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Evaporation residueéER) of Z=34—-42 were measured in coincidence with emitted protons, deuterons,
tritons, and« particles for the reactiof*Kr+2’Al at a 8Kr bombarding energy of 1260 MeV. Our study
demonstrates the presence of a strong preequilibrium component in the reaction yield. The assumption of a
forward center-of-mass angular distribution for the emission of energetic protona, dotiowing full mo-
mentum transfer, gives the best description of the observed experimental data. This description differs sub-
stantially from the one provided by prevailing models of incomplete fugi80556-281®9)50108-§

PACS numbds): 25.70.Jj

In heavy-ion nuclear collisions above 10 MeV/nucleon,2.5° that allow the beam to go through the detector stopping
the process of complete fusidF) and equilibrium decay in a Faraday cup located behind. With these data, a clear
begins to fail and mechanisms such as incomplete fusfn  separation between ER and products of DIC and quasielastic
and preequilibrium emission occurs. During the past two dereactions was achieved. The principal observation is that
cades[1-7], some understanding of IF reactions and pre-bulk preequilibrium particle emission occurs from the com-
equilibrium emission has been reached; however, a full unposite system after full stopping of the projectile, in contrast
derstanding of the mechanisms, primarily those associatedith observations and published systemaii2gl| (obtained
with the loss of particles prior to equilibration, still eludes us.from inclusive measurements
Frequently, the term incomplete momentum transfer has The experiment was carried out using the large detector
been employef3,5] to indicate that, somehow, particles are array HILI [9]. This detector system was used in previous
lost from the target and/or projectile before fusion of themeasurements of similar reactions leading to compound nu-
remnants occurs. This conclusion has been supported primalei with A~100[10-12. We emphasize here that the de-
rily by inclusive measurements of the energy and/or velocitytector system covered an angular range of 2.5° to 25°. The
spectra of ER-like fragmen{d—5] or folding angles in the ER were detected in an ionization chamber and the coinci-
case of fusion and fissiof6]. Coincidence measurements dent light particles were detected and identified by a high-
between ER and light-charged particles have been done ingranularity array of plastic “Phoswich’{13] scintillation
few casegd5,7] but in these studies, the nucleons emitted atcounters placed behind the ionization chamber. The beam of
forward angleg(laboratory angles smaller than 118scape 8%r at 1260 MeV was extracted from the Texas A&M Uni-
detection. The general conclusion from such studies is thatersity Superconducting Cyclotron. Timing between the Cy-
the data are consistent with particles lost from the lighter ofclotron’s rf and the hodoscopes was used to separat& the
the reactants. In our studies we use inverse kinematics 1 particles by time of flight.

(heavy projectile on light targetso that the ER possess a  The measured energy spectra of ERZef 39, 40, and 41
high recoil velocity that allows for complete measurementsare shown in Fig. 1 by the crosses. These spectra have a
and particle identification throudgB-AE and/or time-of-flight ~ trigger condition ofm=1, wherem is the charged-particle
techniqueg2,8]. In cases where the mass of the projectile is(p, d, t, and «) multiplicity measured by the HILI and have
not far removed from that of the ER, the overlap with pro-been integrated over the laboratory angle from 2.5° to 25°.
jectilelike reactions such as deep inelastic collisi@iC) Plotted on the vertical axis is the differential multiplicity
can be an important component which needs to be addressddiM/dE) defined as the ratio of the counts of a given resi-
especially at bombarding energies above 10 MeV/nucleon.due in the energy bidE (2 MeV step$ to the total ER

Unique aspects of the present measurements are completeunts(integrated over angle, energy, afdor Z=39). The
detection and identificatio(Z) of the ER and complete ki- other spectra shown in Fig. 1 are results from calculations
nematic measurements of coincident light particles, protontghat will be discussed later on. The experimental centroids
(p), deuterongd), tritons (t), and alphaga), in a 25° cone (in MeV) of the ER were extracted from spectra such as
centered around the beam excluding the angles from 0° tthose shown in Fig. 1 and are plotted in Fig. 2 for all frag-

ments fromZ =34 to 42. The solid points are the experimen-
tal centroids corresponding to the inclusive measurements
*Present address: Research and Data Systems Corporatidisingles. The open squares correspond to centroids extracted
Seabrook, MD 20706. from ER energy spectra with the multiplicity condition
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= FIG. 2. Experimental centroids of the energy spectra. The solid
' circles correspond to the singles measurements, the open squares to
e those obtained wittm=1 and the open circles to those with
§ =2. The various curves are calculations described in the text and
) labeled in the figurem refers to the light-charged-particle multiplic-
% ity measured by the detector.

, , , statistical model parameters used are similar to those em-
450 550 650 750 850 950 ployed in the description of the fusion reactions given in
Ejab (MeV) Refs.[10—-12. Maximum critical angular momentum values
of 63 [10,11] and a level density parametar= A/12 were
FIG. 1. Experimentalcrossesenergy spectra af=41, 40, and  used for the compound nucleus. These Monte Carlo simula-
39 ions compared to statistical model calculatidopen circles  tions had all the experimental constraifggometry, thresh-
g?d prgequililgzium calculationssolid curves for ER products of  o|d, efficiency folded in (see Ref[12]). The resulting en-
Kr+<Al at *'Kr=1260 MeV. ergy spectra are shown in Fig.(dpen circle for the ER of
Z=39, 40, and 41. As can be seen from the comparisons to
=1 and the open circles are those fo=2. The main ob- the data, the predicted energy spectraZer40 and 41 have
servation to point out from Fig. 2 is the large difference incentroids that are higher and widths that are smaller than the
the slope of the data of centroid Wswhen changing from experimental ones. This behavior is opposite from that ex-
singles andn=1 to m=2. A qualitative explanation of this pected from published systematics of[E4]. According to
effect is that the spectra, fat around and below the beam this systematics, particles should be lost from the target
(Z=36), contain substantial contributions from projectile- (?’Al) causing a shift of the centroids to higher energies.
like processes. In fact, a comparison of the widths of theThe predicted centroids for CF depend only on the full mo-
energy spectréfor the singles om<1) for Z from 34 to 40  mentum transfer assumption and on the fact that the equilib-
reveals that those &#<38 are wider by about a factor of 2 rium emission of the light particles is symmetric with respect
in respect to those af=38 indicating that the contribution to 90° cm in the frame of the emitting compound nucleus.
arising from two bodylike reactionsuch as DIC and quasi- Therefore, the usual uncertainties in the statistical model pa-
elastic reactionsare very strong foZ values at or close to rameters(like level densities and transmission coefficignts
that of the beam4=36). The width analysis for the spectra have no effect on the discussion of the centroids of the en-
of m>2 shows that the width values f@>34 are all very ergy spectra presented in Fig. 2.
similar within 30% indicating that the contributions arising  Inspecting our results for the centroids given in Fig. 2 as
from two bodylike reactions are reduced significantly be-a function of theZ of the ER, one sees a rather interesting
cause they have lower particle multiplicities than the CF re-effect. The small circle-dashed line and the thick-dashed line
action. drawn in Fig. 2 correspond to the centroids extracted from
A more quantitative analysis of the data displayed in Fig.simulations of the CF case for the singles and the1
2 requires detailed modeling of the CF reaction and equilib€onditions, respectively. As can be seen, the experimental
rium decay. This was done using the cadieTa [14]. The centroids are higher than the calculations for Alvalues
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. o . : FIG. 4. Experimental energy spectferosses of t (top panel
andp (bottom panelin coincidence withz=40. The calculations 54 4 (bottom panelin coincidence withz=40. The calculations
are (open circlesfor complete fusion and solid curves for preequi- 4re (open circles for complete fusion and solid curves for preequi-
librium mechanisms. librium mechanisms.

below Z=37, apparently consistent with the idea of IF sys-one whose spectrum is given in Figs. 3 orid in coinci-
tematics. However, when the comparisons are made for théence withZ=40. The spectra have been summed over labo-
m=2 case(which preferentially selects the ER componentsratory angles from 2.5° to 25°. On the vertical scale is the
in the energy spectyaone can see thatll the experimental differential multiplicity dm/dE defined as the number of
centroids(exceptZ=34) are muchHower than the CF pre- counts of the selected particle detected divided by the total
diction for m=2 (thin-dashed line in Fig.)2 This apparent number ofZ=40 fragments detected. The simulations for CF
agreement with the IF systematics, seen for the centroidare shown by the open circles in Figs. 3 and 4 using the same
belowZ=237 (for singles andn=1), is then due to the fact definition for the differential multiplicity. As can be seen
that DIC and quasielastic components included in the experifrom the comparisons given in Figs. 3 and 4, there is a very
mental data shift the centroids to higher energies. We sudarge difference between simulated and experimental spectra
gest that many other analyses made at similar bombardini@r p and «, primarily in the behavior of the high-energy
energied2,4], where only inclusive data were measured andcomponent. Also, it should be noted that the multiplicity
mostly the spectra foZ at or below that of the beam were predicted is higher fod andt (this effect is also present at
analyzed, the contamination with projectilelike fragmentslower energied10-12). The largest discrepancy between
has obscured the real picture. The remaining point in thishe experiment and the CF calculations exists for dhear-
discussion is to understand the difference between the exicle spectrasee Fig. 4, bottom panel
One appealing explanation for the high-energy excess of
(open circlep and the CF calculationg&hin-dashed curye  « andp is that of precompound decay of the kind discussed
To accomplish this we first turn to the analysis of the emittedby several author$15-17. It should be noticed that the
light-particle spectra. excess of high-energp or «’'s cannot be explained as pro-
In Fig. 3 we show the experimental energy spectrgectilelike emission since these would contribute around 15
(crossesof p andd in coincidence with ER oZ=40 and in  MeV/nucleon(i.e., 15 MeVp and 60 MeV«'s). Also, emis-
Fig. 4 for those oft and «. The trigger conditonm=1  sions from target breakup will be much lower in energy. We
means that at least one light-charged partigieluding the  modeled the preequilibrium decay using the cad®Ax

perimental centroids of what we consider filtered ER yields
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[15], which was used previously by the authors of Ré&8| The effect of precompound emission on the simulated ER
for higher bombarding energies. The preequilibrium particlespectra are displayed in Fig.(4olid lines. The fit in multi-
decay occurs form a source moving at the composite of tarplicity and shape is excellent fa=40 and a little off for

get and projectile velocity and is then followed by equilib- Z=41 and 39. The change M/dE with respect to the CF
rium decay using the codaLiTAa. The coderReLAx calcu-  calculations(open pointgis due mostly to the spread on the
lates onlyp andn emission and, as can be seen from the datavidth of the spectra because of the higher recoil energy
of Fig. 4, the main effect is on the's. Therefore, the pro- diven to the ER due to the energetic emission of the light
cedure used was to calculate froReLAX (with the input particles. The_downward shift of the centroid in these stimu-
parameters given in Refl15]) only the energy spectra qf lated spectra is a consequence of the forward peaked angular
and n in the center-of-mass systefe.m) and then scale distribution stipulated for the precompound emissiop,af,
them to ther's, assuming equal velocities. The relative prob- Qndas. Preequilibrium emission from the composite system
ability for @, p, andn in this first step was chosen as 50% (i.e., after full momentum transferaccounts for both the

. o " high-energy component in the emission pfand « and
25%, and 25%, respectively. The angular distribuiganthe dogwnwarc?);hift arpe observed in the centrollind of tr?e ER en-
c.m, of the emitted particles was of the form exp@/A 0)

. R ; o ergy distribution. Finally, Fig. 2 shows that precompound
with A¢=10°. In the philosophy of the preequilibrium onission, as stipulated here, reproduces the trend in ER en-
model, the energy spectrum of the emitted nucleons dependsqy distribution. The drastic change in the calculated result

on the total excitation energy of the composite systé8b  or CF m=2 and Preqm=2 attests to the important role
MeV for the present cageWith these parameters, allowing preequilibrium emission has in these reactions.

for two preequilibrium decay steps followed by equilibrium =, conclusion, our results indicate that a process of pre-
emission(usingLILITA ), we obtain the results shown in Figs. equilibrium emission of energetic light particlés, p, @)

3 and 4(solid lines labeled Calc. PreqThe proton spectrum  from the composite system peaked in the direction of the
(bottom panel of Fig. Bis well reproduced as we!l as the jncident beam can account for both ER and light-particle
high-energy part of ther spectrum. For low-energy’s, the  gmission spectra and relative multiplicities §fkr+ 27Al at
calculation predicts too much yield. The source of this dis-15 \ev/nucleon. In addition, we find in our analysis that
crepancy is in the equilibrium decay simulation part of theihere is no need to refer explicitly to particles lost from the

cascade, and has been discussed in previous publicatiofgget or projectile and results should depend mostly on the
[10,12. It should also be noticed that the fit for thespectra 415 excitation energy deposited in the composite system.
is very good(the multiplicity came down as a result of not g regylts for reactions involving direct kinematiésr in-
allowing preequilibriumd emission in the first two steps  gance, those of ReffL, 3, 5, § are all consistent with these
Also thet multiplicity came down significantly, producing a preequilibrium pictures; however, those involving inverse ki-
much better description of the spectrum. In R&, it was  omaticd2,4] are not. The explanation for these inconsisten-
also noted that the preequilibrium contribution frahandt  jes could be due to contamination with DIC reactions on the

was _about a fa(_:tor of 10_I0\_/ver than th_at f'““p: anda. A . projectile. Of course, some reevaluation of these discrepan-
deta|led_the0ret|cal description of the_ d|_5$|pat|on mechanl_sngies or even new measurements will be highly desirable.
responsible for the precompound emission strength and kine-

matics is not available. Also, current models do not address Research at the Oak Ridge National Laboratory is sup-
the preequilibrium emission of clusters suchdag anda. In ported by the U.S. Department of Energy under Contract No.
the preequilibrium calculations presented here, the assumpE-AC05-960R22464 with Lockheed Martin Energy Re-

tions that were made and already discussed were done wittearch Corp. We acknowledge also CONACYT, Mexico,

the sole purpose of demonstrating how the preequilibriumContract Nos. E120.2236 and 3756E, and NSF Contract No.
mechanism could account for the detailed exclusive datéNT-9416288. Oak Ridge Institute for Science and Educa-
obtained for the®¥Kr+2’Al system. Also, it is important tion is managed by Oak Ridge Associated Universities for
to emphasize that current models of IF do not explain thehe U.S. Department of Energy under Contract No. DE-
data. AC05-760R00033.

[1] J. Wilczynski, K. Siwek-Wilczynska, J. Van Driel, S. Gonggr- [6] B. B. Back, K. L. Wolf, A. C. Mignerey, C. K. Gelbke, T. C.
ijp, D. C. J. M. Hageman, R. V. G. Janssens, J. Lukasiak, R. H. Awes, H. Breuer, V. E. Viola, Jr., and P. Dyer, Phys. Rev. C

Siemssen, and S. Y. Van Der Werf, Nucl. Ph873, 109 22, 1927(1980.

(1982. [7] K. A. Griffioen, E. A. Bakkum, P. Decoloski, R. J. Meijer, and
[2] H. Morgenstern, W. Bohne, W. Galster, K. Grabish, and A. R. Kamermans, Phys. Rev. &, 2502(1988.

Kyanowski, Phys. Rev. Let62, 1104(1984). [8] B. Faure-Ramstein, F. Auger, J. P. Wieleczko, W. Mittig, A.
[3] Y. Chan, M. Murphy, R. G. Stokstad, I. Tserruya, S. Wald, and Cunsolo, A. Foti, E. Plagnol, J. Quert, and J. M. Pascaud,

A. Budzanowski, Phys. Rev. €7, 447 (1983. Nucl. Phys.A586, 533(1995.
[4] M. F. Vineyard, Phys. Rev. @9, 948(1994). [9] D. Shapiraet al,, Nucl. Instrum. Methods Phys. Res.381, 76
[5] A. Chbihi et al, Phys. Rev. C13, 652(1991). (1991).

021601-4



RAPID COMMUNICATIONS

PREEQUILIBRIUM EMISSION OBSERVED IN THE ... PHYSICAL REVIEW ®©0 021601
[10] J. Gomez del Campet al, Phys. Rev. (53, 222(1996. [14] J. Gomez del Campo and R. G. Stokstad, Report No. ORNL
[11] J. Gomez del Campcet al, Rev. Mex. Fis.42-1, 101 TM-7295 (198)).
(1996. [15] M. Blann, Phys. Rev. 31, 1245(1985.
[12] D. Shapira, J. Gomez del Campo, M. Korolija, J. Shea, C. F[16] R. Bonetti, M. Camnasio, L. Colli-Milazzo, and P. E. Hodg-
Maguire, and E. Chavez-Lomeli, Phys. Rev. 85, 2448 son, Phys. Rev. @4, 71 (1981).
(1997). [17] J. Randrup and R. Vandenbosch, Nucl. Phpg74, 219
[13] J. Pouliot, Y. Chan, A. Dacal, A. Harmon, R. Knop, M. E. (1987).

Phys. Res. A2270, 69 (1988.

021601-5



