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Two-fragment correlation functions for quasiprojectile source and midrapidity component
at intermediate energies
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Two-fragment reduced-velocity correlation functions of intermediate-mass fragments emitted from midra-
pidity component and quasiprojectile~QP! sources formed in58Ni1 12C and 58Ni1 197Au 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 of (2 –6)A MeV from
several hundred fm/c to about 100 fm/c. Above an excitation energy of 6A MeV, 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.

DOI: 10.1103/PhysRevC.65.014606 PACS number~s!: 25.70.Pq
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I. INTRODUCTION

Multifragmentation and the nuclear liquid-gas phase tr
sition have been the subjects of numerous studies during
last decade@1,2#. The time scale of the reaction mechanism
could provide important insights into this phenomena. Inf
mation about fragment emission times can be obtained
studying the two-fragment correlation functions@3–19#. The
Coulomb repulsion between emitted fragments leads t
suppression of the correlation function at small relative
locity ~so-called Coulomb hole!. A shorter fragment emission
time results in a larger Coulomb repulsion between fr
ments, thus a wider Coulomb hole. The extraction of em
sion times is often performed by comparing experimen
correlation functions with Coulomb trajectory simulatio
codes@13,14,20,21#. The codes consider the fragments to
emitted from the same source~one-source assumption!.
However, fragments in heavy ion collisions may come fro
various sources, such as quasiprojectile~QP!, midrapidity,
and quasitarget~QT! sources. To compare the experimen
data with simulation results, the source selection and so
identification are crucial to data analysis. Without neith
impact parameter nor source selection, analysis of prev
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measurements could only deduce the averaged emission
scales over all sources. For example, in84Kr1 93Nb colli-
sions at 35 MeV/nucleon, an averaged emission time
400 fm/c was extracted for intermediate mass fragme
~IMF’s! detected at polar angles ranging from 7° to 35
suggesting that a sequential binary decay occurred@3#. On
the other hand, a shorter emission time scale of 200 fmc
was derived from36Ar1 197Au collisions at 35 MeV/nucleon
for IMF’s detected from 16° to 31°@7#. Since two-fragment
correlation functions are sensitive to both emission time a
source size, a careful selection of the emission source m
be performed.

In this paper we report on studies of two-fragment cor
lation functions for quasiprojectile source and midrapid
components in58Ni1 12C and 58Ni1 197Au reactions at 34.5
MeV/nucleon. After a selection of emission sources, the
emission time is extracted by anN-body Coulomb trajectory
code. The transition from long to short emission times h
been deduced as a function of the QP excitation energy.
also consider influence of the QT Coulomb interaction on
QP emission time. Simulations indicate that the Coulo
interaction between QP and QT sources does not affect
extraction of the emission times, except at very short se
ration times.

The experimental setup is described in Sec. II. In Sec.
data analysis and results of QP multifragment production
presented. The two-fragment correlation function for Q
source and midrapidity components are discussed in Sec
In Sec. V we report on the IMF emission time scale from
well-defined quasiprojectile source, extracted with
N-body Coulomb trajectory. The results of the present wo
are summarized in Sec. VI.

II. EXPERIMENTAL SETUP

The experiment has been performed at the TASCC fac
of Chalk River Laboratories, with a beam of58Ni at 34.5
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MeV/nucleon incident on 12C and 197Au targets. The
charged particles were detected in the CRL-Laval 4p array
constituted by 144 detectors set in ten rings covering p
angles between 3.3° and 140°. The forward four rings c
ering angles between 3.3° and 24° are each made o
plastic phoswich detectors with detection thresholds of
~27.5! MeV/nucleon for element identification ofZ51 ~28!
particles. Between 24° and 46°, two rings of 16 CsI~Tl!
crystals achieve isotopic resolution forZ51 and 2 ions and
element identification forZ53 and 4 ions with threshold
ranging from 2 to 5 MeV/nucleon. The last four rings co
ering angles between 46° and 140° are each made of 12
~Tl! crystals for isotopic resolution ofZ51 and 2 ions and
element identification ofZ53 and 4 ions. Finally, three o
these detectors were replaced in the third, fourth, and
rings by Si-Si-CsI~Tl! telescope detectors achieving isotop
resolution for Z51 –5 with thresholds of 2.0~3.1! MeV/
nucleon forZ51 ~5!. The main trigger for event recordin
was a charged particle multiplicity of at least three particl
Details of the detectors and energy calibration can be fo
in Refs.@22–25#.

III. DATA ANALYSIS AND RESULTS

A. Selection of impact parameter

Since the array does not have a complete angular co
age and suffers from non-negligible energy thresholds,
first step in the event-by-event analysis is to select
‘‘well’’-characterized events in which sufficient informatio
has been obtained. It is required that a total detected ch
for each event be larger than 25, i.e., 90% of the projec
charge. This selection retains the peripheral and midcen
collision events. For the58Ni1 197Au reaction, since the QT
fragments with low energy cannot be detected by the ar
all very central events, with no projectilelike fragments, a
rejected.

The second step in the data analysis is to sort the even
terms of impact parameter. Two global variables related
the violence of the collisions have been investigated. T
first one is the total charged particle multiplicity of the eve
~e.g.,@26–28#! and the second one is the total absolute p
allel momentum of the charged particles in the center-
mass reference frame (SuPuu

c.m.u), defined as

SuPuu
c.m.u5(

i 51

M

uPuu,i
c.m.u, ~1!

whereM is the total charged particle multiplicity of the eve
andPuu,i

c.m. is the parallel momentum of the charged particli
in the center of mass. Simulations indicate thatSuPuu

c.m.u is a
better parameter to extract experimental centrality for
detecting system@29#.

B. Reconstruction of quasiprojectile source

To reconstruct the QP source on an event-by-event ba
a two-step statistical algorithm has been used consistin
building probability tables for the attribution of a final de
tected particle to the QP according to its relative veloc
01460
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with the evaporation residue and using these probalitities
an event-by-event basis. The events were first sorted
several groups according to the value ofSuPuu

c.m.u, and for
each event in a group, the heaviest fragment withZres>8 in
the event was used as the QP evaporation residue. T
particles and fragments emitted from the QP source are
posed to be distributed isotropically around this residue. T
relative velocityVrel is defined to be positive if the paralle
velocity of the charged particle is higher than the resid
parallel velocity~in the laboratory frame! and negative oth-
erwise. As an example, Fig. 1 shows theVrel spectra between
Z53 fragments and the QP residues ofZ59 emitted in
58Ni1 197Au reaction for the midcentral collisions with
SuPuu

c.m.u55 –5.6 GeV/c ~left panel! and peripheral colli-
sions with SuPuu

c.m.u>6.8 GeV/c ~right panel!. The shaded
area with positiveVrel value in Fig. 1 represents the distr
bution of fragments emitted forward in the QP residue ref
ence frame whereas the one with negative value repres
its reflection on the negativeVrel axis. The attribution prob-
ability for forward-emitted particles is fixed at unity whil
the probability of backward-emitted particles is determin
by dividing the reflected relative velocity spectrum with th
original one. Elements of the probability tables are ref
enced by classes ofSuPuu

c.m.u, Zres , Zcp , andVrel . The effi-
ciency of this reconstruction method has been evaluated
its application to simulated and filtered DIT1GEMINI events
where the true particle origin is known. Table I shows t
rate of succesful particle attribution as a function of impa
parameter and for different charges in Ni1Au system. The
rate is higher than 76% for low-impact parameters and g
close to 96% for peripheral collisions. It is worthwhile no
ing that even in the case of particle unsuccesful attribution
the QP, the misattributed particle is statistically related to

TABLE I. Rate ~in percent! of succesful QP particle attribution
for different classes of impact parameter~in fermi! and charged
particles by the reconstruction method for filtered DIT1GEMINI
58Ni1 197Au reactions at 34.5 MeV/nucleon simulations.

b ~fm! Z.0 Z51 Z52 Z53 –7 Z53 –14

8–10 94 89 95 89 89
6–8 88 84 88 89 91
4–6 76 73 75 81 85

FIG. 1. Relative velocity between aZ53 fragment and the QP
residue ofZ59 for the midcentral~left panel! and peripheral~right
panel! 58Ni1 197Au collisions. The shaded area shows the contrib
tion associated to the QP source.
6-2
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TWO-FRAGMENT CORRELATION FUNCTIONS FOR . . . PHYSICAL REVIEW C 65 014606
QP since the statistical reconstruction is based on probal
depending on the particle relative velocity with the QP re
due. Fragments in the shaded area of Fig. 1 are consider
originating from the QP source. The other backward-emit
fragments~the blank area! were attributed to the midrapidity
and QT emissions. Because of the relatively high-detec
energy thresholds, these detected fragments originate m
from the midrapidity component. All events without a Q
residue were rejected from the analysis.

After the QP source was reconstructed, its excitation
ergy was deduced event by event by the calorimetry met
@2,30–32#:

EQP* 5 (
i 51

MQP

Ki1Mn^Kn&1Q. ~2!

MQP andMn are the charged-particle multiplicity and the Q
neutron multiplicity, respectively,Ki and ^Kn& the kinetic
energy of each charged particle and the averaged neu
kinetic energy, andQ the mass balance of the reconstruct
QP source. Since the neutrons were not detected by the a
the QP neutron multiplicityMn was deduced from the ba
ance of QP mass,AQP , and the sum of the charged particl
mass, ( i 51

MQPAi . The averaged neutron kinetic energ
^Kn& was estimated from̂Kn&52T, where the nuclear tem
peratureT;(8EQP* /AQP)1/2.

Figure 2 shows the averaged excitation energy
nucleon of the QP source as a function of the total charg
particle multiplicity for 58Ni1 12C and 58Ni1 197Au reac-
tions. Monotonous increases of excitation energy with m
tiplicity are clearly shown for both systems. In ou
measurement, a maximum multiplicity of about 14 was o
served for the58Ni1 12C reaction, corresponding to an exc
tation energy of 7 MeV/nucleon, while a maximum mul
plicity of about 22, observed for the58Ni1 197Au reaction,
corresponds to an averaged excitation energy of 8 M
nucleon. The excitation energy might be slightly overes
mated in the58Ni1 12C case because of sources overlapp
and the difficulty of disentangling them. Figure 3 shows t
averaged reconstructed charge of the QP source as a fun
of its excitation energy, for the two reactions. Higher charg
are typically reconstructed for the58Ni1 12C system, for the
same excitation energy bin. This is a result of the overe

FIG. 2. The averaged excitation energy per nucleon of
source as a function of event multiplicity.
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mation of the QP charge in the reconstruction method
cause of sources overlapping, as mentioned above.

C. Multifragment production of quasiprojectile source

Before studying the two-fragment correlation function
we examine the QP multifragment production. Figure
shows the probability for a given QP IMF multiplicity
NIMF

QP , as a function of the QP excitation energy per nucle
for 58Ni1 12C ~upper panel! and 58Ni1 197Au reactions~bot-
tom panel!, uncorrected for the detection efficiency of th
array. In Fig. 4, the IMF multiplicityNIMF

QP includes the QP
evaporation residue. In both reactions, events with two IM
emitted from the QP source begin at aboutEQP* /A
52 MeV. Below an excitation energy of 2 MeV/nucleo
these QP source decay mainly by evaporating light partic
or one fragment. AtEQP* /A>3 MeV, the events with three
or four fragments begin to occur. The difference betwe
these two systems is the decay production at high excita
energy. The multifragment productions in58Ni1 12C reac-
tion ends at aboutEQP* /A57 MeV, while these in 58Ni
1 197Au reaction at aboutEQP* /A510 MeV.

P FIG. 3. The averaged reconstructed charge of the QP as a f
tion of excitation energy per nucleon of the QP source.

FIG. 4. Dependence on the excitation energy per nucleon of
sourceEQP* /A for observing a given IMF multiplicity from QP
source for58Ni1 12C ~top panel! and 58Ni1 197Au ~bottom panel!
reactions, uncorrected for the detection efficiency.
6-3
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ZHI-YONG HE et al. PHYSICAL REVIEW C 65 014606
The yield ratios of the three-fragment events to tw
fragment events and of the four-fragment events to tw
fragment events are shown in Fig. 5, uncorrected for
detection efficiency. At aEQP* /A range between 3 and
MeV, the multifragment production ratio increases w
EQP* /A. Above 6 MeV/nucleon, this ratio seems to satur
for 58Ni1 197Au reaction. In the58Ni1 12C reaction case, the
system does not reach such high excitation energies.

IV. TWO-FRAGMENT CORRELATION FUNCTIONS FOR
58Ni¿ 12C AND 58Ni¿ 197Au REACTIONS

To study the emission time as a function of the QP ex
tation energyEQP* /A, all events were sorted into several bi
in terms ofEQP* /A: EQP* /A50-2, 2-4, 4-5, 5-6, 6-7, 7-8, an
EQP* /A>8 MeV. Emission time scales were derived fro
the intensity-interferometry technique which employs t
two-fragment reduced-velocity correlation function defin
as ~e.g.,@3,7,11,4#!

11R~Vred!5
Ncorr~Vred!

Nuncorr~Vred!
, ~3!

whereNcorr(Vred) is the observed reduced-velocity distrib
tion @Vred5uV12V2u/(Z11Z2)1/2# for fragment pairs se-
lected from the same source and the same event~coincidence
distribution! andNuncorr(Vred) is the reduced-velocity distri
bution for fragment pairs selected from mixed events~back-
ground distribution!. For the results presented here, mix
events were obtained by randomly selecting each membe
a fragment pair from different events with the same exc
tion energy range from the same source. The correla
functions are constructed according to Eq.~3!, where the
sum is extended over all charge combinations with 3<Z
<6. All the fragments emitted forward and backward of t

FIG. 5. Evolution of the yield ratio of the three-fragment even
to two-fragment events and of the four-fragment events to tw
fragment events as a function ofEQP* /A for 58Ni1 12C ~top panel!
and 58Ni1 197Au reactions~bottom panel!, uncorrected for the de
tection efficiency.
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QP source were used for the QP correlation functions. T
all the remaining fragments which were attributed to t
midrapidity emission were used to construct the midrapid
correlation functions. Sufficient statistics are achieved
this summation to allow the exploration of correlation fun
tion and emission time as a function of the QP excitat
energy.

In the reconstruction of QP source, the backward fra
ment of QP source is obtained according to its relative
locity with the evaporation residue. The simulation indica
that about~11–19!% of these fragments may not come fro
the QP source~Table I!. To remove this contamination, th
correlation function of the QP source can be constructed w
the fragments only emitted forward from the QP source.
Fig. 6, we compare the experimental correlation functio
for the QP source with only forward QP fragments~open
circles! and with all QP fragments~solid circles! at the exci-
tation energy binEQP* /A55 –6 MeV as a function of the
reduced relative velocityVred , formed in 58Ni1 197Au ~b!
and 58Ni1 12C reactions~d! at 34.5 MeV/nucleon, respec
tively. Figures 6~a! and 6~c! show the coincidence reduced
velocity distribution @i.e., Ncorr(Vred) in Eq. ~3!# in the
58Ni1 197Au and 58Ni1 12C reactions, respectively. For th
58Ni1 197Au reaction, as shown in Figs. 6~a! and 6~b!, the
same two-fragment coincidence spectra and correlation fu
tions are obtained with both methods, indicating that the c
relation function constructed with the forward and backwa

- FIG. 6. Top: coincidence reduced-velocity distribution at t
excitation energy binEQP* /A55 –6 MeV in 58Ni1 197Au ~a! and
58Ni1 12C reaction~c!, respectively. Open and solid circles repr
sent the results for the QP source with only forward QP fragme
and with all QP fragments, respectively. The counts for the
source with only forward QP fragments~open circles! is multiplied
by 2. Bottom: two-fragment correlation function at the excitati
energy binEQP* /A55 –6 MeV for the QP source with only forward
QP fragments~open circles! and with all QP fragments~solid
circles! as a function of the reduced relative velocityVred , formed
in the 58Ni1 197Au ~b! and 58Ni1 12C ~d! reactions at 34.5 MeV/
nucleon, respectively. Statistical error bars smaller than the siz
the data points are not shown.
6-4
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fragments exhibits the same characteristics as the correla
function made with forward fragments only. For58Ni1 12C
reaction, as shown in Fig. 6~c!, the two-fragment coincidenc
spectra constructed with both forward and backward fr
ments show the same characteristics as that with only
ward fragments at small reduced relative velocities (Vred
<0.02c). The coincidence spectra constructed with forwa
fragments only has lost a lot of events at large reduced r
tive velocities, as compared with that constructed with
fragments. However, these events at largeVred do not affect
the characteristics of the correlation function and the extr
tion of emission time. In the following analysis, we use
QP fragments for the construction of QP correlation funct
to achieve enough statistics.

A. 58Ni¿ 197Au reaction

In Fig. 7 we compare the experimental correlation fun
tions as a function of the reduced relative velocityVred for
the midrapidity component, defined asnot coming from the
QP ~solid circles! and for the QP source~open circles!,
formed in the 58Ni1 197Au reaction at 34.5 MeV/nucleon
These correlation functions exhibit pronounced deficits
yield suppressions at lowVred which are manifestations o
the repulsive final-state Coulomb interaction between em
ted fragments. A compact source that quickly emits fra
ments results in a larger Coulomb interaction between
emitted fragments than a larger source emitting partic
more slowly. The two-fragment correlation function
midrapidity component shows a stronger Coulomb supp
sion at low Vred than the QP source, suggesting a shor
emission time for the midrapidity component than the Q
source. Figure 8 shows the correlation functions for fragm
pairs selected from the midrapidity component for QP ex
tation energiesEQP* /A50 –2 MeV ~solid squares!, 5–6
MeV ~open circles!, and 7–8 MeV~solid circles!, respec-
tively. Coulomb suppression at lowVred for the midrapidity

FIG. 7. Two-fragment correlation function, integrated over
fragment pairs with element 3<Z<6, for 58Ni1 197Au reaction at
E/A534.5 MeV. Open and solid circles represent the results
fragments from a quasiprojectile~QP! source and a midrapidity
source, respectively. Statistical error bars smaller than the siz
the data points are not shown.
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component changes very slightly withEQP* /A, indicating that
the emission time of the midrapidity component is indepe
dent of the QP excitation energy.

The top panel of Fig. 9 shows the correlation functions
fragment pairs selected from the QP source formed in58Ni
1 197Au reaction for QP excitation energy binsEQP* /A
52 –4 MeV ~solid squares!, 5–6 MeV ~open circles!, and
7–8 MeV ~solid circles!. Since few events with two IMFs
from the QP source were observed at an excitation ene
below 2 MeV/nucleon~see Fig. 4!, we do not construct the
corresponding correlation functions. In contrast with t
midrapidity component, the yield suppression at lowVred in
the QP correlation function due to the Coulomb interact

l

r

of

FIG. 8. Two-fragment correlation functions, integrated over
fragment pairs with element 3<Z<6, for the midrapidity compo-
nent in the58Ni1 197Au reaction for three ranges of the excitatio
energy of the QP source. Statistical error bars smaller than the
of the data points are not shown.

FIG. 9. Two-fragment correlation functions for the QP sour
formed in the 58Ni1 197Au ~top panel! and 58Ni1 12C ~bottom
panel! reactions for some excitation energy ranges of QP sourc
6-5
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between fragments increases obviously withEQP* /A, indicat-
ing that the emission time of the QP source decreases
increasing excitation energy.

B. 58Ni¿ 12C reaction

The bottom panel of Fig. 9 shows the correlation functi
for fragment pairs selected from QP source formed in58Ni
1 12C reaction for an excitation energy rangeEQP* /A
52 –4 MeV ~solid squares!, 5–6 MeV ~open circles! and
6–7 MeV ~solid circles!. Since few events with two QP
IMFs are observed at neitherEQP* /A,2 MeV nor EQP* /A
.6 MeV in the 58Ni1 12C reaction~see Fig. 4!, the QP
correlation functions are constructed only for aEQP* /A range
from 2 to 7 MeV and are divided into four bins:EQP* /A
52 –4, 4–5, 5–6, 6–7 MeV. As in the58Ni1 197Au reaction,
the Coulomb suppression at lowVred in the correlation func-
tion for the QP source formed in58Ni1 12C reaction in-
creases obviously withEQP* /A. The increase of the Coulom
suppression is large between 2 and 5 MeV, but then drop
become negligible at higher excitation energies. The
emission time as a function of the excitation energy will
studied in detail in the next section.

To study the correlation function of the midrapidity com
ponent in the 58Ni1 12C reaction, we accumulate all th
events with two IMFs. Since the58Ni1 12C reaction is a
reverse kinetic system with a light target ofZ56, one of the
two correlated fragments might come from the target,
another from the midrapidity velocity source. For the58Ni
1 197Au reaction, sufficient statistics were achieved for t
midrapidity component at all excitation energy bins. Ho
ever, for the 58Ni1 12C reaction, sufficient statistics i
achieved only at low excitation energies.

As in the 58Ni1 197Au reaction, the Coulomb suppressio
at low Vred for the midrapidity component in58Ni1 12C re-
action changes very slightly withEQP* /A. In Fig. 10 we com-
pare the experimental correlation functions for the midrap
ity component and QP source formed in the58Ni1 12C
reaction at 34.5 MeV/nucleon. At low excitation ener
EQP* /A52 –4 MeV, the two-fragment correlation functio
of midrapidity component shows a stronger Coulomb s
pression at lowVred than the QP source. However,
EQP* /A55 –6 MeV, there are few differences between t
two correlation functions.

V. EMISSION TIME SCALE OF QUASIPROJECTILE
SOURCE

The QP emission time scale at various excitation ener
is extracted by comparing the experimental two-fragm
correlation functions with simulations of the many-bo
Coulomb trajectory code of Glasmacheret al. @2,13,14#. This
code considers the fragments to be emitted from the sur
of the source. The fragment emission timest i were assumed
to have the probability distributionP(t);e2t/t, wheret is
the emission time of the source. Recoil velocity and m
conservation of the source are taken into account for e
subsequent emission. The centers of the fragments were
01460
ith

to
P

e

-

-

-

s
t

ce

s
ch
ni-

tially placed at a distance ofR5RS1RIMF5rAS
1/3

11.2AIMF
1/3 from the center of the source, wherer, A, and

AIMF are nuclear radius parameter, mass of the source,
mass of the fragment, respectively. The mass, charge,
energy of fragments were generated by randomly samp
the experimental yield distributions. After each emissio
charge and mass of the emitted fragments were subtra
from the source. Because the charge, mass, and veloci
the starting source as well as the final residue are kno
from the experiments, no empirical adjustment of the
quantities is possible. Therefore, there are only two adju
able parameters in the simulation: the emission timet and
the nuclear radius parameterr ~or nuclear densityr). To
better extract the emission timet, we tried a large range o
source sizes, fromr 51.54 fm to r 52.22 fm. This range
corresponds to a nuclear density range fromr5r0/2 to r0/6
(r0/1.44 tor0/4) usingr 051.22 fm ~1.44 fm! as a normal
nuclear radius parameter. To compare with the experime
data, the calculations are filtered by the acceptance of
experimental apparatus. We only perform these simulati
for a well-defined QP source to extract their emission tim
Since the source of midrapidity component is not fu
known, we do not perform these simulations for the la
case.

Figure 11 shows fits to the correlation functions of Q
source formed in58Ni1 12C reaction for three bins in exci
tation energy for a range of nuclear densityr and emission
time t that yield minimumx-square values. Figures 11~a!
and 11~b! show correlation functions for the two lower exc
tation energy bins ofEQP* /A52 –4 MeV and 4–5 MeV, re-
spectively. For the lowestEQP* /A bin, a long emission time
of about 600 fm/c was extracted, indicating that the Q
source emits fragments by sequential binary disassembly

FIG. 10. Two-fragment correlation functions for the midrapidi
component and QP source formed in the58Ni1 12C reaction at two
excitation energy binsEQP* /A52 –4 MeV ~top panel! and 5–6
MeV ~bottom panel!.
6-6
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the excitation energy is raised from 2 MeV/nucleon to
MeV/nucleon, the emission time scale decreases monot
cally from 600 fm/c to 250 fm/c. Figures 11~c! and 11~d!
show correlation functions for the highest bin ofEQP* /A
55 –6 and 6–7 MeV. Here, the emission time of the Q
source becomes very short (;100 fm/c) and nearly inde-
pendent of the excitation energy. The emission times of
QP source formed in58Ni1 12C reaction at various excitatio
energies are summarized in the top panel of Fig. 12~solid
circles!. Open circles in the top panel of Fig. 12 represent
results for the QP source with only forward QP fragmen
The error bars shown in the figure reflect the space-t
ambiguity of the correlation functions. The shaded ba
shows the range of space-time values for which a consis
fit to all of the observations is achieved. A clear evolution
emission time with excitation energy is observed.

To compare the emission times for QP sources forme
two different systems, the bottom panel of Fig. 12 prese
previous results on the emission times for the QP sou
formed in the58Ni1 197Au reaction as a function of the ex
citation energy@18#. Open and solid circles represent th
emission time of the QP source with only forward QP fra
ments and with all QP fragments, respectively. At low ex
tation energyEQP* /A52 –4 MeV in the 58Ni1 197Au reac-
tion, not enough statistics is achieved to extract the emis
time. It is observed from Fig. 12 that the deduced emiss
times are the same, within experimental errors, for both s
ations, all fragments included or only those emitted forwa
of the QP. That gives more support to the QP statistical
construction method. As in the58Ni1 12C reaction, the QP
emission time in the58Ni1 197Au reaction decreases wit
excitation energy, from more than 500 fm/c at EQP* /A

FIG. 11. Two-fragment correlation functions for the QP sou
formed in 58Ni1 12C reactions at four excitation energy bin
EQP* /A52 –4, 4–5, 5–6, and 6–7 MeV. The solid, dashed, a
dot-dashed curves represent calculated correlation functions
Coulomb trajectory calculation for fit parameters indicated in
figure. Statistical errors are shown as vertical bars.
01460
ni-

e

e
.
e
d
nt
f

in
ts
e

-
-

n
n
-

d
-

52 MeV to 100 fm/c at EQP* /A56 MeV. This suggests
that the QP emission time decreases with the excitation
ergy, independently of the reaction system. In Fig. 12,
emission time for both systems becomes very short and g
toward saturation above an excitation energy of 6 MeV. F
these events with three and more fragments from the QP~see
Fig. 4!, such a short emission time is interpreted as a e
dence of the multifragmentation process for QP breakup

In our simulations, only the Coulomb interactions b
tween the QP source and fragments is considered. Since
ments in heavy ion collisions may come from vario
sources, such as QT, midrapidity, and QP sources, the f
ments from the midrapidity component and the QT sou
may affect the extracted QP emission time. To estimate
influence of the Coulomb interaction between QP fragme
and QT fragments on the QP source emission time, we ad
heavy QT fragments in the many-body Coulomb trajecto
simulations of the QP source. For simplicity, all fragmen
from the midrapidity component and the QT source are c
sidered as a heavy fragment with a chargeZQT5Zsystem
2ZQP , whereZsystemandZQP are the charges of the reac
tion system and the QP source, respectively. For a gi
charge numberZQT , the mass numberAQT of the QT frag-
ment is chosen as that of the most abundant isotope an
radius to beRQT51.2(AQT)1/3. Since the experimental QP
velocity is known, the velocity of heavy QT fragments,VQT ,
can be deduced from momentum conservation. In the si
lation, the separation time between QT and QP sources,tS ,
which is defined as the separation time interval between
QT and the QP before the QP decays, is used as an adjus
parameter. So when the QP source begins to decay, the c

d
a

e

FIG. 12. Emission time of QP source as a function of excitat
energy of QP source for58Ni1 12C ~top! and 58Ni1 197Au ~bottom!
reactions at 34.5 MeV/nucleon. Open and solid circles represen
emission time with only forward QP fragments and with all Q
fragments, respectively.
6-7
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ZHI-YONG HE et al. PHYSICAL REVIEW C 65 014606
of the QT fragment is placed at a distance ofR5VQT* tQT

from the QP center.
Figure 13 shows the QP correlation functions for the

EQP* /A56 –7 MeV with separation timetS between the QT
and QP of 1, 10, 30, 100, and 1000 fm/c. The top panel of
Fig. 13 shows the correlation functions for the58Ni1 12C
reaction. The QP fragment emission time and the QP so
nuclear density are fixed to 100 fm/c andr5r0/4. The cor-
relation functions change significantly only whentS be-
comes very short (<10 fm/c). For a longtS value, they
change very slightly, due to the large relative velocity b
tween QP and QT sources. AtS value of 50 fm/c results in
a separation between the QP and QT of around 10 fm, tw
the QP radius, before QP fragments are emitted. The bo
panel of Fig. 13 shows the correlation functions with vario
tS values for the58Ni1 197Au reaction. The QP fragmen
emission time and the QP source nuclear density are fixe
75 fm/c andr5r0/4. As in the58Ni1 12C reaction, the cor-
relation function changes withtS only whentS<10 fm/c.
Since the separation time between QP and QT sources sh
be longer than 10 fm/c, the result in Fig. 13 suggests th
the QT influence can be omitted in our simulation of the Q
source emission times.

FIG. 13. QT source influence on the QP fragment emission ti
The QP source emission times are fixed to 100 fm/c for 58Ni
1 12C ~top! and 75 fm/c for 58Ni1 197Au ~bottom! reactions. The
QP source emission times are fixed to 125 fm/c for Ni1C ~top!
and 100 fm/c for Ni1Au ~bottom! reactions.
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VI. CONCLUSION

Two-fragment reduced-velocity correlation functions
the intermediate-mass fragments emitted from midrapid
component and quasiprojectile source formed in58Ni1 12C
and 58Ni1 197Au reactions at 34.5 MeV/nucleon have be
studied. In both reactions, the two-fragment correlation fu
tions for the midrapidity component show a stronger Co
lomb suppression at lowVred than for the QP source, sug
gesting a shorter emission time for the midrapid
component than the QP source. In the58Ni1 197Au reaction,
this Coulomb suppression at lowVred for the midrapidity
component changes very slightly withEQP* /A, indicating that
their emission time is independent of the excitation energy
QP source.

For the QP source, the two-fragment production is ne
gible at low excitation energiesEQP* /A<2 MeV, while the
multifragment production starts atEQP* /A>3 MeV, for both
reactions. AboveEQP* /A>6 MeV, the multifragment pro-
duction seems to present a saturation in the58Ni1 197Au
reaction, while there is little multifragment production in th
58Ni1 12C reaction. Comparing the experimental correlati
functions with the many-body Coulomb trajectory code, t
QP emission times were extracted as a function of the
excitation energy. The QP emission time changes with
excitation energy, independently of the reaction system
decreases monotonically with the excitation energy in
range of (2 –6)A MeV from several hundreds fm/c to about
100 fm/c. Above an excitation energy of 6A MeV, it be-
comes very short and saturates, suggesting that QP bre
follows the multifragmentation scenario. We also consid
the influence of the Coulomb interaction of the QT source
the QP source emission time. Simulations indicate that
Coulomb interaction between QP and QT sources does
affect the extracted emission time, except at a very sh
separation time between the QP and the QT.
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