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Formation of a necklike structure in 3°Cl+ 2C and °’Au reactions at 43 MeV/nucleon
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The experimental signature of the formation of a necklike structure, with a velocity between that of the
projectilelike emitter and that of the targetlike emitter, is investigated with the same beam and experimental
setup for targets lighter and heavier than the projectile. The reaction®@ren “C and on'%Au at 43
MeV/nucleon. Particle velocity distributions are compared with two-source statistical simulations and the
presence of a necklike structure is inferred from the data. In the second part of the paper, dynamical model
simulations with the formation of a necklike structure are presented foP¥dkt+ 1°C system at 43 MeV/
nucleon.[S0556-28137)01404-G

PACS numbegps): 25.70.Mn, 25.70.Pq

I. INTRODUCTION In this paper we present experimental evidence for the
formation of a necklike structure. The rupture of this neck
There is strong evidence that reaction dynamics plays aproduces charged particles at velocities between those asso-
important role in the multifragmentation process of heavyciated with the projectilelike and targetlike emitters. Two
ions at intermediate enerdyt—9]. In particular, persistence different targets ¥*C and °’Au) have been used with a
of final-state configurations having a binary character well35c| projectiles at 43 MeV/nucleon in order to assess the
into the Fermi energy range(10 MeV/nucleor<  similarities between nearly symmetric and very asymmetric
Epeani< 100 MeV/nucleoh even for very central or violent systems. In the two cases, noticeable differences have been
collisions, has been confirmed in several recent experimenighserved between the experimental results and simulations
[10-15. However, this penomenon still evades proper theoys the statistical decay of a two-source system.
retical explanation. It has been shown that for reactions in- |, the second half of the paper dynamical models such as
volving light heavy ions Z<20), the fusion cross section is o Boltzmann-Uehling-UhlenbedBUU) [25] and quantum
only 4% or lesqg14,15 of the total reaction cross section. - Jiecular dynamic$QMD) [6,26] models are briefly intro-

Another observed phenomenon, still not well understood, i ; ; 1
the formation of a necklike structure, recently evidenced in%i uced and simulations for th&Cl + 2C system presented.

: ; ; - Although the formation of a necklike structure from dynami-
reactions between very heavy iofi6-1§ in the Fermi en- . . . .
ergy range. The concept of a “neck” in configuration spacecal fluctuations is predicted by the QMD model, this process

between the projectile and the target might be related to thBas & Very low cross section and most collisions result in

velocity space concepts of midrapidity source, participant-compound nucleus formation or deep-inelastic binary sys-

spectator phenomena, or “fireball” models commonly usedt€mSs.

for higher-energy heavy-ion reactiofis9—23. In a study of

the Kr + Au reaction at 43 _Me\_//nL_JcIe_on, Stuftga_e al.[24] _ Il. EXPERIMENTAL SETUP

concluded, based on velocity distributions, that intermediate-

velocity fragments Z=9) might come from a participant The experiment was performed at the Tandem Accelera-

zone. tor SuperConducting CyclotrofTASCC) at Chalk River. A
beam of *°Cl at 43 MeV/nucleon bombarded successively a
2.2 mglent thick carbon target and a 2.9 mg/ényold

*Present address: M/S 88, Lawrence Berkeley National Laboratarget. The reaction products were detected in an array of

tory, 1 Cyclotron Road, Berkeley, CA 94720. 83 detectors covering polar angles from 3.0° to 46.8°. The
"Present address: NSRL, University of Rochester, 271 East RiveB0 detectors of the Laval-Chalk River forward arf@y,2§

Road, New York 14627. are mounted in five concentric rings around the beam axis
*Present address: Institut de Physique Naicke d'Orsay, B.P. and cover nearly 100% of the solid angle between 6.8° and

91406, Orsay Cedex, France. 46.8° (see Fig. 1 The first three rings are made of plastic
$present address: Cyclotron Institute, Texas A&M, College Staphoswich detectors with a detection threshold of 23.5

tion, Texas 77843. MeV/nucleon forZz=1 (17) particles. The two outer rings
IPresent address: partement de Physique, Facultes Sciences, are composed of C@Il) crystals which achieve isotopic

Universitelbn Toufail, Kenitra, Maroc. resolution forZ=1 and 2 ions with a threshold of 2 MeV/
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FIG. 1. The CRL-Laval Array. See text for description.
FIG. 2. Reconstructed c.m. velocity from detected ions for

nucleon and element identification fér=3 and 4 ions with ~ events with$Z=23 in 3°CI+'C at 43 MeV/nucleoritop) and 10
a threshold of 5 MeV/nucleon. Three Si-Csl telescopess>Z=<20 in *Cl+**Au at 43 MeV/nucleon(bottom. Arrows

o o i{nindicate the beam and c.m. velocity for the reverse kinematics sys-
sampled_ the .mos_t forwgrd angles, 3.0 -5.0°, and prowde%!;m and the projectile velocity fo?5él+197Au Y
charge identification with a detection threshold of(® :

MeV/nucleon forZ=2 (17) particles. More details on the IIl. RESULTS AND ANALYSIS
experimental setup can be found in Ré&15,29. Between o 1 _
10° and 16 events were recorded for each projectile-target A. ¥Cl+*°C experiment

combination in both “minimum-bias” and central triggering  The presence of charged particles at intermediate velocity
conditions (charged-particle multiplicites=2 and =6, re- in an intermediate-energy heavy-ion reaction should not nec-
spectively. essarily be considered as the appearance of a new “emitting
Since the effects of the detectors’ energy thresholds arsource” in the system. Rather it can be thought of as a neck-
different on each system, because of the different systenike structure formed via both direct nucleon-nucleon inter-
sizes and center-of-magsm,) velocities, a careful selection action and collective mean-field behavior occurring near the
of events for each experiment must be made before investe.m. velocity of the system. Charged-particle production
gating the formation of a necklike structure. Figure 2 showscould arise from the rupture of such a necklike structure
the c.m. velocity, reconstructed from all detected particles, ofinking the projectilelike emittefPLE) and the targetlike
the events considered in the present analysis. For the lightesinitter (TLE).
system,*Cl+ 1%C, 2x 10° events with complete charge de-  The presence of a neck in a reaction unveils a “ternary”
tection &Z=23) are retained. The c.m. velocity distribution event, where reaction products have three different possible
of the reconstructed system is narrow and is centered withiorigins: the PLE, the TLE, and the necklike structure. The
4% of the calculated valuéhis small difference may arise persistence of the dissipative binary character in the Fermi
from a combination of minor effects, including preequilib- range and the formation of a necklike structure at c.m. ve-
rium emission of target neutrons, an excess of heavy hydrdecity are signs that the incomplete fusion mechanjS@-
gen isotopes in the phoswich detectors having isotopic iderB8g] is likely in competition with a nonstatistical mechanism
tification, systematic calibration uncertainties, and afor the production of charged particles.
threshold bias for retaining Z= 23 events with back-angle To extract an experimental signature from a necklike
neutron emission structure, one must first account for the experimental bias
In the case of the asymmetric systeftCl+1%Au, the  of the data. The c.m. velocity of the system is 6.8 cm/ns
array threshold limits contribution from the target to a few for *°Cl+ *°C at 43 MeV/nucleon, close to the forward array
light charged particlesLCP’s) and the reconstructed c.m. phoswich thresholds of 5.06.3) cm/ns forZz=6 (Z=12).
velocity for events with minimum biagl0<2Z=<20) cover = Because the energy threshold increases with particle charge,
a large range, from low values up to the beam velocity. Adetected heavier fragments are likely to be faster on average
contribution from the quasielastic scattering of the projectilethan lighter ones. In order to properly assess threshold effects
can be observed at the beam velo¢By12 cm/ng However, and to avoid experimental artifacts, every experimental dis-
as shown in Sec. lll B, experimental bias does not excludéribution will be compared to simulations from the code
the detection of LCP’s and light intermediate-mass fragmenkuGeNe[39], filtered for both the detector’s energy threshold
(Z=3,4) from a necklike structure for this system. and geometry. This code produces two-source events that are
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FIG. 3. Anisotropy ratio for®Cl+'°C (solid line) and EUGENE FIG. 4. Oy, distribution for the**Cl+ *2C at 43 MeV/nucleon
one- and two-source simulatioidotted and dashed lines, respec- (solid ling). Dotted and dashed lines are from filtered one- and
tively) with no selection on flow angle. two-SOUrceEUGENE simulations, respectively.

of the event. The angle between the major axis of the event
in momentum spacéhe eigenvector with the largest eigen-
value and the beam axis i@y, , the flow angle.

Figure 4 shows the experimental flow angle distributions
the 3°ClI+ 1?C system and corresponding one- and two-
source simulations. Based on perpendicular versus parallel

A§ in previous analyse$9,13,14, .the a_nisotropy ratio velocity spectra, it has been demonstrated in Ri5] that a
[40] is used to compare data and simulations that have th ut on the flow angle is a better criterion than transverse

same elongation in the momentum space. This anISOtrOpé‘nergy for isolating binaryor ternary events. Furthermore,

ratio is defined as distributions of flow angle for simulated single-source events
2 EiM:l| Picon.] plotted in the figure_show that a majority of these events do
A== =, (1) correspond to the highest values®f,,. TheZ=3 perpen-
™ 3] I:’icmll| dicular versus parallel velocity spectra for specific ranges of
_ _ o _ the flow angle are shown in Fig. 5 f6PCI+ °C, where the
where 247 is a geom-etr.|c. normalization constaM, is the .t for binary events is set 80, <45° and at® gy, 65°
charged-particle multiplicity, an&;c.mj andPicm. are mo-  for single-source events. It is clear from the velocity maps
menta of theth particle in the c.m. frame, parallel and per- hat the two-source events are selected by the cut on
pendicular to the beam axis. Figure 3 shows that in order ®,,,<45° and that single-source events, where fhe3

r3e5prod1uce the anisotropy distribution of A& =23 data i gmissjon is isotropic in the center of mass, are largely elimi-
Cl+2C at 43 MeV/nucleongUGENE simulations of two-  nated. The one-source and two-SoUELESENE simulations,

source events with an impact parameter of 4.0 fm or greatef|so piotted in the figure, support that selection since most of
are required. Single-source events have on the averageige two-source events, where the emitters are well separated,
mean value of anisotropy ratio higher than that of the data.5re found within the® 1,y <45° cut and the isotropic one-
As shown in Refs[14,19 for light systems, a small por- gqource events within the o> 65° cut.
tion (<5%) of the reaction cross section in this energy range Eor the remainder of the analysis we use events with
leads to single-source events. It is important to separate thog@ﬂow<45o, corresponding to the events with a bindoy
events from the data before making a comparison to binaryarnary nature, where a necklike structure is most likely to
simulations. To do so an event-shape tensor analysis Wagnear. The contribution from one-source events in the ex-
performed using the quadratic momentum terjgdi: perimental data should be negligible because of this cut on
Oaow- The contribution of one-source events to the
individual-particle velocity spectra can be estimated to be at
most 5% of detected events wiy,,,,<45°. This is done by
where P{" and P{" are theith or jth Cartesian c.m. com- comparing the total yield and the yield at 90° of the flow
ponents of the particle momentum aNgd is the total num-  angle distributions for the data and the one-source simula-
ber of charged particles in the event. The three eigenvaluason. Also, a necklike structure would be better characterized
and eigenvectors calculated from this tensor define the shapénematically by charged particles with<2Z<9 [hereafter

realistic in kinematics, excitation energgqual temperature
limit approximation, and angular momentum sharing be-
tween the nuclei. Complete fusion is predicted for small im-
pact parameters, allowing the treatment of single- and tWOfor
source simulations with the same code.

N ..
P2 =3 PVPM, i,j=1,23, @)



1872 Y. LAROCHELLE et al. 55

O, <45°
2

flo =
¢l + ¥Ciat 43A MeV 100 [ *Cl+2C at 43A MeV 722

1200 - ——Data
0 oamee- EUGENE (one source)

1000 - - EUGENE (two source)

L N B IO

L L B I B B

v b e by b b b b b

W
e
I

(arb. units)
£ g
T

Eugene (2 sources) !
2<7<9

Coincidence with a projectile-like fragment

Counts
[
g .
T

-5

V, (cm/ns)
l\l\ll\l\ll\‘l\

L B B L B L AR B B

ol by v b P by e b by

Eugene (1 source)

FIG. 6. Parallel velocity distribution of all particles with=2
for events with®,,,<45° for the 3°Cl+%°C at 43 MeV/nucleon
system(top panel for data (solid line), and EUGENE one-source
(dashed ling and two-source simulation@lotted ling. The same
el b e Lo T L b b number of events was used for the three distributions. The bottom
-5 0 SV ~ 0 5 panel shows the parallel velocity distribution for particles with 2
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FIG. 5. Galilean-invariant yields aZ=3 fragments from the
35CI+ 12C at 43 MeV/nucleon systeiftop panely and filtered one-

(middle panelsand wo- (bottom panels SOUrCEEUGENE simula- 7 _ g g intermediate-velocity peak remains in coincidence
tions plotted as a function of perpendicular versus parallel velocity

in the c.m. frame, with cuts or®,,<45° (left panel$ and :Nkltrll prOJheCtIIellkr? f;agr?ents’hsmglef_source eve;t?] are IeISS
Oq0w=>65° (right panels. Parallel velocities are along the beam y ey'to ave a nign-ve ocity heavy fragment an t e result-
axis. The count yield is in a logarithmic scale. ing simulated coincidence spect_rufdashe_d ling is _not
strong enough to account for the intermediate-velocity com-
defined as CR-9)], because the protons may be linked to ponent. This conclusion is corroborated by the fact that the
prethermalization processg30,37,42—4% and the heaviest contribution of one-source events in the data has been esti-
ions are mainly residues from the PLE. Our analysis theremated (see aboveto be at most 5% of the events with
fore focuses on these particles. Oqow<45°. The simulated two-source coincidence spectrum
The longitudinal component of the velocity in the center-remains forward £0 cm/ng and backward € —3 cm/ng
of-mass system is shown in the top panel of Fig. 6 for allpeaked. The three-peak structure of the top panel must there-
Z=2 products of 20 000 measuredCl+ *°C events(solid  fore originate from three-component events rather than from
line). The same number of simulated one-source and twoa summing of separate fusion and binary reactions.
source events generated with the cailgsENE is shown as To assess the difference between binary and ternary
dashed and dotted lines, respectively. This represents the tvavents, we inspect the perpendicular and parallel velocity
extreme cases in which the charged-particle velocity distridistributions of the particles. In order to find the kinematic
butions come entirely from one-source events or entirelyorigin of the charged particles emitted during the reaction,
from two-source events. Only events wifh,,<45° are an exclusive analysis is performed based on the heaviest
used in the velocity distributions. In addition to the targetlike particles of each event. Results from filteredGENE two-
and projectilelike velocity components,a4 and 1 cm/nsin  source simulations indicate that detected particles originating
the figure, an intermediate-velocity component is visible infrom the TLE are mostly found in C@lll) detectorgbetween
the data between-3 and 0 cm/ns. While it might seem 24° and 47° in the laboratoryMost of those coming from
reasonable to attribute the three-component structure in thtae PLE are found in the plastic phoswich array and Si-Csl
data to a superposition of one-source and two-source eventglescopegtogether covering angles between 3° and 24°).
an analysis of coincidence data eliminates this possibilityBased on these results, the following method is used to probe
The lower panel of the figure shows the velocity distribu-the origin of charged patrticles: The two “forward” heaviest
tions, from the same events, of all @R9 coincident with  particles (detected in phoswiches or telescopemd the
projectilelike fragments4=6, v, =0.5 cm/ng. This defi-  heaviest one emitted “backward” in the center-of-mass
nition is based on the evaporation residue charge distributioframeli.e., detected in the C@ll) array] were identified for
of the EUGENE simulations, which both have a mean value ofeach event. Individual and total velocity distributions of
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FIG. 7. Galilean-invariant perpendicular versus parallel velocity
spectra of charged particld@<Z<9) in the c.m. frame for the
5CI+12C at 43 MeV/nucleon system with® g, <45° for the
heaviest(top left) and second heaviegtiop right) ions detected in
the phoswich detectors and for the heaviest ions detected in thgyrence in velocity between the heaviest and second-heaviest
CslI(TI) scintillators(bottom lefy. The total of the three distributions - cp2—9) is of the order of 1 cm/ns, compared to 3 cm/ns in
is shown in the bottom right panel. Parallel velocities are along thene data. This difference is due in part to the higher threshold
beam axis and the count yield is in a logarithmic scale. Arfowsfor heavier ions, but since the difference in the data is nearly
shows the peak of the distributions for the heaviest and seconds times larger, an important intermediate-velocityeck
heaviest charged particle. contribution to the velocity maps has to be considered. Also,

there is a depletion between the heaviest and backward

these three groups of charged particles are presented in Fig/gaviest CR2-9), in sharp contrast with the continuous pat-
for the 3°Cl+ 2C system. Only CR2-9) are plotted in the tern of the experimental data. These differences with the data

figure. It should be noted that the forward heaviestZz®)  Wwould be explained by the presence of a faster and lighter
travels with an average velocity of 1.7 cm/fis the c.m. PLE in the data and the formation of a necklike structure
reference frame There is a major contribution of the traveling near the c.m. velocity.
second-heaviest forward CR-9 particle, found near the
c.m. velocity (—1.5 cm/ng. The maxima of the heaviest and
second-heaviest charged-particle velocity distributions are For an asymmetric collision of a light projectile with a
separated by=3 cm/ns. The backward heaviest@PR9 has  heavy target, the analysis must be done differently, mainly
an average velocity of-4 cm/ns. The overall velocity map because the energy threshold of the experimental apparatus
of the three heaviest charged particles, paikel shows a  only permits the detection of projectile residues and of fast
smooth distribution pattern betweerd and+4 cm/ns. light particles from the target. While the formation of a neck-
The second-heaviest CR-9) observed could be slower, like structure in such an asymmetric system has never been
simply because the phoswich energy threshold increases withbserved directly, the signature of intermediate-velocity
the charge. To evaluate the magnitude of this bias, a comemission in lowZ energy spectra at large angles and “qua-
parison is made to two-source simulations analyzed in thaifree nucleon knockout” at more forward angles has been
same way as the data. Figure 8 shows the same velocifyresented by Awest al.[47] for the %0+ Au system. This
distributions as Fig. 7, but for the filteredCl+ °C EUGENE ~ model failed to reproduce data for a more symmetric system.
two-source simulation. Here, the average velocity of the forE£ven with thresholdless detectors, the kinematics involved in
ward heaviest CR-9) is estimated at 0.9 cm/ns. This is a a very asymmetric collision makes it difficult to select par-
lower value than the 1.7 cm/ns of the data. This shows thaticles emitted from a necklike structure since the c.m. veloc-
the kinematic damping of the PLE is overestimated in theity of the system would be extremely close to the target
binary simulation even though the momentum anisotropy oWelocity. However, the intermediate-velocity emitter identi-
the data is well reproduced by the simulations, as shown ified in asymmetric collisions was often found to be close to
Fig. 3. Similar conclusions on damping were reached rehalf the projectile velocity[7], even in the intermediate-
cently by Dempseet al. [46] for heavier systems. The dif- energy range of our experimep8], leading to the conclu-

FIG. 8. Same as Fig. 7 but f@UGENE two-source simulations
of ¥Cl+2C at 43 MeV/nucleon withb>4.0 fm and with
Oqow<45°.

B. 3Cl+%Au experiment
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sion that this intermediate system could be formed by
nucleon-nucleon scattering between the projectile and th
target[49].

For the analysis of thé°CI+ 1°’Au reaction at 43 MeV,
the codeGENEVE [50] was used for comparison with the data
instead ofEUGENE It also evaluates the early stage of the
reaction with respect to excitation energy sharing and angusystematically higher velocity, especially for the heavier
lar momentum, but it has provisions to include projectilelikeZ=3 andZ=4 particles, indicating a faster velocity for the
and targetlike preequilibrium emission of protons and neuPLE. The same trend had been observed for the lighter
trons. In the dissipation stage, at small impact parametersiearly symmetric system detailed in the last section.
the code assumes a complete damping of the initial relative Nucleon-nucleon scattering at midrapidity could produce
motion between the two nuclei and the formation of a ther-LCP at the c.m. velocity, but not the heavier charged par-
malized compound nucleugncomplete fusion For larger ticles. On the other hand, the trend in the data is compatible
impact parameters, the excitation energy is shared betweemith the formation of a necklike structure, resulting in a
the PLE and the TLE, according to their relative masses. Thgreater kinematic separation between the PLE and TLE or, in
deexcitation phase is similar to that followed by the codethis case, the light PLE and the heavy target.

EUGENE Simulations leading to incomplete fusion were not  To further explore the effects of detector bias and the
retained for the present analysis. For both the data and theontribution from the target and/or preequilibrium emission
simulations the only event selection criterion was that at leaso the velocity spectra, Fig. 10 shows the filtereENEVE

10 units of charge were detected. The reconstructed c.nZ=1 parallel velocity distribution and the relative contribu-
velocity of filteredGENEVE events cover a range of values astion from the PLE(top pane), TLE (middle panel, and pro-
large (from 4 to 9 cm/ng as in the data. jectilelike preequilibrium(bottom panel From these plots, it

In Fig. 9, the distributions of velocity parallel to the beam can be concluded that the experimentally observed shoulders
in the laboratory reference frame for particles witlk-1, 2, do not arise from either TLE or from preequilibrium LCP
3, and 4 are compared to filtere#ENEVE projectile breakup  emission, which is centered on the PLE velocity. This repre-
simulations. The main characteristic of the spectra is theents additional evidence of the formation of a necklike
“shoulder” present in the data below the main peak of thestructure due to the neutron-rich nature of the heavy target in
distributions seen above the detector threshold and absent the asymmetric>>Cl+ %7Au reaction.
the simulations. These “shoulders” in the lower part of the  This effect is even stronger when isotopic ratios outside
light-particle and IMF velocity spectra were observed inthe normal emission range of the PLE are examined. Based
other projectile breakup analysis done with completely dif-on systematics put forward by Lleres al.[53] to isolate the
ferent experimental setupS1,52, and were not attributed as PLE, the emission range of an excitéeC| is set at+/—4
a contribution from the heavy target. Also interesting is thecm/ns around the PLE residue. Figure 11 shows the proton,
difference between the experimental peak position and thateuteron, and triton ratios to the corresponding total number
from binary simulations. The experimental maximum is at aof hydrogens for parallel velocities lower and higher than 4

FIG. 10. Parallel velocity distributions f&#=1 from the PLE
((:ijashed line, top panelTLE (dashed line, middle paneland pre-
equilibrium emission(dashed line, bottom panetompared to the
total distribution (solid line predicted by two-sourceseNEVE

simulations with 163, Z (detecteg< 20.
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s nucleon correlation information through the time evolution
of the collision. It is able to describe the fluctuations that
lead to the final fragmentation of the nuclear system. This is

@ *C'Auatd3AMeV O, 24°46° V,, >4 covns

—— GENEVEV,, >4 cm/ns oo
O 5QAu st A MEY @y 246" Y, <cb s a major improvement over the BUU model. 'I_'he QMD
..... GENEVE V,,, <-4 em/ns model is quite successful in describing collective effects

such as bounce-off and squeeze-out. However, it fails in re-
producing the fragment multiplicities observed experimen-
tally. Nevertheless, the QMD and BUU models describe the
initial nonequilibrium stage of the collision in reasonable
detail and should predict the prethermalization nucleon emis-
sion and the formation of highly excited prefragments.

To investigate the persistence of a binary character, even
for central collisions, and the formation of intermediate-
velocity neck in light heavy-ion collisions, we have per-
formed BUU calculations fof°Cl+ 1%C at 43 MeV/nucleon.
The BUU equation has been solved with the parallel en-
semble method57]:

Ratio p,d,t/H

05 —

of
E‘f‘v -Vrfl—VrU 'fol

Mass (u)

4 d
FIG. 11. Ratio of protongmass=1), deuterongmass=2), and :(ZT)gf dskzdﬂﬂvlifgf“(l_ f)(1—1,)

tritons (mass=3) to the respective total number of hydrogens emit- d€

ted forward of 4 cm/ns and backward ef4 cm/ns(see text for —f,fo(1—f3)(1—f,)]. 3)
detailg. Data are represented by solid dots for forward emission
and open dots for backward emission and¢B&EvE simulation by

a solid line for forward emission and a dashed line for backwardth
emission.

In Eq. (2), f=1(r,p,t) is the Wigner transformation of
e one-body density matrido,,,/dQ) andv,, are the in-
medium cross section and the relative velocity for the collid-

cm/ns to that of the heavy PLE residue. The ratio distributio"d NUcleons, respectively, andlis the total mean-field po-

for forward emission is well reproduced IBENEVE simula- tential which pons_ists of the Coulomb potential and the
tions. However, although there is a small change in the simurJUCIear potential with isoscalar and symmetry terms. During

lation, the backward ratios are dramatically different for theOUr calcul_ations, we used parameters for the equation (.)f state
experimental data, showing many more neutron-rich deuter(-EOS which corre.spond to Va'“.es O.f f‘“c'ear compressmlllty
ons and tritons atK =380 MeV (stiff EOS). For simplicity,o,(8,¢) is cho-

This is further evidence for the formation of a necklike S€N 10 be isotropic and energy independent. The mean-field

structure, richer in neutrons than the PLE because of a cofgd the Pauli-blocking factors in the collision integral are
tribution to its composition from the neutron-rich target. aver_aged over an ense”?b'e of ZOQ parallel S|mulat|o_ns.
Figure 12 shows the time evolution of density profiles on

the reaction plane for three impact parameters with a BUU
model. For the calculation d=3.0 fm, a single deformed
Statistical codes such aJGENE and GENEVE (and the residue is still present @&=220 fmk. In contrast, the sepa-
combinations offorRINO [54] with GEMINI [55] or sos[56] as  rated projectilelike and targetlike fragments begin to show at
used in Refs[9,13)) are based on excitation mechanismsslightly larger impact parametér=_3.5 fm and become dis-
involving nucleon exchange or excitation energy sharing as ¢inct atb=4.0 fm. So, in this calculation, the critical impact
function of the impact parameter and on sequential evaporgarameter is 3.5 fm for the transition from the one-body to
tion of a statistical nature. Moreover, they do not predict thethe two-body process. However, the calculation cannot pro-
formation of a necklike structure, as shown in the previougduce neck fragments or a necklike structure in semiperiph-
section. In this section, we analyze different dynamical cal€ral collisions(between 2 and 4 fin BUU simulations using
culations which could shed some light on the experimentaf lower value of nuclear compressibilifgoft EOS were
results, especially on the persistence of binary dynamics angimilar.
the formation of a necklike structure. Recently, Sobotk&58] has performed BUU calculations
Boltzmann-Uehling-UhlenbeckBUU) and quantum mo- for the **Xe+ 29%Bi system at 28 MeV/nucleon considering
lecular dynamic¥QMD) models are frequently used to de- a simple asymmetry-dependent term in the potentials which
scribe heavy-ion collisions at intermediate energy. The BUlconspired to create reasonable neutron “skins” for heavy
model[25] is based on one-body theory, which is describednuclei. Compared to calculations done with more commonly
in the model by a calculation of the one-body phase-spacesed equation of state, the calculations produced neutron-
density function. However, it is difficult to treat correlations rich neck regions with higher probability. Neutron skin ef-
and fragmentation in heavy-ion collisions with the BUU fects were shown to be a possible origin of necklike structure
model. The QMD model[26] incorporates the important in heavier systems. These effects cannot be considered in
quantum features of BUU theory, explicitly treating the “neutron-poor” systems such a¥Cl+ 1%C studied here. A

IV. DYNAMICAL SIMULATIONS



1876

£ 40 b=3.0fm [ b=3.5fm [ b=4.0fm

g [ t=0fm/c E t=0.fm/c F t=0.fm/c
» Q0 - 00 - e°
0: PR N T T NI |
4OL (=60fm/c E t=60fm/c E t=60fm/c

| t=220fm/c

[ @ Qg
0 20 40 60 80
Z(fm)

FIG. 12. Time evolution of density profiles on the reaction plane
for 3Cl+12C at 43 MeV/nucleon reaction, at three impact param-

eters calculated with the BUU modeinfiltered.
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centroids of their Gaussians is smaller thdor, /7. The
free nucleon-nucleon cross section is modified in the me-
dium by the Uehling-Uhlenbeck blocking factors. The Pauli
blocking probability of the final states is determined by the
overlap of the two nucleons in phase space with all other
nucleons. If a collision is blocked, the momenta of the scat-
tering parameters prior to the scattering are restored. We
define the fragments at the end of the reaction using a com-
mon minimum spanning tree procedure. If the centroids of
their wave packets have a spatial relationghjg=3 fm, two
nucleons are considered to be bound in a fragment.

For the nuclear ground state, Fermi motion generated by
the Pauli exclusion principle has been simulated by a
momentum-dependent repulsive potential. The parametrized
Gaussian Pauli potentifbl] is defined as

2 2 2
Epue eSO {L} exp[—ﬁz—— Pij }5 s
Pau 2|¢J Pal JoPo Zqo 2p0 7T Yooy

6

whereg; and; denote the spin and isospin index of nucleon
i. With such a potential the total energy of the “free” Fermi
gas is given byEfC=E,,+Ep,,. The parameters for the

equation of statdEOS and Pauli potential used in the cal-

possible origin of necklike structure for light heavy-ion sys- culation are taken from Reff62], which correspond to a stiff

tems is dynamical fluctuations. Colonret al. [59] have

implemented a fluctuating term into the BUU equation, aris-

EOS parameter ok =380 MeV.
The implementation of the Pauli potential into the dy-

ing from consideration of the random nature of the nucleonnNamical QMD model yields two major improvements rela-
nucleon collision integral. Their calculations predicted thetive to earlier model$62]. First, the ground states are well
existence of an intermediate neck region and the direct emiglefined; this yields stable initial nuclei. This is very impor-

sion of intermediate mass fragments from the region.

tant for QMD model to be used in the Fermi energy region,

To study the important role of mean-field instabilities Es~30 MeV/nucleon[63,64. Second, the excitation en-
which originate from dynamical fluctuations in the reaction€rgy of the prefragments can be determined with respect to
dynamics, we have performed QMD calculations for thethe true ground state and used to describe the long-term be-
35C|+ 12C system at 43 MeV/nucleon. Details about the codehavior of those fragments in an independent model such as a
may be found in Ref[60]. Here we summarize briefly the statistical decay model.

relevant properties. In the model, each nucleon of two col-

For a systematic study, we generated several thousand

liding nuclei is described by a Gaussian in momentum andVvents, with the number of events contained in a given do-

coordinate space:

1 —rig(H 1 2L
fi(r’p’t):m—hﬁeXp{_%_[p_pio(t)]zﬁ],
(4)

wherer;o and p;q are the centroids of théth particle in

main of impact parameter proportional to the cross section.
For each time step, the momenta and the position of all
nucleons were stored and the spatial distribution of the
nucleons was investigated to examine the formation of the
fragments.

After the collision has taken place, the system will con-
tinue to emit particles both in the prethermalization and the

coordinate and momentum space andi® the characteristic quasithermalization processes. Therefore the masses and ex-
width of the wave packet. The nucleons interact via a poteneitation energies of prefragments are sensitive to the freeze-
tial during the collision. The interaction used here consists obut time at which observables are evaluated. During the cal-
a local Skyrme two- and three-particle interaction, a Cou-culation, we switched off the QMD calculations at a time of
lomb interaction, and a Yukawa interaction. Neutrons andl20 fmkt after the first contact of two colliding nucleéat

protons are distinguished in the interaction.

t=0 the projectile and target surfaces are separated by ap-

With these Gaussian nucleon distributions, the interacproximately 2.0 fn). At this time the fast prethermalization

tions lead to the following Hamiltonian:

2
H= EI 2p_r|n +V|OC+ VYUk+ VCOUI. (5)

processes are terminatgthe time for prethermalization
emission is nearly 70 fmaj and the mass and excitation en-
ergies of the prefragments do not change rapidly with time,
which can be seen as evidence that the nuclear system is
approaching thermal equilibrium before breakup.

The short-range interaction is taken into account in the Figure 13 shows the impact paramebeversus mass dis-
same way as in the BUU models via a stochastic scatterintyibution of prefragments for*®Cl+12C at the 43 MeV/
term: Two nucleons can scatter if the spatial distance of th@ucleon reaction with QMD calculations &t 120 fmk. In
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FIG. 13. The mass distribution for prefragment emission, plot-
ted against impact parametarfor 3°Cl+ 2C at 43 MeV/nucleon FIG. 14. Unfiltered QMD calculation of the differential cross
reaction att=120 fmt with QMD calculation (unfiltered. Each ~ sectiondo/db for the production of one, two, and three IMF's
contour represen’[s a factor S||ght|y h|gher than 2. p|0tted against impact parametdmﬁor the SSCH‘ 12C reaction at 43

MeV/nucleon att=120 fmk. The solid line represents the impact

the case of a head-on collision, we see that the fragmerfarameters distribution used in the simulation.
mass distribution is composed of a heavy residge 41 and
a few nucleons. In the semiperipheral regibs-3.5 fm,  Dissipative binary collisions2 IMF events are the domi-
heavier prefragments appear, possibly leading to IMF prohant reaction process; they account for about 80% of the
duction. For the peripheral regiobz=6.0 fm, we see clearly Cross section and occur almost at all impact parameters, even
that the fragment mass distribution is composed of heavjn central collisions. The cross section for 3 IMF events is
fragments ofA;~34 andA;~10, respectively, along with only of the order of 3% of the cross section. B 3.5 fm,
nucleons. the cross section of 1 IMF events is equal to that of 2 IMF
From an event-by-event analysis of the simulation we Ca@vents. This prediction is consistent with the BUU calcula-
correlate the number of produced prefragments to the impadtons.
parameter. In the case of a central collision, only one heavy T0 search for the formation of a necklike structure, we
fragment is produced. This means that the reaction mech&roduced a contour plot of the IMF velocity components
nism is complete or incomplete fusion. With a slight increase(vz) versus positiorz on beam direction for 3 IMF events, as
of impact parameter, in addition to the incomplete fusionshown in Fig. 15. An interesting result is that the IMF can be
process, we can observe two-fragment events in the midcefglassified into three groups. A first group is in the region of
tral region. From the time evolution of the spatial distribu-z=0 fm andv,=1.0 cm/ns, representing fragments with a
tion of nucleons, we observe such events originating from afassA¢~ 31, and it could be attributed to the PLF. A second
incompletely fused system reseparated into two fragmentgroup is in the region of< —15 fm andv,<—3.0 cm/ns,
from which nucleons and/or clusters continue to escape. 1A~ 7, and could be attributed to the TLF. For the remaining
the semiperipheral region, around 3.5 fm, in addition to onegroup, its velocity is near to-0.5 fmk, z=—5 fm, and
and two-fragment events, we also observe a small cross seb¢~ 7. Because its character is similar to what is called the
tion of three-fragment events. As stated above, for peripherdarticipant-spectator process in higher-energy heavy-ion col-
collisions, b=6.0 fm, two heavy prefragments are formed, lisions, we consider it as a necklike structure. It is concen-
which could be attributed to a targetlike fragméfLF) and  trated in midperipheral collisions as shown in Fig. 14. In
a projectilelike fragmentPLF). Here, the collision process is summary, the BUU model fails to yield any indication of an
just a dissipative binary process as in deep-inelastic colliintermediate-velocity IMF production, while QMD does ap-

sions. pear to predict a small such component.
In Fig. 14, we show the differential cross sectidar/db
for one, two, and three IMF’s as a function of impact param- V. CONCLUSION

eterb for 3°CI+ 2C reaction at 43 MeV/nucleon as predicted

from our QMD calculations. The IMF's are defined here as We have investigated the formation of a necklike struc-
prefragments witlZ=3. The cross section of 1 IMF events, ture in intermediate-energy reactions involving “light”
which approximately correspond to the incomplete fusion aheavy ions. For the reverse-kinematics systértid+ 1C),
small impact parameter, is 15% of the reaction cross sectiorthe presence of necklike structure is observed by two differ-
It is still larger than the 4% from experimental resyliis]. ent methods: coincidences with a projectilelike fragment and



1878 Y. LAROCHELLE et al. 55

formation of a necklike structure would require detection of
4- BC1+C at 43 MeV/nucleon the target residue. .
: QMD at t=120 fm/c We have performed BUU and QMD calculations for the
v reaction *°Cl+ 12C at 43 MeV/nucleon. With our choice of
input parameters, BUU calculations give a critical impact
parameter of 3.5 fm for the transition from a one-body to a
two-body process. The model cannot produce necklike struc-
tures in semiperipheral collisions as observed in the experi-
mental results. QMD calculations which preserve dynamical
fluctuations through the time evolution of the collision can
produce necklike structures at=4 fm for the 3Cl+1%C
reaction. With the QMD model, the most probable origin of
a necklike structure for light heavy-ion system lies in dy-
namical fluctuations. The calculated cross section for neck-
like structure events is less than 3% of cross section at 43
MeV/nucleon. For the systems studied, the calculations pre-
“— Varem. dict that binary dissipative collisions are a dominant reaction
L e process, occurring over a large range of impact parameters
230 220 -10 0 10 and, even, in central collisions.
z(fm) Results from more complete experiments, possibly in-
cluding complete isotopic resolution, and more detailed dy-
FIG. 15. Unfiltered QMD calculation of the IMF velocity com- hamical simulations are needed before the mechanisms can
ponents ¢,) versus position componentson the beam direction be definitively identified. However, it is evident from our
(z axi9) for 3 IMF events in the®*Cl+'?C reaction at 43 MeV/ results that along with statistical mechanisms, reaction dy-
nucleon at =120 fmck. namics, specifically neck rupture, plays a major role in the
production mechanism of charged particles.

relative velocities between the two heaviest charged par-

tlcles,. in comparison with filtered two-source S|m.ulat|ons.. ACKNOWLEDGMENTS
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