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Dependence of projectile fragmentation on targeiN/Z
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Peripheral reactions offSi with 112Sn and'?“Sn at 30, 40, and 50 MeV/nucleon were used to elucidate the
effect of the neutron content of the target on the process of projectile fragmentation. It is demonstrated that the
fragments that result from these projectile fragmentation reactions can be divided into those which are the
result of statistical emission of the quasiprojectile and those that are part of a direct component. The statistical
part is independent of the target whereas the isotopic composition of fragments from the direct component is
dependent on the neutron content of the targ@®556-28189)00305-2

PACS numbg(s): 25.70.Mn, 25.70.Pq, 24.10i

I. INTRODUCTION Il. EXPERIMENTAL SETUP

This experiment was done with a beam388i impinging

) - Bn ~1 mglent of 112125n self-supporting targets. The
decay of excited nuclear systerffs—4]. It has traditionally beam wasgdelivered at 30, 40, and pspo Meg\J//nucheon by the

been thought to be a two-step process consisting of excitg5ng superconducting cyclotron at the Cyclotron Institute of
tion through a guasielastic collision f_oIIowed by the breakupTean A & M University. Only the 30 and 50 MeV/nucleon
of the projectile[5—7]. In that scenario one could study the qata will be presented in this paper. The detector setup for
breakup of a hot nuclear system independent of the forman;s experiment is schematically depicted in Fig. 1. It is com-
tion Of the SyStem. In faCt mUCh WOI’k haS been done ViEbosed of an arrangement of 68 Si|icon_0'$] te|esc0pes
projectile fragmentation to study whether the decay of eXcovering polar angles from 1.64° to 33.6° in the laboratory.
cited nuclear matter is simultaneous or sequei#id]. Re-  Each element is composed of a 326 silicon detector fol-
cently, it was shown that projectile breakup can occur inlowed by a 3-cm CgTl) crystal. The detectors are arranged
close proximity with the target and that particles are emittedn five concentric rings. The geometrical efficiency is more
in a mixture of statistical decafeither sequential or prompt than 90% for each ring. A more detailed description of the
and by direct emissioft]. detectors and electronics can be found in R28] . These

In the two-step model the target nucleus has no or limitedletectors allow for isotopic identification of light charged
effect on the fate of the decaying excited projectile. How-particles and intermediate-mass fragments up to a charge of
ever, since projectile breakup occurs in peripheral collision=5. The energy thresholds are determined by the energy
with the target and the excitation energy is determined byreeded to punch through the 3p@n silicon detector. These
friction and nucleon exchange between the target and th@rEShOIdS are listed in Table I. These energy thresholds have
projectile, the use of two targets with different neutron con-little effect on the acceptance of particles from the fragment-
tent could help us to discriminate between what was emitted’d Projectile, especially at 50 MeV/nucleon, due to the
by the breakup of the projectile and what was directly emit-Poost from the beam energy. However, these detector thresh-

ted at the time of contact. Moreover, a neutron-rich nucleu!dS discriminate against low-energy particles originating

will have more neutrons at its surface, thus showing a neulrom the target. This target fragment discrimination is con-

tron skin. This neutron skin results from the different protonz::ilnz;ﬂ\ggz our moving source fits to the data asEMINI

and neutron density distribu@ions at the S“”f"‘ce of a hef”‘W Energy calibration of the silicon detectors was achieved
nucleus and has been predicted by theoretical calculatlorr]‘s/i,[h the use of a®28Th « source providing six calibration

that include a proper asymmetry poteniié-10. The dif- f’{ioints from 5.42 to 8.78 MeV. The G3ll) detectors were

Projectile fragmentation has long been used to study th

ferences caused by differing neutron content of the targ alibrated from the measured energy loss in the silicon de-
may be best observed by looking at isotopically resolveqg o of 4 given particle of a certain mass and charge and

fragments. from its total kinetic energy calculated witbRIM-96 [24].

Isotopic indentification of emitted fragments has beenThiS procedurd 25] was used to determine the gain factor
used by several groups to study the dynamics of intermedia

. , . tFao) which was common for all isotopes. The following
mass fragmentiMF) and light charged partlc!(ELCP_) emis- quation[26] was used to relate the light outpltof the
smn[ll—lﬂ...These studies were done for midperipheral an SITI) crystal to the energg of the particle:
central collisions. Recent microscopic transport calculations
also revealed possible experimental signatures of isospin de-
pendence within nuclear collisiof&8—22. The goal of this % E ay(dE /dx)(1+R)2dE’
paper is to use the available isospin information to study the ey 7 '
dynamics of fragment production and light charged particle 2Jo 2+a,(dE/dX)(1+R)
emission in collisions where the dynamics was traditionally
believed to have no effect. where

@
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§i (53 mm) + Si-Strip (147 mm) + Si (994 mm)
Telescope (5cm x Sem)

S8i (135 pm) + Si (993 pm) + CsI(TD)
Telescope (Scm x Scm)

45.3 cm i

FIG. 1. Schematic side view of the experimental setup. The five SiFQsletector rings composing FAUST are shown. The two silicon
telescopes and their angular coverage are also shown.

IN(To /1) Additional silicon telescopes complemented the forward
R= m- 2 array in the setup._A telescope conS|st_|ng of aub8-silicon
detector, 147um silicon detectof16 stripg, and a 994xm
The parametera, a,, |y, andT, are constantsiE/dx is  silicon detector was placed at 40° in the laboratory. The
the differential energy loss in QdIl) calculated withsrim-  53-um and 994um silicon detectors had an active area of
96, a is 4m./931.5 MeV, and, was set to 0.488 keV, the 5 cmX5 cm and were divided in four quadrants. This tele-
ionization potential of the scintillator. The other two param-scope covered the polar angle from 42.5° to 82.2°. Another
eters of this equatiorg, andT,, represent the light quench- silicon telescope was placed at 135° in the laboratory, cov-
ing in the Cs(Tl) due to the space-charge effect and theering polar angles from 123° to 147°. It was composed of
electron kinetic energy cutoff parame{@5]. These should two 5 cmx5 cm active area silicon detectors of thickness
be the same for all detectors and should depend on the irt:35-um and 993um, respectively. A 2-cm-thick C€Tl)
trinsic scintillation properties and light collection of the de- readout via a photodiode was placed behind both silicon
tector. It was checked that these two parameters were thgairs. The second telescope was used to detect light charged
same for all C4[Tl) detectors. The values @f, andT, are  particles emitted by the target.
2.06 and 0.5 keV foZ=1, 2.6 and 9 keV foZ =2, and 2.87 Figure 2 shows the pseudomoment(sum of the charge
and 2.31 keV for lithium and heavier elements. The parammultiplied by the parallel velocifyof all measured patrticles
etersa, and T, were determined in a separate experimentplotted as a function of total chargsum of the chargefor
where cocktail beams were produced from the fragmentation
of 1F at 35 MeV/nucleon on a 57 mg/énfC target. Frag- p
ments of specific momentum and charge were selected by the
magnetic rigidity of the MARS beam ling27,28. The en-
ergy of a particle for a given analog-to-digital converter 5
(ADC) channel was obtained from an energy look-up table.
In addition, the punchthrough points of hydrogen isotopes in _~
CsI(Tl) crystals were also used. The overall procedure gives 2 4

2gi + 2Gn at 50 MeV/nucleon

an energy resolution of typically 3%. E -
TABLE I. Energy thresholds for each particle type in the g 3 B
FAUST detector. Ec> .
Particle Threshold Particle ThreshdlsleV) § 3 B
2
H 6.1 198 100.7 &~ [
2H 8.2 g 104.4 3
°H 9.6 C 133.1 L
3He 21.8 N 168.8 I
‘He 24.6 ¢} 206.3 [ | | | | | |
5L 46.1 F 252.2 i 2 4 6 8 10 12 14 16
77|_| 49.2 Ne 289.4 Total Charge
Be 67.5 Na 339.5
°Be 74.7 Mg 377 FIG. 2. Pseudomomentum plotted as a function of the total
10e 77.9 Al 430 charge. The selection of quasiprojectile breakup events and the dis-
Si 475 sipation cuts are shown by the straight lines and are described in the

text.
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Dissipation Bin equilibrium emission at backward angles, an effect that has

been previously reportd@9]. Figure 3 shows an example of
_ FIG. 3. Apparent temperature of target as measured from thgne fit and the relation between the apparent temperature and

kinetic energy spectra of protons. The top panel shows the kinetigjissipation. It shows a slow increase in the temperature as a
energy spectra in the silicon telescope at backward angles. Linggnction of violence followed by saturation. This rise and
show the result of a Maxwelliafdashed lingand exponentialdot-  satyration of the target temperature will be shown in another
ted ling functions. The solid line represents the sum of these tWOpaper[SO]. The apparent temperatures from the Maxwellian
distributions. The bottom panel shows the evolution of the apparenyistributions have a value of approximately 2 MeV. The pre-
tgmperature as a functio.n of dis§ipati0n for both targets. The SO"‘équilibrium contribution observed for protons has a slope
line in the bottom panel is to guide the eye. parameter of around 15 MeV. Both targets have approxi-

mately the same temperature. As the projectile loses more of
each event. The well-detected quasiprojectile breakup evenig kinetic energy in colliding with the target, the overlap
can be easily identified in the upper right. The analysis perzone becomes more excited, but the target stays approxi-
formed for this paper deals only with events with a totalmately at the same temperature. Only at small dissipation, or
detected charge of at least 12 and no more than 15, thdsr more peripheral collisions, do we observe an increase of
keeping only the quasiprojectile breakup events. The forwardarget temperature, the latter being the consequence of a bi-
momentum was used as a control variable for the violence afiary collision.
the collisions. Since some of the fragments and LCPs emit- Figure 4 shows the charge distribution and charged par-
ted from the statistical decay of the target could not be deticle multiplicity distribution obtained for particles detected
tected due to the detector geometry and energy threshold, th the forward array for the quasiprojectile breakup events.
amount of forward momentum was less for more violentOne can see that the events are mostly composed of a pro-

collisions. Ten cuts in forward momentum were made andectilelike fragmen{PLF) accompanied by light charged par-
are labeled from 1 to 10. These cuts are shown in Fig. 2 b{icles. The distributions were normalized for the same num-

the diagonal lines. The lines are diagonal since as more pal-lezrsOf events for the two targets at a given beam energy. The
ticles are detected the pseudomomentum will be larger. Cut > target produces slightly mos=1 andZ=2 particles
hich results in slightly larger multiplicities. The 50 MeV/

No. 1 corresponds to the least violent collisions and No. 10Y | dat | ler PLE and | ltinliciti
to the most violent. Although it is reasonable to believe thaflUCI€ON dala reveal a smafler "L and larger multiplicities
due to the increase of excitation in the quasiprojectile. The

more violent collisions imply a smaller impact parameter, no : iold with thet12Sn t ¢ be also int
attempts were made to relate them. Each cut corresponds tdaa{ger proton yield wi n target can be also Inter-

dissipation of approximately 500 Ged// One could have pre_ted by more preequilibrigm or direct emission .dl.Je to _the
used the mass of the particle instead of the charge but thgerlpheral hature _Of the coII|s_|oné In a grazing CO”'.S.'Or.' with
could lead to self-correlation in the ratios of yield that will be a more neutron-rich target liké**Sn, this pr.ee_qyllhbnum_
presented later in this paper. emission could appear in the neutron mulupllcmes whlc_h
The telescope at backward angles was used to detect pd€"® not measured mlthls experiment. This would be consis-
ticles emitted by the target. A measure of the temperaturéent with a neutron skin at the surface of the target.
from Maxwellian fits of the proton energy spectra was ex-
tracted for the two targets at 50 MeV/nucleon. An exponen-
tial function had to be added for higher energies in order to We know from previous experiments that statistical decay
achieve reasonable fits. This exponential corresponds to présequential or promptis known to be important for projec-

Ill. ISOTOPIC RATIOS
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30 MeV/nucleon 50 MeV/nucleon

frame. This allows the results of the simulation to be treated

X 05 exactly as if they were experimental data. The simulation
2 B i %0 results were filtered through a detailed software replica of the
"Z T R 5 . detector setup. The quasiprojectile excitation energy is ob-
m; « T ° e} tained from the experimental relation between quasiprojec-
“¥re tile velocity and excitation energy. In this way, a selection in
o L 1Ly violence by a cut on the forward pseudomomentum results in
s [ selecting events with a higher excitation energy. It was veri-
3 60 o 2 fied that cuts on the excitation energy of the projectile yield
Zrpc e, : the same ratios.
»g b ; Also, in order to simulate the contribution from the
pickup of one neutron by the projectile, the decay?8®i
P S A B was simulated withGEMINI using the same quasiprojectile
; o e and excitation energy distribution. Those simulations are
2L PG represented by the solid and dashed lines in Fig. 5. They
% é ., ; E:m": were performed only at 50 MeV/nucleon. For the ratic®bf
£.L]> e L to 3He yields, the?®Si simulation was divided by 2 in order
_____ Gomini®si | to plot it on the same graph. This plot indicates that if there
P T T A A B B R A is some neutron pickup by the quasiprojectile, it represents
01 2 3 45 6 7 8 910012 3 45 6 7 8 91011

only a small contribution to the ratios at all dissipation.
Mostly neutron pickup will produce larger ratios at small
dissipation and would account for the small bump observed
for both targets. The lack of a bump in the 30 MeV data
could be due to the relative closeness of the kinetic energy of
the projectile at 50 MeV/nucleon and the Fermi energy of a
neutron in the target. This small relative energy could result
in a higher neutron capture cross section.
The ratio of Li isotopes 1Li over °Li) again shows a
larger yield of the neutron-rich Li from thé®Sn target to
tile fragmentation events. However, as was pointed out irthe 112Sn target but to a smaller extent. The ratios predicted
Ref.[1], the short decay times and fragment correlation shoviby GEMINI are very comparable and are identical f88i and
a mixture of statistical and direct emission. The use of two?°Si, showing that if there is any neutron pickup, it will not
Sn targets allows us to determine what was the contributioaffect the ratio of Li isotopes. The ratio of Be isotopes
from the target in terms of nucleon transfer to the projectile(°Be/’Be) again shows larger yields of neutron-rich Be for
or in the excitation of the latter. In an excitation followed by all dissipation values. Ratios predicted bgmini are also
breakup that is purely independent of the target, no differclose to the experimental values but are not exact.
ence whatsoever should be observed. The fact that there is a difference between the two targets
Figure 5 shows the ratios of isotope yields plotted for thefor all dissipation bins indicates that fragments are not emit-
different degrees of violence of the collisions shown in Fig.ted only by the decay of the projectile, but that dynamical

Dissipation bin

FIG. 5. Ratio of yield of different isotopes at 3@ft) and 50
(right) MeV/nucleon. From top to bottom, this figure shows the
ratio of yield of 3H to 3He, “Li to °Li, and °Be to "Be. At 50
MeV/nucleon, the solid and dashed lines correspongetaini cal-
culation of the decay of®Si and 2°Si, respectively. Open circles
correspond to data obtained with th#&Sn target, and solid circles
to the 1%Sn target.

2. The top panels show the ratios of the yield3f to *He
for the two targets at 30 and 50 MeV/nucleon. Motide
than ®H are observed at all dissipation f&t°Sn target com-

processes like neck breakup also contribute to fragment pro-
duction.
At 30 MeV/nucleon, we still produce more neutron-rich

pared to the'?’Sn target. At 50 MeV/nucleon a bump is seenfragments from the more neutron-rich target but the indepen-
at small dissipation. This could be due to a small probabilitydence of the ratios over the range of dissipation values is no
of neutron pickup by the quasiprojectile at small dissipationlonger observed. The Be isotope ratios show a big increase
as indicated by the following simulation. for larger dissipation. This shows that neutron-rich fragments
GEMINI calculations for the decay of th&Si excited pro- are produced with the neutron-rich target for a sufficiently
jectile were performed in order to tell us what would result if large overlap of the projectile with the target. This suggests
the yield of fragments and LCPs were solely due to the stathat as the projectile spends more time in the neutron-rich
tistical decay of the projectile. The input distributions for target skin due to its slower relative velocity, isospin equili-
GEMINI, excitation energy, and quasiprojectile velocity distri- bration will favor a neck with more neutrons.
bution were obtained from the experimentally reconstructed The ratios in Fig. 5 were plotted as a function of the total
velocity distribution and excitation energy distribution as- dissipation. In Fig. 6 we plot different ratios of isotopes as a
suming that all detected particles come from the decay of th&unction of the velocity of the particles at 30 MeV/nucleon
projectile. This is not exact since some particles are emitteand at 50 MeV/nucleon. The two panels show the isobaric
directly. Nevertheless, the simulation should give a good esratios of *H/3He, and "Be/’Li. Slower particles are more
timate of the statistical emission. likely to be emitted by a slow-moving source. The beam
In the simulation, we first sample the reconstructed quaenergy dependence of these ratios may tell us something
siprojectile velocity by Monte Carlo simulations. This veloc- about the degree of isospin equilibrium achieved for differ-
ity is used to boost the velocities of particles calculated in theent beam velocities. The data shown here are above the
center of mass of the emitter to the laboratory referencéhreshold velocity for the®He. At 30 MeV/nucleon, the
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%H to 3He, “Li to °Li, and °Be to "Be are presented for the 50

Is at 3aleft) and 50(riaht) MeV/nudl lotted functi MeV/nucleon data. Open circles correspond to data obtained with
panels at 3@left) and 50(right) MeV/nucleon plotted as a UNCUON ¢ 1245 target, and solid circle to tHé2Sn target. Lines are drawn
of particle velocity. The bottom panels show the ratios'Be to to guide the eye

“Li at the two energies. Horizontal and vertical hatched zones cor-
respond to data from the two targef€sn and*?‘Sn, respectively.
Errors are indicated by the width of the hatched area; arrows indiNe+ 2*He, and Na “He+1H at 50 MeV/nucleon. These
cate the beam velocity. three channels are typical and define three categories#PLF
hydrogen isotopesy-like, and mixed channels-like chan-
3H/3He ratio decreases from small to large velocities anchels correspond to channels containing oalyarticles and
becomes constant close to beam velocity and then remains-clustered nuclei. Mixed channels correspond to breakup
constant above beam velocity. At 50 MeV/nucleon, the raticchannels containinge particles and hydrogen isotopes.
of 3H to 3He exhibits a continuous decrease for higher par-These velocity distributions were normalized to the same
ticle velocity. For heavier isotopes, the ratios are essentialljpumber of events for each target. THESn target results in
the same at all velocities with the exception that close to tha much larger yield for the channels containing a PLF and
beam velocity a sharp bump is observed. The bump aroungrotons only. This is probably due to the contribution of
the beam velocity may be due to a small contribution from
neutron pickup. Ratios are always larger for #éSn target.

These observations are consistent with the observation of
a neutron-rich neck reported befdrEl,12). The fact that the
ratios are equal for both targets above projectile velocity sug-
gests a strong statistical contribution from quasiprojectile
breakup close to beam velocity only. At lower velocities,
breakup of the neck, which is more neutron rich for #3&n
target, is responsible for the increase in the ratio.

The angular distributions of the ratios of yields at 50
MeV/nucleon are shown in Fig. 7. In this figure, we can
observe larger ratios otH/3He yield at larger angles. This
also shows that the directly emitted particles are emitted at
larger laboratory angles than those emitted by the in-flight
decay of the quasiprojectile. This implies that the neutron-
rich LCPs come from a more neutron-rich neck region. The
same behavior is observed for the two energies. For heaviet
isotopes, the ratios are essentially flat.

FIG. 6. Ratio of yields of*H to ®He are presented in the top

Na+3 'H Ne + 2 *He Na+'He+'H
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IV. LIGHT CHARGED PARTICLE VELOCITY SPECTRA
FIG. 8. Parallel velocity spectra of the particles composing three

The in-flight decay of the projectile will produce velocity typical fragmentation channels. Solid, dashed, and dotted lines rep-
spectra of light charged particles that have a Gaussian shap@sent data from thé'?Sn target,2%Sn target, and the result of a
centered at the quasiprojectile velocity. Figure 8 shows parsemini calculation, respectively, for the decay 8%Si at 50 MeV/
allel velocity spectra for three breakup channelsHgaH, nucleon.
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tra are very similar for both targets except for the low- 4
velocity tail which is more important for the neutron-poor 5000 —
target. The'?/Sn target yields a slightly larger amount of
a-like channels and similar amounts of mixed channels -
when compared to thé'%Sn target.

This figure also shows thaemini fits the velocity distri-
bution of the projectilelike fragment well. The calculation
shows that while the PLF velocity spectra are fitted, only the
high-velocity part of the light charged particles spectra can
be reproduced for all but protons. The lower-velocity part of
the spectra for ther particles is seen to be the same for both
targets, whereas the low-energy tails of the protons are sub-
stantially different for the two targets.

An estimate of the light charged particles emitted by stas- *
tical decay of the excited quasiprojectile can be extracted for %
the total yield in the following manner. Particles emitted in
the forward direction relative to the projectilelike fragment
are considered to be produced by the in-flight decay of theg
quasiprojectile. This forward contribution as well as its re- =
flection around the projectilelike fragment velocity is then
subtracted from the total yield to extract the yield of the
direct component. Figure 9 shows the parallel velocity dis-
tribution of LCPs where the forward contributigplus its
reflectior) is removedsee inset These spectra were created
in the reference frame of the PLF for events containing a
projectilelike fragment of charge 6 or heavier. In order to
take into account the differential target Coulomb repulsion B
that results in velocity shift§1], the reflection was per- 5000 | ‘He
formed around a small offset relative to the PLF. The offsets -
were determined by the centroid of a Gaussian distribution 2500 -
fitted on the forward side of the distribution. These offsets -
were set to zero for deuterons and alpha particles since thost 0 L
haveN/Z=1. The offset was set to a small positive value for 03 02 -01 0 01 02 03
protons and®He, and to a small negative number foH. Parallel Velocity (c)

The necessity of considering different velocity shifts in the

reacceleration in the target Coulomb field is due to the short FIG. 9. Parallel velocity spectra of light charged particles in the
decay time of the quasiprojectil®P). The decay was esti- PLF reference frame from the reaction 86i+1%n at 50 MeV/
mated to occur within 15 fm from the target in a similar hucleon. The solid line represents the total velocity spectrum. The
reaction[1]. The same method and offsets were applied foidotted line represents the projectile decay component. The inset
both targets. The ratios of detected particles, normalized t8hows the subtraction of the projectile decay component from the
the same number of events for both targets, obtained by thi€tl spectrum, yielding the direct component.

method are summarized in Table II.

All ratios are close to 1 for the quasiprojectile decay com-particle emission appears as a mixture of directly emitted
ponent, meaning that the excited projectiles produced arkght charged particles, neck rupture for the fragments, and
fairly identical for both targets. However, the direct emissionstatistical decay of the excited quasiprojectile.
component differs substantially. A lot more protons &ite The determination of the violence of the collisions with
are directly emitted by a grazing collision with a neutron forward momentum showed that the target temperature satu-
poor target than can be expected. Also, the numbefbf
directly emitted is significantly less for th&?Sn target while TABLE Il. Yields of light charged particles from reconstructed
the number of deuterons and alphas remains approximatelyents of2%Si+112Sn at 50 MeV/nucleon divided by the yields from
the same. The statistical errors in those ratios are at most 5%Si+12“Sn. The ratios were normalized for the same number of
(typically 1%). An evaluation of the systematic error was events for both targets. All LCPs were measured in the range of
performed by changing the velocity offsets by a smalll.64°~33.6° in the laboratory.
amount and resulted in fluctuations of at most 20% in the
evaluation of the ratios of the direct component only. The Particle Overall QP decay Direct emission

directly emitted protons. We can observe here that the spec- F ] i m
|

ts)

unm

d (arb

[TRT o I A M

systematic errors for the quasiprojectile decay component 1 136 174 558

evaluated by this method are very small. 21 1'15 1.11 1-40
3

V. CONCLUSIONS H 0.96 1.01 0.53

3He 1.32 1.23 1.74

This paper shows that projectile fragmentation depends 4He 1.12 1.10 1.18

on theN/Z of the target because fragment and light charge
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rates at approximately 2 MeV. In addition, for the more vio- statistical emission from the quasiprojectile is factored out
lent collisions, we observed larger multiplicities emitted the direct component reflects the relative neutron content of
from the neck. This is in agreement with a larger geometricathe target.
overlap between the projectile and the target.
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