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Two-fragment reduced-velocity correlation functions of intermediate-mass fragments emitted from midra-
pidity component and quasiprojectil®P) sources formed irP®Ni+ *2C and *Ni+ °’Au reactions at 34.5
MeV/nucleon have been studied. For the midrapidity component, they show a stronger Coulomb suppression
at low relative velocities than for the QP source, suggesting a shorter emission time for it than for the QP
source. Comparing the experimental correlation functions with the prediction of many-body Coulomb trajec-
tory code, the emission times of a QP source formed in both reactions were extracted as a function of the
excitation energy. The variation of emission time of the QP source with the excitation energy is independent of
the reaction system. It decreases monotonically with the excitation energy in the range oA(Rle®)from
several hundred fna/to about 100 fm¢. Above an excitation energy of/6MeV, it becomes very short and
saturates, suggesting that the QP source undergoes a multifragmentationlike breakup. The influence of the
quasitarget fragment Coulomb interaction on QP emission time is also considered.
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[. INTRODUCTION measurements could only deduce the averaged emission time
scales over all sources. For example,8tKr+ %Nb colli-
Multifragmentation and the nuclear liquid-gas phase transions at 35 MeV/nucleon, an averaged emission time of
sition have been the subjects of numerous studies during tH00 fm/c was extracted for intermediate mass fragments
last decadé1,2]. The time scale of the reaction mechanisms(IMF's) detected at polar angles ranging from 7° to 35°,
could provide important insights into this phenomena. Infor-SU99€sting that a sequential binary decay occur&dOn
mation about fragment emission times can be obtained bt e other hand, a shorter emission time scale of 200c fm/

) ) . as derived front®Ar+ 1°’Au collisions at 35 MeV/nucleon
studying the two-fragment correlation functiofg-19. The for IMF’s detected from 16° to 31F7]. Since two-fragment

Coulomb repulsion between emitted fragments leads t0 @ relation functions are sensitive to both emission time and

suppression of the correlation function at small relative vesgyrce size, a careful selection of the emission source must
locity (so-called Coulomb hojeA shorter fragment emission pe performed.

time results in a larger Coulomb repulsion between frag- In this paper we report on studies of two-fragment corre-
ments, thus a wider Coulomb hole. The extraction of emis{ation functions for quasiprojectile source and midrapidity
sion times is often performed by comparing experimentacomponents irP®Ni+ *°C and *®Ni+ °’Au reactions at 34.5
correlation functions with Coulomb trajectory simulation MeV/nucleon. After a selection of emission sources, the QP
codes[13,14,20,21 The codes consider the fragments to beemission time is extracted by afbody Coulomb trajectory
emitted from the same sourc@ne-source assumptipn code. The transition from long to short emission times has
However, fragments in heavy ion collisions may come frombeen deduced as a function of the QP excitation energy. We
various sources, such as quasiproject@P), midrapidity, ~ also consider influence of the QT Coulomb interaction on the
and quasitargetQT) sources. To compare the experimental QP emission time. Simulations indicate that the Coulomb
data with simulation results, the source selection and sourd@teraction between QP and QT sources does not affect the
identification are crucial to data analysis. Without neither€Xtraction of the emission times, except at very short sepa-

impact parameter nor source selection, analysis of previod@tion times. . N
pactp 4 P The experimental setup is described in Sec. II. In Sec. Ill,

data analysis and results of QP multifragment production are
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MeV/nucleon incident on'?C and %Au targets. The 2P, 1 =5-5.6 GeVic zP, "> 6.8GeV/o
charged particles were detected in the CRL-Laval d@ray £700 §
constituted by 144 detectors set in ten rings covering polar  Zzgq
angles between 3.3° and 140°. The forward four rings cov-  “400
ering angles between 3.3° and 24° are each made of 16 300
plastic phoswich detectors with detection thresholds of 7.5 100 :
(27.5 MeV/nucleon for element identification &=1 (28) OLL et L — L .

. : - 10 -5 5 10
particles. Between 24° and 46°, two rings of 16 C§l) V., (cm/ns) V., (cm/ns)
crystals achieve isotopic resolution fa=1 and 2 ions and ¢ e
element identification foZz=3 and 4 ions with thresholds FIG. 1. Relative velocity betweenz=3 fragment and the QP
ranging from 2 to 5 MeV/nucleon. The last four rings cov- residue ofZ=9 for the midcentral(left pane) and peripheralright
ering angles between 46° and 140° are each made of 12 Cgéane) >®Ni+ %’Au collisions. The shaded area shows the contribu-
(TI) crystals for isotopic resolution =1 and 2 ions and tion associated to the QP source.
element identification oZ=3 and 4 ions. Finally, three of
these detectors were replaced in the third, fourth, and fiftiwith the evaporation residue and using these probalitities on
rings by Si-Si-CsKTl) telescope detectors achieving isotopic an event-by-event basis. The events were first sorted into
resolution forZ=1-5 with thresholds of 2.(43.1) MeV/ several groups according to the Va|ue§)IfPﬁ'm'|, and for
nucleon forZ=1 (5). The main trigger for event recording each event in a group, the heaviest fragment &ith=8 in
was a charged particle multiplicity of at least three particlesthe event was used as the QP evaporation residue. Then,
Details of the detectors and energy calibration can be foungartides and fragments emitted from the QP source are sup-

in Refs.[22-25. posed to be distributed isotropically around this residue. The
relative velocityV, is defined to be positive if the parallel
I1l. DATA ANALYSIS AND RESULTS velocity of the charged particle is higher than the residue

parallel velocity(in the laboratory frameand negative oth-
_ erwise. As an example, Fig. 1 shows Mg, spectra between
Since the array does not have a complete angular coveg=3 fragments and the QP residues 29 emitted in
age and suffers from non-negligible energy thresholds, théénj+ 197Au reaction for the midcentral collisions with
first step in the event-by-event analysis is to select thes|pe™ =5_56 GeVt (left pane) and peripheral colli-
“well”-characterized events in which sufficient information gjong with 5| P§™=6.8 GeVk (right pane). The shaded
has been obtained. It is required that a total detected .cha_r%gea with positiveV,, value in Fig. 1 represents the distri-
for each event be larger than 25, i.e., 90% of the projectilg, ion of fragments emitted forward in the QP residue refer-
charge. This selection rgtgmslgt?he peripheral and midcentral,ce frame whereas the one with negative value represents
collision events. For th&®Ni+ **"Au reaction, since the QT jis yefiection on the negativeé,; axis. The attribution prob-
fragments with low energy cannot be detected by the arraypjity for forward-emitted particles is fixed at unity while
all very central events, with no projectilelike fragments, aréne propability of backward-emitted particles is determined

rejected. by dividing the reflected relative velocity spectrum with the

The sfe_cond step in the data anallysbislis to_sglrt the Iever(;ts Bliginal one. Elements of the probability tables are refer-
terms of impact parameter. Two global variables related tq,, o by classes BHPE™, Zyas, Zop, aNdVyq, . The eff-

t_he wole_nce of the collisions have bee'." |_n_vest|gated. h iency of this reconstruction method has been evaluated by
first one is the total charged partlclg multiplicity of the event;, application to simulated and filtered DFBEMINI events
(e.9.,[26-28) and the second one is Fhe tqtal absolute Pahere the true particle origin is known. Table | shows the
allel momentum of the Cchn? rged partlcles in the Center'Of'rate of succesful particle attribution as a function of impact
mass reference frame (™), defined as parameter and for different charges intNAu system. The

A. Selection of impact parameter

M rate is higher than 76% for low-impact parameters and gets
EIPﬁ'm'I 22 |Pﬁ'm': (1) close to 96% for peripheral collisions. It is worthwhile not-
= ing that even in the case of particle unsuccesful attribution to

) ) o the QP, the misattributed particle is statistically related to the
whereM is the total charged particle multiplicity of the event

c.m. ; H
and Piiiis the parallel momentum of the charged particle TABLE |. Rate (in percent of succesful QP particle attribution

in the center of mass. Simulations indicate tEdiPﬁ”‘l isa  for different classes of impact parametén fermi) and charged
better parameter to extract experimental centrality for oUparticles by the reconstruction method for filtered BIGEMINI

detecting systerfi29]. 58Ni+ 197Au reactions at 34.5 MeV/nucleon simulations.
B. Reconstruction of quasiprojectile source b (fm) Zz>0 zZ=1 Z=2 7Z=3-7 Z=3-14
To reconstruct the QP source on an event-by-event basig.-10 94 89 95 89 89
a two-step statistical algorithm has been used consisting iB—8 88 84 88 89 91
building probability tables for the attribution of a final de- 4—¢ 76 73 75 81 85

tected particle to the QP according to its relative velocity
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FIG. 2. The averaged excitation energy per nucleon of QP |G, 3. The averaged reconstructed charge of the QP as a func-
source as a function of event multiplicity. tion of excitation energy per nucleon of the QP source.

QP since the statistical reconstruction is based on probalitiemation of the QP charge in the reconstruction method be-

depending on the particle relative velocity with the QP resi-cause of sources overlapping, as mentioned above.

due. Fragments in the shaded area of Fig. 1 are considered as

originating from the QP source. The other backward-emitted  C. Multifragment production of quasiprojectile source

fragments(the blank arepwere attributed to the midrapidity

anergy thresholds, these detected fragments origiate mainfle. €*@ine the QP mulifiagment producton. Figure 4
' ows the probability for a given QP IMF multiplicity,

I;Z%Jgewg'grngz dcl‘?gqng(iﬂin;nﬁ\ln S?g/ents without a QP N,QMPF , as a function of the QP excitation energy per nucleon
) ysIs. - for °®Ni+ 2C (upper pangland *®Ni+ 1°’Au reactiongbot-
After the QP source was reconstructed, its excitation en-

ergy was deduced event by event by the calorimetry methoP™ pane), uncorrected for the detection efficiency of the

Before studying the two-fragment correlation functions,

[2.30-33; array. In Fig. 4, the IMF multiplicityNSr- includes the QP
evaporation residue. In both reactions, events with two IMFs
Mop emitted from the QP source begin at abokfp/A
op= IZl Ki+ MKy +Q. (2) =2 MeV. Below an excitation energy of 2 MeV/nucleon,

these QP source decay mainly by evaporating light particles
) o or one fragment. AEBP/ABS MeV, the events with three
Mqp andM,, are the charged-particle multiplicity and the QP o four fragments begin to occur. The difference between
neutron multiplicity, respectivelyK; and (K,,) the kinetic  hese two systems is the decay production at high excitation
energy of each charged particle and the averaged neUt“Hhergy. The multifragment productions fiNi+ *2C reac-

QP sou1ce, Since the neutrons were not detocted by the ardi 0S8l ADOUESHA=T MeV, while these in*Ni

urce. Si u w 1197 - * A
the QP neutron multiplicityM,, was deduced from tKe bal- ¥1%7Au reaction at aboUEGR/A=10 MeV.

ance of QP mas#\qp, and the sum of the charged particles 1600 -
mass, 3;_;MePA;. The averaged neutron kinetic energy 1400 |- % %N+ 12C
(K,) was estimated fromiK,,)=2T, where the nuclear tem- 1200 | X200 ‘
112 1000 |

pergtureT~(8E’éP/AQp) : o a0 |

Figure 2 shows the averaged excitation energy per 600 E
nucleon of the QP source as a function of the total charged- 400 |
particle multiplicity for *Ni+ *°C and *®Ni+ '%Au reac- 2 200 | )
tions. Monotonous increases of excitation energy with mul- - Op=
tiplicity are clearly shown for both systems. In our S le00

. s 1400 | oy, 58py: 197

measurement, a maximum multiplicity of about 14 was ob- 1200 fE X0 Cw, Ni+ ~Au
served for the®®Ni+ °C reaction, corresponding to an exci- 1000 | T,
tation energy of 7 MeV/nucleon, while a maximum multi- 800 - B Y

i i 197 . 600 | X 2/100gy R
plicity of about 22, observed for thé®Ni+ 1°’Au reaction, 400 E |moxg @Y
corresponds to an averaged excitation energy of 8 MeV/ 200 [ o
nucleon. The excitation energy might be slightly overesti- h i é TS T s e

i 8N+ 17C because of sources overlappin *

mated in the>*Ni+ case pping E qp /A (MeV/nucleon)

and the difficulty of disentangling them. Figure 3 shows the

averaged reconstructed charge of the QP source as a functionFiG. 4. Dependence on the excitation energy per nucleon of QP
of its excitation energy, for the two reactions. Higher Chal’ge%ource E’éP/A for observing a given IMF multiplicity from QP
are typically reconstructed for thiéNi+ 1°C system, for the source for®Ni+ °C (top panel and 5Ni+ 1°7Au (bottom panel
same excitation energy bin. This is a result of the overestireactions, uncorrected for the detection efficiency.
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FIG. 5. Evolution of the yield ratio of the three-fragment events

to two-fragment events and of the four-fragment events to two-

fragment events as a function Bf/A for *Ni+ C (top panel
and %Ni+ %7Au reactions(bottom panel uncorrected for the de-
tection efficiency.

The yield ratios of the three-fragment events to two-
fragment events and of the four-fragment events to two
fragment events are shown in Fig. 5, uncorrected for th
detection efficiency. At aE’éP/A range between 3 and 7
MeV, the multifragment production ratio increases with
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FIG. 6. Top: coincidence reduced-velocity distribution at the
excitation energy birEg/A=5-6 MeV in *®Ni+ "Au (a) and
%8N+ 12C reaction(c), respectively. Open and solid circles repre-
sent the results for the QP source with only forward QP fragments
and with all QP fragments, respectively. The counts for the QP
source with only forward QP fragmentspen circleg is multiplied

by 2. Bottom: two-fragment correlation function at the excitation

energy birE’éP/A= 5-6 MeV for the QP source with only forward

P fragments(open circles and with all QP fragmentgsolid
circles as a function of the reduced relative velocity., formed
in the %8Ni+ 1%7Au (b) and %®Ni+ 2C (d) reactions at 34.5 MeV/

Egp/A. Above 6 MeV/nucleon, this ratio seems to saturatenucleon, respectively. Statistical error bars smaller than the size of

for 58Ni+ 17Au reaction. In the’®Ni+ 12C reaction case, the
system does not reach such high excitation energies.

IV. TWO-FRAGMENT CORRELATION FUNCTIONS FOR
58Ni+ 1°C AND 58Ni+ 1°/Au REACTIONS

To study the emission time as a function of the QP exci
tation energyE’éP/A, all events were sorted into several bins
in terms ofEgp/A: EGp/A=0-2, 2-4, 4-5, 5-6, 6-7, 7-8, and
Eop/A=8 MeV. Emission time scales were derived from

the data points are not shown.

QP source were used for the QP correlation functions. Then
all the remaining fragments which were attributed to the
midrapidity emission were used to construct the midrapidity
correlation functions. Sufficient statistics are achieved via

this summation to allow the exploration of correlation func-
tion and emission time as a function of the QP excitation
energy.

In the reconstruction of QP source, the backward frag-

the intensity-interferometry technique which employs thement of QP source is obtained according to its relative ve-
two-fragment reduced-velocity correlation function defined|ocity with the evaporation residue. The simulation indicates

as(e.q.,[3,7,11,9)

Ncorr(Vred)

+ =
! R(Vred) Nuncorr(vred)’

©)

whereN¢q(V,eq) is the observed reduced-velocity distribu-
tion [Vieq=|V1—V,|/(Z1+Z,)Y?] for fragment pairs se-
lected from the same source and the same gesimcidence
distribution andN,cor(V:eq) is the reduced-velocity distri-
bution for fragment pairs selected from mixed eveiack-
ground distribution For the results presented here, mixed

that about(11-19% of these fragments may not come from
the QP sourcéTable ). To remove this contamination, the
correlation function of the QP source can be constructed with
the fragments only emitted forward from the QP source. In
Fig. 6, we compare the experimental correlation functions
for the QP source with only forward QP fragmeritspen
circles and with all QP fragmentésolid circles at the exci-
tation energy binE’éP/A=5—6 MeV as a function of the
reduced relative velocit¥/,.q, formed in *®Ni+ *Au (b)
and *&Ni+ '°C reactions(d) at 34.5 MeV/nucleon, respec-
tively. Figures 6a) and &c) show the coincidence reduced-

events were obtained by randomly selecting each member aklocity distribution [i.e., Neo(Vieq) in Eg. (3)] in the
a fragment pair from different events with the same excita->Ni+ °/Au and ®8Ni+ °C reactions, respectively. For the

tion energy range from the same source. The correlatio
functions are constructed according to Eg), where the
sum is extended over all charge combinations witsZ3
<6. All the fragments emitted forward and backward of the

8Ni+ °’Au reaction, as shown in Figs(® and @b), the
same two-fragment coincidence spectra and correlation func-
tions are obtained with both methods, indicating that the cor-
relation function constructed with the forward and backward
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FIG. 7. Two-fragment correlation function, integrated over all

P H 58\i 4 197 7

fragment pairs with element3Z=<6, for *Ni+ "Au reaction at FIG. 8. Two-fragment correlation functions, integrated over all
E/A=34.5 MeV. Open _and_ SO!Id circles represent thg reSl_JIt_s forfragment pairs with element<8Z=<6, for the midrapidity compo-
fragments from a quasiprojectil€QP) source and a midrapidity pent in the5Ni+ 1Au reaction for three ranges of the excitation
source, respectively. Statistical error bars smaller than the size Qfnergy of the QP source. Statistical error bars smaller than the size
the data points are not shown. of the data points are not shown.

fragments exhibits the same characteristics as the correlatingmponem changes very slightly WﬂgP/A, indicating that
function made with forward fragments only. Fé‘m'f YC the emission time of the midrapidity component is indepen-
reaction, as shown in Fig(®), the two-fragment coincidence dent of the QP excitation energy.

spectra constructed with both forward and backward frag- The top panel of Fig. 9 shows the correlation functions for
ments show the same characteristics as that with only forfragmem pairs selected from the QP source formed®ii
ward fragments'at'small reduced relative veloqt@seg + 197y reaction for QP excitation energy bing% /A
<0.0Z). The coincidence spectra constructed with forward_»_4 pmev (solid squares 5—6 MeV (open circle and
fragments only has lost a lot of events at large reduced relay_g \ev (solid circles. Since few events with two IMFs
tive velocities, as compared with that constructed with allyom the QP source were observed at an excitation energy
fragments. However, these events at lavjg, do not affect  pejow 2 MeVinucleon(see Fig. 4, we do not construct the
the characteristics of the correlation function and the extraCeorresponding correlation functions. In contrast with the

tion of emission time. In the fqllowing analysis, we use gll midrapidity component, the yield suppression at My in
QP fragments for the construction of QP correlation functionye op correlation function due to the Coulomb interaction
to achieve enough statistics.

/-\g 1-6 F
A. 5®Ni+ 197Au reaction >°': L4 | 98N 4 97Ay
. . . Z 12
In Fig. 7 we compare the experimental correlation func- & (b " A
. . . . E |
tions as a function of the reduced relative velodity.4 for X 08 E . 2
the midrapidity component, defined ast coming from the 0.6 a2 s .
QP (solid circles and for the QP sourcéopen circleg 0_45_ " ¢ E*OP/A=7'8 MeV
formed in the ®®Ni+ '’Au reaction at 34.5 MeV/nucleon. o2l B O E'gp/AsSEMeV
These correlation functions exhibit pronounced deficits or 0 e N E/haaMey
yield suppressions at low,.q which are manifestations of 14 b 58N 4 12C
the repulsive final-state Coulomb interaction between emit- 12k I+ o o
ted fragments. A compact source that quickly emits frag- 1E g E I ] 8 2
ments results in a larger Coulomb interaction between the 08 E "o
emitted fragments than a larger source emitting particles 0.6 [ ]

. ' 6 | » ® E*,/A=6-7 MeV
more slowly. The two-fragment correlation function of 04 o E*O 5.6 MoV
midrapidity component shows a stronger Coulomb suppres- 02k " g - *OP/ =5-6 Me
sion at lowV,.4 than the QP source, suggesting a shorter 0 b e . "0 EoAzaMev
emission time for the midrapidity component than the QP 0 5 10 15 20 25 30 35 40
source. Figure 8 shows the correlation functions for fragment \Y (10-3 )

. . T . red
pairs selected from the midrapidity component for QP exci-
tation energieSE’ép/A=0—2 MeV (solid squares 5-6 FIG. 9. Two-fragment correlation functions for the QP source

MeV (open circley and 7—-8 MeV(solid circleg, respec- formed in the 5Ni+ *’Au (top panel and 5&Ni+ C (bottom
tively. Coulomb suppression at low,.4 for the midrapidity  pane) reactions for some excitation energy ranges of QP source.
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between fragments increases obviously vﬁgb/A, indicat- 1.8 F
ing that the emission time of the QP source decreases with L6p
. . . 14 F E*qp/A=2-4 MeV
increasing excitation energy. 2E
T ; 1F O o ® e 9
B. &Ni+ °C reaction 08 L
’ ]
The bottom panel of Fig. 9 shows the correlation function 06 2 O QP source

for fragment pairs selected from QP source formedNi
+12C reaction for an excitation energy rangggs/A
=2-4 MeV (solid squares 5—6 MeV (open circles and

04 F
0.2; 9 ® mid-rapidity

16 F

1+R(V,,)
—}

6—-7 MeV (solid circleg. Since few events with two QP 14E  E'qp/A=5-6 MeV
IMFs are Qbserved at neith@r’ép{A<2 MeV nor ESp/A 12} ¢ 8 8
>6 MeV in the *®Ni+ °C reaction(see Fig. 4 the QP 10 ¢ ¢ K
correlation functions are constructed only foEgp/A range 0.8 3
from 2 to 7 MeV and are divided into four binEBP/A 0'65’ 9
=2-4,4-5,5-6,6-7 MeV. As in théNi+ *°’Au reaction, g: i ¢
the Coulomb suppression at |0Wy.4 in the correlation func- '0E",,‘QH,..‘,,‘,H,..‘H.,H“...“.H.....
tion for the QP source formed if®Ni+ °C reaction in- 0 5 10 15 20 25 30 35 40

. e : )
creases obviously witkgp/A. The increase of the Coulomb V... (10 3 ¢)

suppression is large between 2 and 5 MeV, but then drops to

become negligible at higher excitation energies. The QP F|G. 10. Two-fragment correlation functions for the midrapidity

emission time as a function of the excitation energy will becomponent and QP source formed in ftisli+ °C reaction at two

studied in detail in the next section. excitation energy bin€g/A=2-4 MeV (top panel and 5-6
To study the correlation function of the midrapidity com- MeV (bottom panel

ponent in the *®Ni+ '%C reaction, we accumulate all the

events with two IMFs. Since th&Ni+ 2C reaction is a tially placed at a distance ofR=RstRiyr=rAg"®

reverse kinetic system with a light target@£6, one of the  +1.2A{{i¢ from the center of the source, whereA, and

two correlated fragments might come from the target, theéAimr are nuclear radius parameter, mass of the source, and

another from the midrapidity velocity source. For tA#&i  mass of the fragment, respectively. The mass, charge, and

+ 197Au reaction, sufficient statistics were achieved for theenergy of fragments were generated by randomly sampling

midrapidity component at all excitation energy bins. How-the experimental yield distriputions. After each emission,
ever, for the ®®Ni+ 2C reaction, sufficient statistics is charge and mass of the emitted fragments were subtracted

achieved only at low excitation energies. from the source. Because the charge, mass, and velocity of
As in the 5®Ni+ '%7Au reaction, the Coulomb suppression the starting source as well as the final residue are known
at low V4 for the midrapidity component ifi®Ni+ 2C re- ~ from the experiments, no empirical adjustment of these
action changes very slightly withe/A. In Fig. 10 we com- qg;’:mtmes s DOSS_IbleH Th_ere:or_e, t.h?]re are only two agJUSt'
pare the experimental correlation functions for the midrapid-20l€ parameters in the simulation: the emission timen
ity component and QP source formed in tféNi+ 12c  the nuclear radius parameter(or nuclear density). To
reaction at 34.5 MeV/nucleon. At low excitation energy Petter extract the emission time we tried a large range of
E5e/A=2-4 MeV, the two-fragment correlation function SOUTCe sizes, from=1.54 fm tor=2.22 fm. This range

of ‘midrapidity component shows a stronger Coulomb sup£°Tesponds to a nuclear density range fiempo/2 10 po/6
pression at lowV,.q than the QP source. However, at (Po/1.44 10po/4) usingro=1.22 fm(1.44 fm as a normal

BP/A=5—6 MeV, there are few differences between thegu;:lea;[] radlL:s pl)egameter. ﬁtcorgpsretxvnh the etxperlm?r][thal
two correlation functions. ata, the calculations are filtered by the acceptance of the

experimental apparatus. We only perform these simulations
for a well-defined QP source to extract their emission time.
Since the source of midrapidity component is not fully
known, we do not perform these simulations for the later
The QP emission time scale at various excitation energie€ase.
is extracted by comparing the experimental two-fragment Figure 11 shows fits to the correlation functions of QP
correlation functions with simulations of the many-body source formed irP®Ni+ 2C reaction for three bins in exci-
Coulomb trajectory code of Glasmactetral.[2,13,14. This  tation energy for a range of nuclear densityand emission
code considers the fragments to be emitted from the surfadéme 7 that yield minimumy-square values. Figures (&l
of the source. The fragment emission tiniesvere assumed and 11b) show correlation functions for the two lower exci-
to have the probability distributioP(t)~e Y7, wherer is  tation energy bins oEgp/A=2-4 MeV and 4-5 MeV, re-
the emission time of the source. Recoil velocity and masspectively. For the IowesEgp/A bin, a long emission time
conservation of the source are taken into account for eacbf about 600 fmé was extracted, indicating that the QP
subsequent emission. The centers of the fragments were irdource emits fragments by sequential binary disassembly. As

V. EMISSION TIME SCALE OF QUASIPROJECTILE
SOURCE
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FIG. 11. Two-fragment correlation functions for the QP source QP( )

formed in Ni+ 2C reactions at four excitation energy bins

Egp/A=2—4, 4-5, 5-6, and 6—7 MeV. The solid, dashed, and
dot-dashed curves represent calculated correlation functions of
Coulomb trajectory calculation for fit parameters indicated in the
figure. Statistical errors are shown as vertical bars.

FIG. 12. Emission time of QP source as a function of excitation
energy of QP source fotNi+ *2C (top) and 5®Ni+ 1’Au (bottom)
factions at 34.5 MeV/nucleon. Open and solid circles represent the
emission time with only forward QP fragments and with all QP
fragments, respectively.

the excitation energy is raised from 2 MeV/nucleon to 5 ¢ —_— hi
MeV/nucleon, the emission time scale decreases monotoni-2 MeV t0 100 fmE at Eqp/A=6 MeV. This suggests
cally from 600 fmk to 250 fmk. Figures 14c) and 11d) that the QP emission time decreases with the excitation en-

show correlation functions for the highest bin Bf/A €Y, independently of the reaction system. In Fig. 12, the
=5-6 and 6-7 MeV. Here, the emission time of the QPEMISsion time for both systems _becpmes very short and goes
source becomes very short-(00 fm/c) and nearly inde- toward saturanpn above an excitation energy of 6 MeV. For
pendent of the excitation energy. The emission times of théhese events with three and more fragments from thesQe
QP source formed ifi®Ni+ C reaction at various excitation Fig. 4), such a short emission time is interpreted as a evi-
energies are summarized in the top panel of Fig(sdid dence of the multifragmentation process for QP breakup.
circles. Open circles in the top panel of Fig. 12 represent the In our simulations, only the Coulomb interactions be-
results for the QP source with only forward QP fragmentstween the QP source and fragments is considered. Since frag-
The error bars shown in the figure reflect the space-timeénents in heavy ion collisions may come from various
ambiguity of the correlation functions. The shaded bandsources, such as QT, midrapidity, and QP sources, the frag-
shows the range of space-time values for which a consistemhents from the midrapidity component and the QT source
fit to all of the observations is achieved. A clear evolution ofmay affect the extracted QP emission time. To estimate the
emission time with excitation energy is observed. influence of the Coulomb interaction between QP fragments
To compare the emission times for QP sources formed imnd QT fragments on the QP source emission time, we added
two different systems, the bottom panel of Fig. 12 presentfieavy QT fragments in the many-body Coulomb trajectory
previous results on the emission times for the QP sourcgimulations of the QP source. For simplicity, all fragments
formed in the®®Ni+ '°’Au reaction as a function of the ex- from the midrapidity component and the QT source are con-
citation energy[18]. Open and solid circles represent the sidered as a heavy fragment with a cha@figr=Zsysiem
emission time of the QP source with only forward QP frag-—Z,p, whereZ,,q.mandZqp are the charges of the reac-
ments and with all QP fragments, respectively. At low exci-tion system and the QP source, respectively. For a given
tation energyE¢/A=2—-4 MeV in the *Ni+ '/Au reac-  charge numbeEq7, the mass numbekgy of the QT frag-
tion, not enough statistics is achieved to extract the emissioment is chosen as that of the most abundant isotope and its
time. It is observed from Fig. 12 that the deduced emissiomadius to beRyr=1.2(Aq7)*® Since the experimental QP
times are the same, within experimental errors, for both situvelocity is known, the velocity of heavy QT fragment&y,
ations, all fragments included or only those emitted forwardcan be deduced from momentum conservation. In the simu-
of the QP. That gives more support to the QP statistical relation, the separation time between QT and QP sources,
construction method. As in thé&®Ni+ '°C reaction, the QP which is defined as the separation time interval between the
emission time in the®®Ni+ %/Au reaction decreases with QT and the QP before the QP decays, is used as an adjustable
excitation energy, from more than 500 ftn/at Egp/A parameter. So when the QP source begins to decay, the center
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1.6 VI. CONCLUSION

14F 58Ny 20 E*4p=6-7 MeV/nucleon . . .

12} _ Two-fragment reduced-velocity correlation functions of

1 g a the intermediate-mass fragments emitted from midrapidity

08 F separation time . . . L 12

06 E beween QT and GP: component and quasiprojectile source formediNi+ 12C

- SE e m/c . .
o4l D jome and °®Ni+ 97Au reactions at 34.5 MeV/nucleon have been
;é 02 T o 1‘000%?;{?0‘ studied. In both reactions, the two-fragment correlation func-
s N tions for the midrapidity component show a stronger Cou-
B 148 BN L 1AL Er_,=6-7 MeV/nucleon :
2} @ I lomb suppression at low,.4 than for the QP source, sug-

gesting a shorter emission time for the midrapidity
component than the QP source. In t&li+ °’Au reaction,
this Coulomb suppression at loW,.4 for the midrapidity
p component changes very slightly wﬂgp/A, indicating that
s 10 15 20 25 30 3 20 their emission time is independent of the excitation energy of
V. (107 ¢) QP source.
For the QP source, the two-fragment production is negli-
FIG. 13. QT source influence on the QP fragment emission timegible at low excitation energieE’ép/A$2 MeV, while the
Thle QP source emission tz_)g"l?S are fixed to 100cffdr *Ni  multifragment production starts Bfx/A=3 MeV, for both
+*2C (top) and 75 fme for **Ni+**"Au (bottom reactions. The  yaactions. AboveEg,/A=6 MeV, the multifragment pro-
QP source emission times are fixed to 125 dnidr Ni+C (top) duction seems to present a saturation in N + 197Ay
and 100 fmé for Ni-+Au (bottom reactions. reaction, while there is little multifragment production in the
58N(i o+ L ; ; ; ;
: . Ni+ 1°C reaction. Comparing the experimental correlation
*
?f thehQT gagment is placed at a distanceR#Vor7or  fynctions with the many-body Coulomb trajectory code, the
rom the QP center. . . . QP emission times were extracted as a function of the QP
Figure 13 shows the QP correlation functions for the bing, .itation energy. The QP emission time changes with the
. : e
op/A=6-7 MeV with separation times between the QT gycitation energy, independently of the reaction system. It
and QP of 1, 10, 30, 100, and 1000 m/The top panel of  gecreases monotonically with the excitation energy in the
Fig. 13 shows the correlation functions for théNi+ '*C  1ange of (2-6A MeV from several hundreds fro/to about
reaction. The QP fragment emission time and the QP sourcgng fm/c. Above an excitation energy of26MeV, it be-
nuclear density are fixed to 100 fmandp=po/4. The cor-  comes very short and saturates, suggesting that QP breakup
relation functions change significantly only wher be-  fgllows the multifragmentation scenario. We also consider
comes very short<10 fm/c). For a longrs value, they  the influence of the Coulomb interaction of the QT source on
change very slightly, due to the large relative velocity be-the QP source emission time. Simulations indicate that the
tween QP and QT sources.7 value of 50 fmE results in - coulomb interaction between QP and QT sources does not
a separation between the QP and QT of around 10 fm, twiCgffect the extracted emission time, except at a very short

the QP radius, before QP fragments are emitted. The bottoReparation time between the QP and the QT.
panel of Fig. 13 shows the correlation functions with various

75 values for the®®Ni+ %Au reaction. The QP fragment

emission time _and the QP sougge.nui:lear den5|ty are fixed to ACKNOWLEDGMENTS
75 fmic andp=py/4. As in the*&Ni+ °C reaction, the cor-
relation function changes withg only when rs<10 fm/c. The authors would like to thank Thomas Glasmacher for

Since the separation time between QP and QT sources shoybdoviding his N-body Coulomb trajectory code. This work
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