁ%
level density parameter @¥/12. @+ S oo

The first comparisons of interest to discuss are on the 10°° , ' - ' ; '

. . . . . . 0 20 40 60 80 100 120 140
energy spectra of the light particles emitted in coincidence E (MeV)
t e

with the ER. Figure 13 shows these spectragoandd in
coincidence withz=38, and Fig. 14 showsand « in coin-
cidence also witlz=38. The vertical scale in FIgS 13 and FIG. 14. Experimental energy specteircles for tritons (bot-

14 gives the differential multiplicitgl M/dE, as defined ear- tom panel and «’s (top panel in coincidence withZz=38. The
lier in connection with Figs. 7-10. Comparing thespectra  calculations(crosses are for a complete fusion process calculated
with the corresponding one for th&/8 calculationgbottom  with a level density parameter af=A/12.
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of IF with particles lost from the lighter of the two partners

0
" (the target in this cageshould be expected. A complete simu-
lation was done using a 10% contribution of IF, but no effect
o Exp.(p) was clearly seen with respect to the complete fusion calcu-
0 B, @ lations; therefore, a 20% component had to be assumed in
» order to have sizable effects. These simulations assumed a
= 0] loss of ana particle from the target with a complete fusion of
the projectile with the target remna(f®Na) at a projectile
f E:P((g) energy of 11.8 MeV/nucleon. The critical angular momen-
P .« L % oxo % xx tum used was 7 five units less than the complete fusion
. case essentially due to the mass loss. All simulations were
‘04230 32 a4 36 38 40 42 44 done using the standard level densi}8.

The first result of the IF calculations that we want to
discuss is for the residue energy spectra, which are shown in
Fig. 16, for fragments oZ=38-41 in coincidence with any
light charged particle. The datapen circlesare the same as

apresented in Fig. 12. As can be seen from the comparisons,
the centroid for the spectra fa&=41 is much better pre-
dicted for the CH-IF calculation than for the CF alor&ig.

12). In general, the shapes of the spectraZer38—40 are as
the data. For thed case, top panel of Fig. 13 and bottom well reproduced or better than for the CF case. The overpre-
panel of Fig. 8, it can be seen that the high-energy behaviadiction of the magnitude of the differential multiplicity for
of the calculated spectrum improves as compared to the ex¢=38 (same as in Fig. )2and the fact that the predicted
periment. The comparisons for theand « spectra(Fig. 14  widths of the spectra are significantly narrower than the data
and bottom panels of Figs. 9 and)1db not clearly indicate indicate that although an IF process may be present still
a preference betwee/'8 or A/12. Although the observations other effects could be important. The next important result to
made on the data given in Figs. 13 and 14 are based on thgresent in the IF calculations is in the energy spectra of the
analysis of the light charged particle spectra in coincidence, d, t, anda emitted in coincidence with the ER. In Fig. 17
with Z=38, they remain the same by analyzing the otiler we show the results for thp and d in coincidence with
from 39 to 41. Z=38 and in Fig. 18 those far and « also in coincidence

Another useful comparison is of the energy-integratedwith Z=38. The datgsolid pointg are the same as those of

multiplicities M, similar to those shown in Fig. 11 for the Figs. 13 and 14. The results of the €F calculations
A/8 case. The results using the level densityAdl2 are (crossesshown in Figs. 17 and 18 compared to the calcula-
shown in Fig. 15. The main observation is that#or37 (the  tions given in Figs. 13, 14, and 7—10 are very similar, which
relevant region for complete fusipthe agreement within means that the major discrepancies between the experimental
the experimental{squarep and calculateddashed linesM spectra and the calculations are not due to an incomplete
values forp is very well reproduced. For the-particle case, fusion mechanism and, therefore, still other processes will
the predictiongsolid lineg are slightly better than in Fig. 11. have to be considered. In particular, it should be noted that
The multiplicities ford andt are not well predicted just as in the calculated spectra far's in coincidence withiz =38 (Fig.

Fig. 11. From the comparison shown in Figs. 7-11 andl8) show still the large discrepancy with the data at low
13-15 and based on the high-energy slopes ofptland d energieqalso seen in Fig. 10
spectra, it can be concluded that a slightly better description
of the data can be achieved by using the valueAdf2, D. Influence of other decay channels in complete
supporting the ide®6,7] that for higher excitation energies and incomplete fusion calculations
(like in this case about 180 MeVa lower value of thea
parameter should be used. The calculations for the enera)o
spectra of the ER like those shown in Fig. 6 were done fo
the A/12 case, but no significant change was seen and, ther
fore, they are not shown. Also, it is important to notice that
the uncertainties in level density do not explain the anoma
lous low-energya emission, and therefore further explana-
tions have to be found.

FIG. 15. Integrated multiplicitM of p (circles, d (triangles, t
(crossey anda (squaresas a function of th& of the ER. The lines
(solid and dashedcorrespond to the calculated values assuming
complete fusion mechanism with a level density paramateA/
12. The coincident requirement i8=2.

So far, the calculations given in Secs. IV A, IV B, and
C contain five decay channefs p, d, t, anda, and hence
yncertainties can be introduced if not all the important chan-
nels are included. Recently, in the study of theH@l reac-
tion at 10 MeV/nucleori19], large cross sections have been
reported for decay of binary channels when one of the reac-
tion partners has Z>2. Also earlier worl{20] in the study
of the ®®Ni+°8Ni at 11 MeV/nucleon, large cross sections for
the emission of intermediate mass fragmei@ts3) (IMF’s)
have been reported. Following the analysis done in R,
From the comparisons shown in Figs. 6 and 12, it is cleawe have calculated the first step emission of the deexcitation
that the process of complete fusion does not fully explain thgrocess using the codrisco[20], which uses many emis-
data, which suggests that an additional component is heedeibn channels up t@=20. The output of this calculation is
to explain the discrepancy particularly in tde=41 spectra. fed into the full Monte Carlo deexcitation process with the
A typical mechanism is that of IF as discussed in REfd—  codeLiLITA, but for the multiple steps using only the five
16]. Following IF systematic§14—16, a 10% contribution light-particle channelgn, p, d, t, and ). The statistical

C. Incomplete fusion processes
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complete fusion plus 20% of incomplete fusion contribution. The i
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model parameters are the same as used in Sec. IVA. The 3 10° gm%%"wm&er + Calc. CF+IF 3
first results of these many channels calculations are shown in =3 & @“’%fﬁ
Fig. 19 for the case of evaporation residues in coincidence "3‘ 107t ;": TS, _
with one or more light charged particles. The data are the 3 oo * Hoopdo
same as those given in Figs. 6 and 16. The most important o v e e
result of the comparisons shown in Fig. 19 is that the width 10°° ' ; ; ; ; '
; : : : 0 20 40 60 80 100 120 140
of the predicted residue spectra is now in very good agree- E. (MeV)
ment with the experiment, although there are still problems t
with the absolute prediction of the values of the differential
multiplicities. The shift seen for the case 841 is due to FIG. 18. Experimental energy specti@rcles for tritons (bot-

the fact that the calculations in Fig. 19 have only the com+tom panel and a’s (top panel in coincidence withz=38. The

plete fusion component. Another important result of thesealculations(crossesare for a complete fusion process plus a 20%
calculations will be the comparisons with the energy spectraontribution of incomplete fusion.
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W 0.0067 energy part of thex spectra. One mechanism that has been
z mentioned earlier that could account for such low-energy
g 00037 is the deformation effects in the compound nucleus. A simple
estimation of the amounts that the barrier must decrease in
0.000 T T ] i i
900 400 500 600 700 800 order to fit the da_ta gives a radius parameltoer of about 2.3 fm,
E  (Mev) ‘ a very large radius indeetl0.9 fm for a'®®Cd nucleus
lab

However, perhaps more plausible mechanisms can be in-
voked to explain this anomaly. One such mechanism is that
FIG. 19. Experimental energy spectfaircles of ER's of  of preequilibrium shape emission. Indeed, it is possible that
Z=38-41 in coincidence with any charged partitie=1) p, d, t,  emission could occur with the system formed in an interme-
or a. The solid lines are the statistical model calculations for com-gjate state of a dinuclear sha@mposed of target and pro-
plete fusion assuming all decay chann@iwinly light particles and  jectile) such as has been suggested previously for lighter sys-
IMF’s up to Z=20). The differential multiplicity given in the verti- tems as a doorway to fusiorf21] or to explain
cal axis is explained in the text. experimentally observed large binary yielf22]. One can

compared to the CFIF case(Figs. 17, 18 and with the CF assume that thg system, while still in the dinuclgar §tage,
case(Figs. 7—10. A significant improvement can be seen for €Mits onea particle in the forward and backward directions.
all the spectra shown in Figs. 20 and 21 with respect to thén the average the barriers will be smaller since now they
other calculations, implying that a full deexcitation mecha-belong to Al(targe} or Br (projectile. We have done such
nism including IMF’s is important to improve the prediction calculations with the assumption that the preequilibrium
of the complete fusion mechanism. However, even if signifi-shape emission will occur only for angular momenta in the
cant improvement is seen, still the excess of low-energyentrance channeD] larger than the critical value for fusion,
counts in thex spectra is evidentsee Figs. 10, 18, and 21  J... For values of] less than]., the usual complete fusion
Clearly, other mechanisms not considered so far should bprocess occurs. For the present calculations, we have used

responsible for the emission of low-energyparticles. Jiax Of 85% and al, of 654. This value ofl, is ten units less
than the one used for the CF calculations because it is nec-
E. Processes other than CF or IF essary to reduce the CF contribution in order to introduce the

The most important difference between the experimentapreequilibrium component. Nevertheless, most of the com-
data and all the calculations presented so far is in the lowparisons shown here are for the energy spectra which depend
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FIG. 21. Experimental energy specti@rcles for tritons (bot- FIG. 22. Experimental energy spectarcles for protons(bot-

tom panel and «’s (top pane) in coincidence withZ=38. The  tom panel and deuterongtop panel in coincidence withZ=38.
calculations(crossep are for a complete fusion process assuming The calculationgcrossepare for a process assuming emission from
all decay channelémainly light particles and IMF's up t@=20). a dinuclear system prior to complete fusion and equilibration.

very little on small changes &, . The emission oh, p, d, t, F. Choices of transmission coefficients

and o was computed from the dinuclear configuration untii  Recently[17,26, it has been pointed out that the usual
the residual angular momenta value fell beldw at which  approach of using, in the statistical model calculations, trans-
point the system undergoes fusion and continues the usualission coefficient$T,’s) derived from optical model calcu-
equilibrium decay. The calculations were done using thdations which fit the elastic scattering of the decaying pair
level densityA/12 and the codelLiTA modified to accom- may not be adequate. In particular, for neutrons, protons, and
modate the dinuclear step. deuterons, the fit to the elastic scattering always requires the
Results of the dinuclear calculation for the light-particle introduction of the surface absorption tertusually in the
spectra in coincidence with=38 are shown in Fig. 22 fqp ~ form of a derivative to the Woods-Saxon formulahis
andd and in Fig. 23 fot ande. The most important result of Makes theT's fall off with increasing energy to values be-

this calculations is for the-particle emissior(top panel of 0w unity (normally to values around 0.9-0.7A typical
Fig. 23 where one can see that the fit has been greatly im$asSe iS shown in Fig. 24 for the case of a4 proton on
Ag where the solid line represents the transmission coef-

proved with respect to the calculations shown in Figs. 10, 14, . . ; S .
18, and 21. This “preequilibrium’ calculation differs from ficients obtained using the potential given in R¢i€], [26].

. sing the same geometry as the real well, we have substi-
the more common one used at energies above 20 Me ; ;
. . . . tuted the surface absorption term by volume absorption. The
nucleon[23,24] in that it requires low-energy emission from

the dinucl tem following full tum t fer. Th resulting T,’s are given by the crossed line and reach an
€ dinuclear system following tull momentum transfter. easymptotic value of unity at high energy. Usilgs obtained

main difference from equilibrium emission is in the low from volume absorption potential far, p, andd, we re-
emission barrier due to the d|nuglear shape.ass_umed. Alsﬁbated the calculations of complete fusion such as those
the overall features of the calculations shown in Figs. 22 andpown in Figs. 7 and 8. The results are showngfi@ndd in
23 forp, d, andt are significantly better than from the other cgincidence witiz=40 in Fig. 25 where the calculated spec-
calculations. The results of this calculation for the ER spectrara have been arbitrarily normalized to the data. As can be
are essentially the same as those shown in Fig. 12. seen from Fig. 25, the improvement of the calculated spectra
The persistence of the dinuclear configuration as a majo#t high energy for the case is significant compared to the
reaction mechanism in heavy ion collisions for energies up teurve in Fig. 7. The deuteron case improves slightly, but still
~20 MeV/nucleon has been documented recently in Refthe fit is as poor as in Fig. 8. In Refd.7], [26] other effects
[25]. of the optical model approach, such as shape resonance and
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10°5 ¢ . . . 0 O model calculations for complete fusion but using the set of trans-
0 20 40 60 - 80 100 120 mission coefficients with a volume absorption term for the optical
E, (MeV) potential of the kind shown in Fig. 24.

(other than the asymptotic behaviés complicated because
FIG. 23. Experimental energy spect@rcles for tritons (bot-  of other effects especially due to multiple emissianfact,
tom panel and o’s (top pane) in coincidence withZ=38. The  for Z=38 already ten charges are evaporated from the com-
calculationgcrosseyare fora processes assuming emission from apound system where uncertainties in level densities and
dinuclear system prior to complete fusion and equilibration. other parameters strongly influence the calculated spectra.
Regarding the high-energy behavior of thés, one can say
transparency, were investigated for all light partidlesd, t,  that for tritons andy’s for which the optical model is already
and a), and the authors proposed a simpler model IWBCof the volume absorption typ@.e., T,—1) the high-energy
(incoming wave boundary conditipfor which the transmis-  part is reasonably predictégee Figs. 9, 10, 14, and 1&nd
sion is now only through a real potential and the imaginarytherefore with all other parameters constant the predictions
part is substituted by ongoing wave boundary conditions infor p andd are indeed improved by imposing the asymptotic
side the barrier. In the IWBC model the low-energy tails ascondition of T,=1.
well as the high-energy asymptotic behavior are modified.
Evaluation of the effects of IWBC in the present calculation V. CONCLUSIONS

An analysis of the ER spectra obtained in coincidence

12 with p, d, t, anda particles shows that complete fusion is the
wod e main component as expected from current systematics of
' —_ complete-incomplete fusion deduced for lighter systems. In
0.8 1 fact, it is shown that the ER spectra, analyzed in coincidence
with light charged patrticles, have centroids which are consis-

T p+ 105 Ag tent with complete fusion and a 10%—20% incomplete fusion
[y 04 component. However, the predicted widths of the ER spectra
—+— TVol abs. are narrower than the experimental values. By allowing also

0.2 T elastic IMF evaporation to compete with light-particle emission, we
ool . e can account for the width of the observed evaporation resi-

0 10 20 30 40 50 due energy spectra.

The analysis of the light-particle spectra presents some
difficulties in understanding the reaction mechanism. The
centroids of the energy spectra of protons, deuterons, and

FIG. 24. Transmission coefficientd ) for 1=4 for p+1%Ag. tritons are generally consistent with expectations of
The solid line is obtained by using the optical model potential givencomplete-incomplete fusion mechanisms, but éhearticles
in Ref. [10], and the crossed line is the same potential expecteéhow much lower kinetic energies than expected. In addition,
when the surface absorption term is substituted by volume absorghe experimental yields of deuterons and tritons are much
tion. smaller than the predicted values. The predicted high-energy

€p (MeV)
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slopes of the energy spectrapfandd are too steep when a which are all relevant in determining the real mechanism
value ofA/8 for the level density parameter is used; going toinvolved in the emission of light particles and in the produc-
A/12 produces slopes that are in better agreement with thigion of ER’s. We have not achieved a unique description of
experiment. A preequilibrium shape emission mechanisnthe data or an overall description combining all these effects;
which assumes full momentum transfer forming an intermehowever, we have shown that a successful description must
diate dinuclear system, with emission from targetlike andconsider several of them.
projectilelike barriers for the light particles, can account for
the lower energies of the spectra, give a good fit for pro-
tons, and reasonable fits for deuterons and tritons. Slight im-
provements are observed for the high-energy tail of the pro- Oak Ridge National Laboratory is managed by Lockheed
ton and deuteron spectra using volume absorption for th&lartin Energy Systems, Inc. under Contract No. DE-ACO05-
optical model potential. 840R21400 with the U.S. Department of Energy. This work
We have presented an analysis showing the effects ofkas also supported in part by NATO Grant No.
level densities, transmission coefficients, incomplete fusionCR6.890807d and by CONACYTMexico) Contract No.
emission of IMF’s, and preequilibrium shape emission,1103-E9102.

ACKNOWLEDGMENTS

[1] W. E. Parker, M. Kaplan, D. J. Moses, G. La Rana, D. Logan,[14] H. Morgenstern, W. Bohne, W. Galster, K. Grabisch, and A.
R. Lacey, J. M. Alexander, D. M. de Castro Rizzo, P. DeY- Kyanowski, Phys. Rev. Let62, 1104(1984, and references
oung, R. J. Welberry, and J. T. Boger, Phys. Rev42774 therein.

(1991). [15] G. P. Gilfoyle, M. S. Gordon, R. L. McGrath, G. Auger, J. M.
[2] M. Thoennessen, J. R. Beene, F. E. Bertrand, C. Baktash, M. Alexander, D. G. Kovar, M. F. Vineyard, C. Beck, D. J. Hend-

L. Halbert, D. J. Horen, D. G. Sarantites, W. Spang, and D. W. erson, P. A. DeYoung, and D. Kortering, Phys. Rev&; 265
Stracener, Phys. Rev. Left0, 4055(1993. (1992.

[3] M. Beckerman, Rep. Prog. Nucl. Phy&l, 1047 (1988.

[4] D. Shapira, K. Teh, J. Blankenship, B. Burks, L. Foutch, H. J.
Kim, M. Korolija, J. W. McConnell, M. Messick, R. Novotny,
D. Rentsch, J. Shea, and J. P. Wieleczko, Nucl. Instrum. Meth-
ods Phys. Res. 801, 76 (199)).

[16] M. F. Vineyard, J. S. Bauer, J. F. Crum, C. H. Gosdin, R. S.
Trotter, D. G. Kovar, C. Beck, D. J. Henderson, R. V. F. Jan-
ssens, B. D. Wilkins, C. F. Maguire, J. F. Mateja, F. W. Prosser,
and G. S. F. Stephens, Phys. Rewv$; 1784(1992.

[5] R. Wada, D. Fabris, K. Hagel, G. Nebbia, Y. Lou, M. Gonin, J. [17] N. G. Nicolis, D. G. Sarantites, L. G. Sobotka, and R. J. Char-

B. Natowitz, R. Billerey, B. Cheynis, A. Demeyer, D. Drain, 18 :\t/)l/ ghy.s. RLeVéCAi’ 2?(93|_(|199I2.Y Lou. J. B. Natowitz. R. P
D. Guinet, C. Pastor, L. Vagneron, K. Zaid, J. Alarja, A.[ | M. Gonin, L. Cooke, K. Hagel, Y. Lou, J. B. Natowitz, R. P.

Giorni, D. Heuer, C. Morand, B. Viano, C. Mazur, C. Ng® Schmitt, S. Shlomo, B. Srivastava, W. Turmel, H. Utsunomiya,
Leray,R.LucasyM. Ribrag 'an(.j E To,ma.si Phyé ée\Bq'Z R. Wada, G. Nardelli, G. Nebbia, G. Viesti, R. Zanon, B. For-
497 (1989. nal, G. Prete, K. Niita, S. Hannuschke, P. Gonthier, and B.

[6] A. Bracco, J. J. Gaardim A. M. Bruce, J. D. Garrett, B. Wilkins, Phys. Rev. Gt2, 2125(1990.

Herskind, M. Pignanelli, D. Barmaid, H. Nifenecker, J. A. [19] K. Yuasa-Nakagawa, Y. H. Pu, S. C. Jeong, T. Mizota, Y. Fu-
Pinston, C. Ristori, F. Schussler, J. Bacelar, and H. Hofmann, tami, S. M. Lee, T. Nakagawa, B. Heusch, K. leki, and T.

Phys. Rev. Lett62, 2080(1989. Matsuse, Phys. Lett. B83 185(1992.

[7] W. E. Ormand, P. F. Bortignon, A. Bracco, and R. A. Broglia, [20] J. Gomez del Campo, R. L. Auble, J. R. Beene, M. L. Halbert,
Phys. Rev. G40, 1510(1989. H. J. Kim, A. D’Onofrio, and J. L. Charvet, Phys. Rev.43,

[8] J. Gomez del Campo and R. G. Stokstad, Report No. ORNL/  2689(199J.
TM-7295, 1981. [21] M. S. Hussein, B. V. Carlson, O. Civitarese, and A. Szanto de

[9] J. P. Wieleczko, J. Gomez del Campo, D. Shapira, H. Kim, K. Toledo, Phys. Rev. Letb4, 2659(1985.
Teh, J. Shea, M. Korolija, C. Volant, and A. D’Onofrio, Phys- [22] D. Shapira, D. Schull, J. L. C. Ford, Jr., B. Shivakumar, R. L.
ics Division Progress Report for Period Ending Sept. 30, 1989, Parks, R. A. Cecil, and S. T. Thornton, Phys. Rev. LB8,

No. ORNL-6578, p. 85. 1634 (1984).
[10] C. M. Perey and F. G. Perey, At. Data Nucl. Data Tallésl [23] A. D’Onofrio, J. Gomez del Campo, B. Delaunay, J. Delaunay,
(1976. H. Dumont, F. Andreozzi, A. Brondi, R. Moro, M. Romano,
[11] J. R. Huizenga, A. N. Behkami, I. M. Govil, W. U. Schier, and F. Terrasi, Phys. Rev. 89, 834 (1989.
and J. The, Phys. Rev. @G0, 668(1989. [24] M. Blann, Phys. Rev. @G1, 1245(1985.

[12] J. Gomez del Campo, J. L. Charvet, A. D'Onofrio, R. L. [25] S. P. Baldwin, B. Lott, B. M. Szabo, B. M. Quednau, W. U.
Auble, J. R. Beene, M. L. Halbert, and H. J. Kim, Phys. Rev. Schraeder, J. Tke, L. G. Sobotka, J. Barreto, R. J. Charity, L.
Lett. 61, 290(1988. Gallamore, D. G. Sarantites, D. W. Stracener, and R. T. de

[13] W. F. W. Schneider, F. Filhofer, R. P. Chestnut, C. Volant, H. Souza, Phys. Rev. Letf4, 1299(1995.

Freiesleben, W. Pfeffer, and B. Kohlmeyer, Nucl. Ph4871, [26] J. M. Alexander, M. T. Magda, and S. Landowne, Phys. Rev. C
493 (198)). 42, 1092(1990.



