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The spatial-temporal extent of the emitting system for central collisions in84Kr 1 197Au at E/A 5 35, 55,
and 70 MeV is probed using fragment-fragment velocity correlation functions. Selection on fragment pairs of
high velocity yields a stronger fragment-fragment Coulomb interaction than for inclusive fragment pairs. This
result is consistent with fragment emission from a source of decreased spatial-temporal extent. The universality
of this association and the effect of different selection criteria are explored. The sensitivity of the spatial-
temporal extent deduced by the correlation function technique to measurement uncertainties, assumed source
characteristics, and rotational effects is assessed.@S0556-2813~96!05905-5#
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I. INTRODUCTION

Collisions of intermediate energy heavy ions can result
the formation of transient nuclear systems of considera
excitation and angular momentum@1–11#. Whether such re-
actions probe the spinodal region of the nuclear temperatu
density plane is presently a topic of considerable deb
@12–14#. Evidence for the spinodal decomposition of low
density nuclear matter is suggested by multifragment dec
of the excited composite system@12,15–19#. Much experi-
mental and theoretical attention has been focused on el
dating the essential character of this novel decay mo
@20,21#.

While the recent attempts focusing on the scaling a
reducible nature of multifragmentation@7,22,23# are surpris-
ingly successful, such attempts ignore the temporal nat
@11,13,24,25# of the multifragmentation process. If frag
ments are emitted sequentially during the deexcitation of
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source, then earlier emissions should manifest a shorter
between emissions due to the higher excitation of the sou
An association between the energy of ejected light char
particles and the extracted emission time scale has also
observed at intermediate energies@26–28#. Recent evidence
@24# indicates that fragment emission does occur on a t
scale commensurate with changes in the source charac
tics. This result is based on the association between
strength of the fragment-fragment Coulomb interaction a
the kinetic energy of the fragment pair. In the present pa
we explore this association in greater detail. Specifically,
investigate the universality of this result~applicability to
other systems! and the robustness of this signature of mu
fragmentation.

This paper is organized as follows: The experimental
tails are presented in Sec. II. General features of the reac
are described in Sec. III. In Sec. IV, inclusive velocity co
relation functions are used to determine the spatial-temp
extent of the emitting system. The association between
spatial-temporal extent of the emitting system and the ve
ity of the fragment pair is explored in Sec. V. The univers
ity of the trend and the effects of different selection crite
in velocity and angular range are also investigated in
section. In Sec. VI, we assess the uncertainties involve
measurement and in Sec. VII we examine the sensitivity
our results to trajectory model assumptions. Section VIII
cuses on the effects of the rotational motion of the emitt
system. The results of this work are summarized in Sec.

II. EXPERIMENTAL DETAILS

The experiment was performed at the National Superc
ducting Cyclotron Laboratory at Michigan State Univers
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2274 53T. M. HAMILTON et al.
~MSU! @29#. Beams of84Kr accelerated by the K1200 cyclo-
tron toE/A 5 35, 55, and 70 MeV were extracted with beam
intensities of 1–23108 particles per second and were fo
cused onto self-supporting197Au targets. The target thick-
ness was 1.3 mg/cm2 for the experiments atE/A 5 35 and
55 MeV and 4 mg/cm2 atE/A 5 70 MeV. Charged particles
emitted in the angular range 5.4°< u lab< 160° were de-
tected with the combined MSU Miniball/Washington Uni
versity Miniwall 4p phoswich detector array@30#. This de-
tector system consisted of 268 low-threshold plast
scintillator-CsI~Tl! phoswhich detectors mounted in 1
independent rings coaxial about the beam axis. The to
geometric efficiency of these detectors is' 90% of 4p.

Detectors in the Miniwall, which covered the angula
range 5.4°<u lab< 25°, consisted of 80mm thick plastic
scintillator foils in front of 3 cm thick CsI~Tl! crystals. The
energy thresholds for these detectors wereEth /A' 4 MeV ~6
MeV! for Z53 (Z 5 10! particles, respectively. Laboratory
angles fromu lab 5 25° to 160° were covered by Miniball
detectors which consisted of 40mm plastic scintillator foils
in front of 2 cm thick CsI~Tl! crystals. The thresholds for
these detectors wereEth /A' 2 MeV ~4 MeV! for Z 5 3
(Z 5 10! particles, respectively. Hardware discriminato
thresholds of 5 MeV and 10 MeV were imposed on theZ 5
1 particles for the Miniball and Miniwall, respectively, to
avoid triggering on low energy electrons. Double hits co
sisting of a light charged particle (Z<2) and an intermediate
mass fragment~IMF, 3<Z<20) or of two IMF’s were iden-
tified as a single IMF. Double hits consisting of two ligh
charged particles were identified as a single light charg
particle. Multiple hits were estimated to reduce the charg
particle multiplicity and the IMF multiplicity by 15–25 %
and 1.5–2.5 %, respectively, depending on incident energ

For each of the ringsu lab> 25°, a single Miniball detec-
tor was replaced with an ion chamber telescope@31#. These
telescopes consisted of an axial field ion chamber operate
30 torr of CF4 , a 500mm thick passivated Si detector, and
3 cm thick CsI~Tl! crystal, read out by a photodiode. Th
corresponding thresholds for particle identification we
Eth /A' 0.8 MeV for Z < 20. These detectors provided
reference single particle distributions for comparison to t
distributions measured by the Miniball/Miniwall 4p array,
particularly near threshold.

III. GENERAL REACTION CHARACTERISTICS

In order to preferentially select the most highly excite
systems where multifragment decay describes the aver
behavior of the system@29#, we have focused on centra
collisions. We have constructed a reduced impact param
scale from the charged particle multiplicity following a geo
metrical prescription@32#. The central collisions included in
this analysis have impact parameters ofb/bmax< 0.2, where
bmax refers to the maximum interaction radius for which tw
charged particles are emitted. The corresponding char
particle multiplicities for these central collisions areNc> 24,
33, and 38 and the average multiplicity of IMF’s,^NIMF&'
4, 5, and 6 atE/A 5 35, 55, and 70 MeV, respectively@29#.

One characterizing observable of multifragmenting sy
tems is the element distribution of emitted particles. In hig
energy~80 < Ep< 350 GeV! proton-induced reactions,Z
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distributions have been measured which obey a power l
with t 5 2.6 @33#. At considerably lower bombarding ener
gies~200< Elab< 3600 MeV! for the 3He1 natAg system,
power-law fits to theZ distributions reach a constant value o
t 5 2.1 at energies above 1800 MeV@34#. For heavy-ion
reactions, where initial compression of the nuclear syste
might induce a liquid-gas phase transition,t values of' 2.2
have been measured for the40Ar 1 197Au system atE/A 5
220 MeV @35#. All of the above measurements, howeve
represent inclusive measurements where the fragment em
sion is averaged over a wide range of impact parameters
the present experiment, we have investigated the imp
parameter-selected character ofZ distributions of fragments
emitted in multifragmenting nuclear systems.

The change in theZ distributions of emitted particles with
increasing charged particle multiplicity can be seen in Fig.
These distributions have been measured in the angular ra
25° < u lab< 50° using the low-threshold ionization cham
ber telescopes. We have fit theZ distributions for 3
<Z<14 with the functional formP(Z) }Z2t. The depen-
dence of the fit parametert on Nc at each of the different
bombarding energies is plotted in Fig. 1. The inset in th
figure depicts theZ distributions measured for particles emit
ted in collisions of different impact parameters in the rea
tion 84Kr 1 197Au atE/A 5 55 MeV, along with the power-
law fits ~solid lines!. The distributions become less steep a
we select on more central collisions.

The observed decrease int with increasing multiplicity
can be understood in terms of the correlation between m
tiplicity and deposited energy. Fragment emission is e
pected to increase as the temperature of the emitted syste

FIG. 1. Dependence of the fit parametert onNc extracted from
power law fits to theZ distributions measured in the angular rang
25° < u lab< 50° for the reaction84Kr 1 197Au atE/A 5 35 ~open
circles!, 55 ~solid circles!, and 70 MeV~open squares!. Inset: Z
distributions measured for particles emitted in collisions of differe
impact parameters atE/A 5 55 MeV. The solid lines represent
power law fits for 3< Z < 14 with the functional formP(Z)
}Z2t.
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53 2275CHANGING SOURCE CHARACTERISTICS DURING . . .
raised and the Coulomb barrier effects are reduced@36#. The
minimum t achieved in central collisions increases from 1
atE/A 5 35 MeV to 1.7 atE/A 5 70 MeV. This increase in
tmin is qualitatively consistent either with a more excit
system atE/A 5 70 MeV fragmenting into smaller~on av-
erage! pieces or the increasing importance of sequential
cay of excited primary fragments.

The details of the shape of the fragment kinetic ene
spectra can provide useful information regarding the exc
tion and density of the emitting system@21#. The kinetic
energy spectra for beryllium and carbon fragments emitte
central collisions in the reaction84Kr 1 197Au atE/A 5 55
MeV are presented in Fig. 2. The spectra have been m
sured in the angular range 40°< u lab< 50° using the Mini-
ball detector array. The spectral shapes shown agree with
energy spectra measured with the ion chamber telescope
a given angle, these spectra can be represented as ge
Maxwell-Boltzmann distributions consisting of a single tem
perature, Coulomb barrier, and source velocity. However,
energy-angle distributions are not understandable in term
the isotropic emission from a single equilibrium source b
cause the angular distributions are anisotropic in any sin
rest frame.

The presence of multiple sources can clearly be see
the velocity plots presented in Fig. 3. Beryllium fragmen
emitted in peripheral (b/bmax 5 0.6–0.8! and central
(b/b max< 0.2! collisions forE/A 5 70 MeV are displayed
in panels~a! and ~b!, respectively. The detector threshol
are indicated by the dashed lines. Peripheral interact
manifest a fragment velocity distribution with more than o
component. The higher longitudinal velocity component i
broad distribution populatingvpar between 4 and 11 cm/ns
This component might arise from projectile breakup re
tions or emission from the excited projectilelike fragme

FIG. 2. ~a! Fragment energy spectra for beryllium fragmen
emitted for central collisions in the reaction84Kr 1 197Au atE/A 5
55 MeV. The solid line is the energy spectrum calculated by
three-body Coulomb trajectory model forZs540, As596, and
Rs57 fm. ~b! The same as in panel~a! for carbon fragments.
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following a dissipative binary collision. The second sourc
of fragments in peripheral collisions is a targetlike sourc
with a velocityvpar' 1 cm/ns. For central collisions@panel
~b!#, the presence of two components is less obvious. It
clear that isotropic emission from a single equilibrate
source of fixed velocity is inconsistent with the observe
emission pattern. In order to minimize the effects of multipl
sources, we have restricted the following analysis to the a
gular range 25°< u lab< 50° @depicted as solid lines in panel
~b!#.

IV. INCLUSIVE CORRELATION FUNCTIONS

To examine the spatial-temporal size of the emittin
source we have utilized two-fragment velocity correlation
@36–44#. In previous work we have examined the decrease
the spatial-temporal extent of the source as the incident e
ergy is increased@38,39#. This decrease in spatial-tempora
extent is understandable if, by increasing the incident energ
systems of increased excitation are produced. Other stud
indicate that, for a given system, the spatial-temporal exte
decreases with increasing incident energy and then satura
at a minimum value@42#. Such a saturation might indicate
either a saturation in energy deposition or the minimum sp
tial extent of the fragmenting source, consistent with an in
stantaneous breakup scenario. Distinguishing between th
two possibilities is key to improving our understanding o
multifragmenting nuclear systems.

The velocity correlation functionR(v red) is constructed
by relating the coincidence yieldY to the background yield
Y†:

SY~v1 ,v2!5C†@11R~v red!#SY
†~v1 ,v2!,

ts

the

FIG. 3. ~a! Velocity plotsd2N/v2dvdV for beryllium fragments
emitted in peripheral collisions for the reaction84Kr 1 197Au at
E/A 5 70 MeV. The detector thresholds are depicted as a dash
line. ~b! The same as in panel~a! except for central collisions. The
two solid lines indicate the angular region 25°<u lab<50°.
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2276 53T. M. HAMILTON et al.
where v1 and v2 are the laboratory velocities of the frag-
ments, v red is the reduced velocity given by
v red5(v12v2)/(Z11Z2)

1/2 cm/ns @36#, andC† is the nor-
malization constant determined by the requirement th
R(v red)→0 at large reduced relative velocities where th
Coulomb repulsion is small. The background yield was co
structed by selecting fragments from different events@45#.

In order to understand the source of the IMF pairs, w
have examined the dependence of the reduced velocity of
fragment pair,v red, on the longitudinal component of the
center-of-mass velocity of the fragment pair divided by th
beam velocity, (v12)z /vbeam. The results for 4<Z1 ,Z2<9 in
the angular range 5.4°<u lab<80° are displayed in Fig. 4.
The fragment mass is assumed to be the mass of the b
stable isotope for that element. For peripheral interactio
@panel~a!#, three groups of IMF pairs can be distinguished
The first group, centered at (v12)z /vbeam' 0.75 and
v red'0.035c, consists of pairs emitted from the projectile
like source. In the second group, centered
(v12)z /vbeam'0.25 and v red'0.035c, the pairs originate
from the targetlike source. The third group, centered
(v12)z /vbeam'0.5 andv red'0.065c, is composed of events
where one IMF is emitted from the projectilelike source an
the second is emitted from the targetlike source. Fragme
emitted in central collisions@panel ~b!# originate predomi-
nantly from a single group, centered at (v12)z /vbeam'0.3
andv red'0.050c. The effect of limiting the angular range to
25° < u lab< 50° can be seen in panel~c!. Selecting only
pairs emitted in central collisions appears to preferentia

FIG. 4. ~a! Dependence of the reduced velocity on the longitu
dinal component of the center-of-mass velocity of the IMF pair fo
peripheral collisions in the reaction84Kr 1 197Au at E/A 5 70
MeV. ~b! The same as in panel~a! except for central collisions.~c!
The same as in panel~b! for the angular range 25°< u lab< 50°.
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isolate a single source. Similar results have previously bee
observed for the system36Ar 1 197Au @39#.

Velocity correlation functions for central collisions in the
reaction 84Kr 1 197Au at E/A 5 35, 55, and 70 MeV are
presented in Fig. 5. The fragments used in constructing th
correlation functions includeZ54–9 emitted in the angular
range 25°< u lab< 50°. The normalization constant was
determined in the region 0.05c to 0.08c where the correla-
tion function is relatively flat. At low relative velocity, the
mutual Coulomb repulsion between the fragments results
strong suppression in the probability of observing fragment
of similar velocity. A more significant change in the shape o
the correlation function is observed betweenE/A 5 35 and
55 than betweenE/A 5 55 and 70.

To quantitatively extract the spatial-temporal extent of the
emitting system, we have performed simulations using
classical three-body Coulomb trajectory calculation@39#.
This three-body trajectory model assumes the two fragmen
are emitted sequentially from the surface of a nucleus o
initial atomic numberZs , mass numberAs , and radiusRs ,
with the initial separation between source and IMF given b
Rs1RIMF . The experimentally measured energy, angula
andZ distributions were used as inputs to the calculation. A
E/A 5 35 and 70 MeV, the source charge was assumed to
57 and 32, respectively. This assumption was based upon t
total measured charge~corrected for detector acceptance!
and assuming the fragments are emitted last in the deexci
tion cascade. Thus, this assumption represents an estima
lower limit for the source charge. The source velocities wer
determined from moving source fits to be 2.4 and 3 cm/ns
E/A 5 35 and 70 MeV, respectively. The time between
emissions was assumed to follow an exponentia
exp(2t/t) characterized by the mean emission time,t.

The experimental energy spectra from the reaction84Kr
1 197Au at E/A 5 55 MeV are compared to the energy
spectra calculated by the three-body Coulomb trajector
model in Fig. 2. Reasonable agreement is found for the fo
lowing assumptions:Zs540,As596,Rs57 fm, andt 5 100
fm/c. The source charge was chosen using the prescriptio
as at the other two incident energies. The calculated ener
spectra are fairly insensitive to the mean emission time. Ca

-
r

FIG. 5. Fragment-fragment velocity correlation functions for
central collisions in the reaction84Kr 1 197Au at E/A 5 35 ~open
circles!, 55 ~solid circles!, and 70 MeV~open squares!.
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culations using a larger source~e.g.,Zs 5 79! fail to repro-
duce the low energy portion of the spectrum which sugge
that a small source size is more appropriate for the simu
tions @39#. Because the trajectory model does not treat s
barrier emission, the correlation functions were construc
for fragments with a velocity above the trajectory mod
Coulomb barrier (v> 4 cm/ns!.

In Fig. 6, we display the fragment-fragment velocity co
relation functions atE/A 5 35 and 70 MeV together with the
reference three-body trajectory calculations. For each va
of source radius, the mean emission time is the best fit of
three-body calculation to the data, as determined by m
mizing thex2 per degree of freedom,x2/n @39#. If we as-
sume a constant source radius, the mean emission time
creases with increasing bombarding energy. A mo
complete description of the spatial-temporal size of the em
ting system is shown in Fig. 7. In these calculations, t
variablesR andt have been treated as free parameters wit
physical limits. The lower limit on the radius of 5 fm i
approximately equal to the sum of the radii for two IMF’
The upper limit of 12 fm corresponds to a source density
r/r0 5 0.1. The solid and open circles represent best fits
the data atE/A 5 35 (Zs557, As5139! and 70 MeV
(Zs532, As574!, respectively. For the range of assum
source radius,t < 140 fm/c for the data atE/A 5 35 MeV
and t < 115 for the data atE/A 5 70 MeV. These values
represent the maximum mean emission times deduce
each bombarding energy.

Also shown in Fig. 7 for reference is the deduced spat
temporal extent for the system36Ar 1 197Au @39# atE/A 5
50 and 110 MeV. The 50 MeV and 110 MeV data are re
resented by the solid and dashed lines, respectively. In
Ar-induced reactions, a source charge ofZs 5 40 was as-
sumed for the simulations to represent the limiting ca
where the light charged particles are emitted early in

FIG. 6. ~a! Comparisons of three-body trajectory calculatio
with the bestx2/n values to the experimental correlation function
for central collisions in the reaction84Kr 1 197Au at E/A 5 35
MeV. ~b! The same as in panel~a! except forE/A 5 70 MeV.
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deexcitation process, followed by the fragments. The spati
temporal extent for the36Ar 1 197Au data atE/A 5 110 is
very similar to that of the84Kr 1 197Au data atE/A 5 35
MeV, while the Ar data atE/A 5 50 MeV have a larger
spatial-temporal extent. A qualitative relationship is ob
served between increasing available energy and emitt
source size. The available center-of-mass energies~assuming
full linear momentum transfer! are 1522 and 3348 MeV for
the 36Ar 1 197Au system atE/A 5 50 and 110 MeV and
2061 and 4122 MeV for the84Kr 1 197Au system atE/A 5
35 and 70 MeV. The Kr data atE/A 5 70 MeV have the
largest available center-of-mass energy of the systems sho
and the smallest spatial-temporal extent. This qualitative
lationship between the maximum available energy and t
source spatial-temporal extent suggests the underlying re
tionship between emission time and excitation. This conne
tion between mean emission time and excitation is pursu
further in the following section.

V. EXCLUSIVE CORRELATION FUNCTIONS

A recent investigation@24# has demonstrated the associa
tion between the strength of the fragment-fragment intera
tion and the minimum velocity of the fragment pair, define
as the velocity of the less energetic fragment. The width
the correlation function increases with increasing minimu
velocity of the pair, signaling a decrease in the spatia
temporal extent of the emitting source. In this section, w
examine the universality of this experimental trend and t
effect of different selection criteria in velocity and angula
range.

In Fig. 8~a! we present correlation functions constructe
for fragment pairs 4<Z1 ,Z2<9 emitted in the angular range

ns
s

FIG. 7. Dependence of the mean emission timet on the source
radiusRs from comparisons with the bestx2/n between the three-
body trajectory calculations and the experimental data. The so
and open circles represent central collisions in the reaction84Kr 1
197Au atE/A 5 35 and 70 MeV, respectively. The solid and dashe
lines represent central collisions in the reaction36Ar 1 197Au at
E/A 5 50 and 110 MeV, respectively.
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2278 53T. M. HAMILTON et al.
25° < u lab< 50° in the reaction84Kr 1 197Au atE/A 5 55
MeV. The correlation functions are shown with different cu
in minimum velocity vmin . A significant increase in the
width of the Coulomb hole with increasing minimum veloc
ity is observed. In Fig. 8~b!, correlation functions for differ-
ent cuts invmin are presented for the system

36Ar 1 197Au at
E/A 5 80 MeV @39#. In this case, the correlation functions
were constructed for fragments emitted in the angular ran
16° < u lab< 40°. The increase in the width of the Coulom
hole with increasing minimum velocity is also observed fo
this system. We have also analyzed the14N 1 197Au at
E/A 5 156 MeV and constructed correlation functions in th
angular range 16°< u lab< 80°. For this reaction, fragments
pairs 4<Z1 ,Z2<7 were used to construct the correlatio
function since the cross section forZ>8 is significantly re-
duced. As can be see in Fig. 8~c!, increasingvmin also results
in an increasing width of the Coulomb hole for this reactio
Since the characteristics of the fragment velocity spectra
pend on the source size, velocity, and excitation of the s
tem, different systems exhibit different velocity spectr
Consequently, to compare the different systems, we ha
chosen minimum velocity cuts based on certain fractions
the velocity distribution at each bombarding energy. For t
Kr and Ar systems, the cuts correspond to the upper 90
70%, and 50% of the integrated velocity spectrum in th
angular range over which the correlation function is co
structed. For the N system, the cuts correspond to the up
98% and 84% of the integrated velocity spectrum.

Selecting on the average velocity of the two fragmen
vavg5(uv1u1uv2u)/2, instead ofvmin qualitatively produces
the same result, as can be seen in Fig. 9. The two fragme
in a given vavg bin are chosen to have the same veloci
within 1 cm/ns. Because selecting onvmin does not constrain

FIG. 8. ~a! Experimental correlation functions for different cuts
in the minimum velocity of the fragment pair associated with ce
tral collisions in the reaction84Kr 1 197Au at E/A 5 55 MeV. ~b!
Exclusive experimental correlation functions for central collision
in the reaction36Ar 1 197Au at E/A 5 80 MeV. ~b! Exclusive
experimental correlation functions for central collisions in the rea
tion 14N 1 197Au at E/A 5 156 MeV.
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the velocity of the more energetic fragment, cuts invmin
correspond on average to more energetic pairs and thus p
duce a slightly wider Coulomb hole than similar cuts in
vavg. One drawback of usingvavg is the limitation of a well-
defined normalization region. Fragments of a certainvavg
have a maximum allowed relative velocity. Since the no
malization region arises from particles with largev red, se-
lecting events with a smallvavg limits the normalization re-
gion.

Recent evidence@46# indicates that fragments of different
atomic numbers might sample different time windows of th
source deexcitation. Such an effect would distort the assoc
tion between fragment velocity and emission time that w
are currently investigating. To preclude this possibility, w
have constructed correlation functions for pairs of boro
fragments. The results are presented in Fig. 10. Correlati
functions for different cuts in minimum velocity are shown
in panel~a!. An increase in the width of the Coulomb hole
with increasing minimum velocity of the pair is clearly ob-
served for the fragments whereZ1 5 Z2 5 5. In panels~b!
and ~c!, we compare these results to simulations using th
trajectory model described above. For the assumed sou
radiusRs 5 7 fm, the mean emission time decreases fro
t 5 100 to 0 fm/c as the minimum velocity of the pair is
increased from 5 to 7 cm/ns. These results indicate that t
increase in the strength of the Coulomb interaction with in
creasing velocity of the pair is not due solely to differen
Z1 , Z2 combinations sampling different portions of the de
excitation cascade.

To examine the increase in the width of the correlatio
function quantitatively, we have extracted the half width a
half maximum~HWHM!, the width of the correlation func-
tion at half the asymptotic value. The dependence of th
extracted HWHM values on the minimum velocity of the
fragment pair for the two systems in the laboratory is show

-

s

c-

FIG. 9. ~a! Correlation functions forv min 5 3.25 cm/ns~open
circles!, andvavg 5 3.25 cm/ns~solid line!, for central collisions in
the reaction84Kr 1 197Au at E/A 5 55 MeV. ~b! The same as in
panel~a! exceptvmin , vavg 5 4.25 cm/ns.~c! The same as in panel
~a! exceptvmin , vavg 5 5.25 cm/ns.
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53 2279CHANGING SOURCE CHARACTERISTICS DURING . . .
in Fig. 11~a!. The data group themselves along two lines, o
corresponding to the two more mass-asymmetric syst
~N,Ar! and the other corresponding to the more ma
symmetric system~Kr!. For a given minimum velocity in the
Kr-induced reactions, the HWHM increases with increas
bombarding energy.

The two different lines observed for the N, Ar, and K
systems in Fig. 11~a! might arise from the different kinemat
ics of the three excitation functions. To minimize this trivi
difference we have moved from the laboratory frame to
center-of-mass frame. An average source velocity was de
mined by fitting the experimental angular distribution. Th
source velocity corresponded to 1.0 cm/ns for all of t
N-induced reactions; 2.6, 2.7, and 2.7 cm/ns for the Ar s
tem atE/A 5 50, 80, and 110 MeV; and 3.4, 3.9, and 4
cm/ns for the Kr system atE/A 5 35, 55, and 70 MeV. The
velocity cuts in the center-of-mass frame were chosen to
respond to the same fractions of the velocity distribut
used in the laboratory frame. Removing the contribution
the source velocity reduces the distinct nature of the th
projectile-target combinations@Fig. 11~b!#.

Correlation functions gated onvmin are depicted in Fig.
12, both for the laboratory frame@panel ~a!# and for the
center of mass@panel~b!#. The increase in the HWHM in the
angular range from 25° to 50° in the laboratory is similar
that observed in the range from 45° to 90° in the center
mass. This observation can be interpreted as the two ra
sampling comparable regions in phase space. The correla
functions for different cuts in minimum velocity for differen
angular ranges in the center of mass are presented in Fig
The increase in the HWHM with increasing minimum velo

FIG. 10. ~a! Correlation functions selected on the minimum v
locity of the fragment pair for boron fragments emitted for cent
collisions in the reaction84Kr 1 197Au at E/A 5 55 MeV. ~b!
Comparison between the data selected onvmin 5 5 cm/ns and three-
body Coulomb trajectory calculations withRs 5 7 fm andt 5 0
~dotted line!, 50 ~dashed line!, and 100~solid line!. ~b! The same as
in panel~a! exceptvmin 5 7 cm/ns.
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ity of the pair is greater at more backward angles in th
center of mass. This result can perhaps be understood in
following context: The fragment cross section measured
forward angles contains a larger nonequilibrium contributio

-
al

FIG. 11. ~a! Dependence of the Coulomb interaction~HWHM!
between fragments on the minimum fragment velocity in the labo
ratory frame. Central collisions in the reaction84Kr 1 197Au at
E/A 5 35, 55, and 70 MeV are represented by solid diamond
circles, and squares. Central collisions in the reaction36Ar 1
197Au at E/A 5 50, 80, and 110 MeV are represented by ope
diamonds, circles, and squares. Central collisions in the reacti
14N 1 197Au atE/A 5 100, 130, and 156 MeV are represented b
vertical crosses, diagonal crosses, and fancy diamonds.~b! The
same as in panel~a! except for the center-of-mass frame.

FIG. 12. ~a! Correlation functions for different cuts in the mini-
mum velocity of the fragment pair for fragments emitted in the
angular range 25°<u lab< 50° for central collisions in the reaction
84Kr1197Au atE/A 5 55 MeV. ~b! The same as in panel~a! except
for fragments emitted in the angular range 45°<uc.m.< 90°.
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than the fragment cross section at backward angles. T
nonequilibrium component arises from fragment emiss
from sources associated with different amounts of linear m
mentum transfer and correspondingly different source
locities. Consequently, selection of fragment pairs of high
average velocity can select pairs from higher veloc
sources, not necessarily sources of higher excitation.

In order to further isolate the contribution from differen
sources, we have performed an analysis in which we h
restricted the longitudinal velocity of the IMF pair. Shown
Fig. 14 is the distribution of the longitudinal velocity
(v12)z /vbeam5(uv1uz1uv2uz)/vbeam, for fragment pairs
4<Z1 ,Z2<9 emitted in the angular range 25°< u lab<
50° for central collisions of the reaction84Kr 1 197Au at
E/A 5 70 MeV. The distribution is essentially a skewe

FIG. 13. Correlation functions for different cuts in the minimu
fragment velocity for fragments emitted in the angular ran
uc.m.< 45° @panel~a!#, 45° < uc.m.< 90° @panel~b!#, and 90°<
uc.m.< 135° @panel~c!#.

FIG. 14. Distribution of the longitudinal velocity of the IMF
pair, (v12)z /vbeam, for fragments emitted in the angular range 2
< u lab< 50° for central collisions in the reaction84Kr 1 197Au at
E/A 5 70 MeV. The arrows correspond to values of (v12)z /vbeam
5 0.3, 0.4, and 0.5.
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Gaussian peaked at (v12)z /vbeam5 0.33 with an exponential
tail extending to (v12)z /vbeam'0.73. Large values of
(v12)z /vbeamcorrespond to fragment pairs of large longitudi
nal velocities, presumably from sources of high velocity. Th
arrows shown in the figure indicate values of (v12)z /vbeam5
0.3, 0.4, and 0.5.

We have constructed correlation functions in the sam
manner previously described with the additional restrictio
on (v12)z /vbeam. Correlation functions shown in Fig. 15,
panels ~a!, ~b!, and ~c!, correspond to restrictions of
(v12)z /vbeam< 0.5, 0.4, and 0.3, respectively. As can be see
in the figure, in all cases increasing thevmin criterion results
in an increasing width of the Coulomb hole indicating
stronger fragment-fragment interaction. Decreasing th
threshold of (v12)z /vbeam from 0.5 to 0.3 limits the maxi-
mum vmin for which the correlation function can be con-
structed. The reduced change in the correlation functio
shown in Fig. 15~c! as compared to Fig. 15~a! is due to this
reduction in thevmin range.

The dependence of the extracted HWHM onvmin is
shown in Fig. 16. The same dependence of HWHM o
vmin is observed both for the (v12)z /vbeamintegrated results,
as well as the results from cases involving various restri
tions in (v12)z /vbeam. It is evident in Fig. 16 that the three
cases involving restrictions in (v12)z /vbeamhave~within the
uncertainties shown! the same semiquantitative dependenc
of the HWHM onvmin as the (v12)z /v beamintegrated results.
This insensitivity of the dependence of the HWHM onvmin
to cuts in (v12)z /vbeam suggests that the dependence of th
HWHM on vmin is not significantly attributable to fragments
originating from sources with different longitudinal source
velocities.

Recent analyses@44# have utilized directional cuts in the
correlation function to attempt to resolve ambiguities be

m
ge

5°

FIG. 15. Correlation functions for different cuts in the minimum
fragment velocity for fragment pairs with (v12)z /vbeam<0.5 @panel
~a!#, (v12)z /vbeam<0.4 @panel ~b!#, and (v12)z /vbeam<0.3 @panel
~c!#.
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tween source size and lifetime. We have examined the ef
of our velocity selection on such directionally constrain
correlation functions. Transverse correlation functions w
different cuts in minimum velocity for the system84Kr 1
197Au at E/A 5 70 MeV are shown in Fig. 17. The trans
verse cut is defined asc 5 80°–90°, wherec is the angle
between the reduced velocityv red and the total velocity vec-
tor, V5v1 1 v2 @44#. The increase in the value of th
HWHM with increasing minimum velocity of the fragmen
pair is semiquantitatively the same as previously displaye
Fig. 11. The longitudinal correlation functions (c<40°, not
shown! might exhibit a smaller increase in width with in
creasingvmin . However, because of the lack of a we

FIG. 16. Dependence of the Coulomb interaction~HWHM! be-
tween fragments on the minimum fragment velocity for fragm
pairs with (v12)z /vbeam integrated ~open circles!,
(v12)z /vbeam<0.5 ~solid circles!, (v12)z /vbeam<0.4 ~open squares!,
and (v12)z /vbeam<0.3 ~solid squares!.

FIG. 17. Transverse correlation functions with restrictions
the minimum velocity of the fragment pair. The correlation fun
tions were constructed from fragments emitted in the angular ra
25° < u lab< 50° for central collisions in the reaction84Kr 1
197Au at E/A 5 70 MeV.
ect
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defined normalization region, the extraction of the width o
the correlation function is more difficult than for the trans-
verse cut. Consequently, for the longitudinal cut, the quant
tative dependence of the value of the HWHM onvmin is
difficult to assess.

VI. FINITE DETECTOR RESOLUTION EFFECTS

We now focus on the sensitivity of the observed trends t
the detector granularity, energy resolution, and particle iden
tification limitations of the detector setup. Determination o
the magnitude of these effects allows us to assess the relat
errors associated with the trends we have observed in t
data.

The effect of finite angular resolution is illustrated in Fig.
18. The open circles depict the theoretical correlation func
tion for 11B fragments with a source of radius 7 fm and a
mean emission time of 100 fm/c unfiltered by the detector
granularity. The solid line is the result of filtering these re-
sults with the detector granularity. Because it is difficult to
describe low energy emissions in the context of the classic
trajectory calculation, the fragments have a minimum veloc
ity cutoff of 4.5 cm/ns. As can be seen in the figure, the
detector granularity produces only a minor distortion of the
correlation function. The filtered correlation function is ro-
tated about a point close to the HWHM, producing a wide
Coulomb hole. This suggests that the ‘‘true’’ correlation
function has a slightly narrower Coloumb hole than is mea
sured by our apparatus; however, the quantity HWHM seem
to be relatively insensitive to the rotation.

In Fig. 19~a! we examine the effect of the finite energy
resolution of the experimental apparatus on the correlatio
function. The points are the correlation function constructe
from the data measured with an estimated energy resolutio
of about 15%@29#. The solid and dashed lines are the resul
of smearing on a Gaussian distribution with a full width at
half maximum~FWHM! of 10% and 20%, respectively. The
10% smearing does not produce a noticeable change in t
correlation function, while the 20% case results in a sma
rotation, similar to that observed in the case of the detecto
granularity. Investigations of the energy spectra before an
after the smearing have shown that the 20% FWHM smea

nt

n
-
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FIG. 18. Trajectory calculations for pairs of11B fragments, un-
filtered ~open circles! and filtered with the detector granularity
~solid line!.
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ing causes only a 1% change in the width, or second m
ment, of the Be energy spectrum measured in the ran
25° < u lab< 31°.

Isotope misidentification of fragments is another source
uncertainty in this analysis. The theoretical correlation fun
tions shown in Fig. 19~b! were constructed using the sam
conditions as in Fig. 18. We first assumed that all of th
boron wasA510 ~solid circles!. Following this calculation
we assumed all of the boron wasA512 ~open circles!. In-
creasing the mass of the boron fragment decreases the w
of the Coulomb hole. For a given fragment energy, increa
ing the assigned mass decreases the resulting velocity.
corresponding decrease in relative velocity is reflected in
decreased width of the correlation function. To explicit
show the relationship between changes in the HWHM a
the mean emission time with increasing fragment mass,
have performed simulations at fixed source radius f
t525, 50, and 100 fm/c. The results are plotted in Fig. 20
The difference in the HWHM between10B and 12B corre-
sponds to an uncertainty in mean emission time of about
fm/c. However, since these limits represent extreme ca
regarding the mass distribution of boron fragments, 25 f
c represents the upper limit for the uncertainty in the me
emission time due to mass misidentification.

VII. SENSITIVITY TO SOURCE ASSUMPTIONS

In order to extract more quantitative information regar
ing the emitting system, we have compared the experimen
correlation functions with classical Coulomb three-body tr
jectory simulations. In these simulations it is necessary
make assumptions regarding the source characteristics~size,
velocity, etc.!. In this section, we examine the sensitivity o
our deduced results to these assumptions.

FIG. 19. ~a! The correlation function for central collisions in the
reaction 84Kr 1 197Au at E/A 5 55 MeV. The solid and dashed
lines represent the results of smearing the experimentally meas
energy distributions on a Gaussian distribution with a FWHM
10% and 20%.~b! Trajectory calculations for pairs of10B ~solid
circles! and 12B ~open circles! fragments.
o-
ge

of
c-
e
e

idth
s-
The
he
y
nd
we
or
.

25
ses
/

an

-
tal
a-
to

f

In Fig. 21 the extracted spatial-temporal extent of th
emitting system in84Kr 1 197Au atE/A 5 55 MeV/nucleon
is depicted for different minimum velocity selection criteria
The correlation functions were constructed for pair
4<Z1 ,Z2<9 emitted in the angular range 25°–50°. Th
simulations assumed a source charge ofZs 5 40, As 5 96
~based onZsum) and a source velocity of 3 cm/ns. The sym
bols represent the best fits determined by minimizing th
x2/n. Minimum velocity gates of 4, 5, and 6 cm/ns are rep
resented by open circles, solid circles, and open squares,
spectively.

The increase in the Coulomb hole of the correlation fun

red
f

FIG. 20. Dependence of the width of the correlation functio
~HWHM! on the mean emission time for three-body Coulomb tra
jectory calculations for pairs of10B ~open circles!, 11B ~solid dia-
monds!, and 12B ~open squares! fragments. The calculations were
performed forZs 5 79 (As 5 197!, Rs 5 7 fm, and t 5 100
fm/c.

FIG. 21. Dependence of the mean emission timet on the source
radiusRs from comparisons for the bestx2/n between the three-
body trajectory calculations and the experimental data. The op
circles, solid circles, and open squares represent minimum veloc
cutoffs of 4, 5, and 6 cm/ns.
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tion with an increasing cut on minimum velocity correspond
to a decrease in the spatial-temporal extent of the emitt
system and can be reproduced in the simulation by a red
tion of either the source radiusRs or the mean emission time
t. We have previously interpreted the dependence of
HWHM of the correlation function as a decrease in the me
emission time between fragments with increasing minimu
velocity while the source radius remains constant. A
equally valid scenario is a source of constant mean emiss
time that increases in size during the emission process. S
a scenario might be valid if fragment emission occurred ea
in the collision dynamics. The size of the source would i
crease as the energy deposition proceeded. As can be se
Fig. 21, changingvmin from 4 cm/ns to 5 cm/ns can be
viewed as either a decrease in mean emission time of
fm/c (Rs 5 10 fm, t 5 50 fm/c → Rs 5 10 fm, t 5 0 fm/
c) or a decrease in source size of 3.5 fm/c (Rs 5 10 fm,t 5
50 fm/c → Rs 5 6.5 fm, t 5 50 fm/c).

We next examine the sensitivity of the correlation fun
tion to the assumed source velocity. The comparison h
been carried out within the framework of the three-body tr
jectory calulation. In panels~a! and~b! of Fig. 22, the results
of trajectory calculations for11B fragments assuming a
source velocity of 2.5 and 3.5 cm/ns are shown as op
circles. The assumed source charge is 79 (As5197! with a
radius of 7 fm and mean emission timet of 100 fm/c. To
estimate the difference between these two calculations,
erence simulations withvs53 cm/ns and mean emission
timest of 25, 50, and 100 fm/c are plotted as solid, dashed
and dot-dashed lines, respectively, in both panels.

In panel ~a!, the simulation withvs 5 2.5 cm/ns~open
circles! has a Coulomb hole that is slightly wider than tha
for the reference simulation witht5100 fm/c. The simula-
tion with vs53.5 cm/ns in panel~b! is somewhat narrower

FIG. 22. ~a! Trajectory calculations for11B fragments withvs 5
2.5 cm/ns andt 5 100 fm/c ~open circles!. The solid, dashed, and
dot-dashed lines represent reference calculations withvs 5 3 cm/ns
and t 5 25, 50, and 100 fm/c, respectively.~b! The same as in
panel~a! except the open circles were calculated assumingvs 5 3.5
cm/ns.
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than the 100 fm/c reference simulation, corresponding to a
weaker interaction with increasing source velocity. For a r
dius of 7 fm, this corresponds to a change in mean emissi
time of significantly less than 25 fm/c. We have also exam-
ined the change in the HWHM. With the reference calcula
tions as a rough scale, the change appears to be less tha
fm/c for an increase in source velocity from 2.5 to 3.5 cm/n

VIII. ANGULAR MOMENTUM DISTORTIONS

Recent measurements have demonstrated the persiste
of collective motion even for small impact parameters an
that these collective effects impose distortions on fragmen
fragment correlations@47–54#. Such effects must be ac-
counted for when constructing correlation functions. T
quantify rotational motion present in the84Kr 1 197Au sys-
tem at the energies measured, we have constructed azimu
distributions @49,50,52,53# and azimuthal correlation func-
tions @47,48,50,51#. For the construction of the azimuthal
distributions, the reaction plane was determined for ea
fragment using techniques previously described@49,53#.

In Fig. 23 we present azimuthal distributions for periph
eral (b/bmax50.6–0.8!, midcentral (b/bmax50.3–0.5!, and
central~b/bmax< 0.2! collisions at the three bombarding en
ergies. The parametera is defined as the azimuthal angle
between the fragment velocity vector and the reaction plan
We have plotted the ratio of the yield for each value ofa
~normalized to unity ata590°) for helium and beryllium
fragments. A ratio larger than unity ata50° reflects en-
hanced emission in the reaction plane. Since particle em
sion from a rotating source is enhanced in the plane, th

FIG. 23. Azimuthal distributions with respect to the recon
structed reaction plane for peripheral (b/bmax50.6–0.8!, midcentral
(b/bmax50.3–0.5!, and central (b/bmax< 0.2! collisions in the re-
action 84Kr 1 197Au atE/A 5 35, 55, and 70 MeV. The solid and
open circles represent alpha particles and beryllium fragments,
spectively.
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2284 53T. M. HAMILTON et al.
ratio is a quantitative measure of the rotational motion of t
emitting system.

In Fig. 23 beryllium fragments emitted in peripheral rea
tions at E/A 5 35 MeV have the highest anisotropy
Y(a50°)/Y(a590°) 5 2.6. This ratio decreases to abou
1.4 as the bombarding energy is increased to
MeV/nucleon. The helium particles have a lower anisotro
than the beryllium fragments, but this difference becom
less significant as the bombarding energy is increased.
comparison, azimuthal distributions constructed for midce
tral collisions in the reaction36Ar 1 197Au at E/A 5 35
MeV hadY(0°)/Y(90°) ratios of 2.5~4.5! for Z52 (Z54!
particles@49#.

For central collisions, the azimuthal distributions are e
sentially flat. The azimuthal distributions for beryllium frag
ments emitted in the central collisions haveY(0°)/Y(90°)
ratios that are less than 1. This suppression at small a
muthal angle is due to the higher Coulomb repulsion f
particles emitted in the plane. Since all of the velocity co
relation functions in this analysis were constructed for ce
tral collisions, the anisotropy distortions are expected to
small.

The results of an alternative method for investigating t
angular momentum present in this reaction for various im
pact parameters are presented in Fig. 24. The azimuthal
relation function is defined@47# as

Y~Df!/Y8~Df!5C@11R~Df!#,

whereY(Df) is the coincidence yield of two~identical! par-
ticles emitted with relative azimuthal angleDf, Y8~Df! is

FIG. 24. Azimuthal correlation functions for periphera
(b/bmax50.6–0.8!, midcentral (b/bmax50.3–0.5!, and central
(b/bmax< 0.2! collisions in the reaction84Kr 1 197Au atE/A 5 35,
55, and 70 MeV. The solid and open circles represent alpha p
ticles and beryllium fragments, respectively. Fits to the alpha p
ticle correlation functions with the formA@11l1cos(Df)1
l2cos~2Df)# are displayed as solid lines.
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the background yield constructed by mixing particle yields
from different events which satisfy the same constraints a
the coincidence yield, andC is a normalization constant. The
correlation functions were constructed from fragments emi
ted in the polar angular range of 25°–50° in the laborator
and were normalized so that the average value is 1. Emissi
from a rotating source results in a characteristic V shape, i.e
suppression in the correlation function atDf590°.

The same trends evident in Fig. 23 are apparent in Fig. 2
as well: The anisotropy decreases both with increasing bea
energy and increasing centrality. The beryllium fragment
exhibit more anisotropy than helium particles and are sup
pressed nearDf50. Except for this Coulomb suppression,
the azimuthal correlation functions are relatively flat for cen
tral collisions.

To quantitatively compare the azimuthal anisotropies, w
have fit the azimuthal correlation functions with the form

A@11l1cos~Df!1l2 cos~2Df!#,

wherel1 andl2 are treated as free parameters@47,48# and
A is a normalization constant. Positive~negative! values of
l1 indicate preferential emission of the particle pair to the
same side~opposite sides! of the beam~resonance effects,
momentum conservation! and largel2 values may be asso-
ciated with rotational collective motion of the emitting sys-
tem @47#. For the IMF azimuthal correlation functions, we
have performed the fits over the rangeDf 5 90°–180°. The
fits for alpha particles are depicted as solid lines in Fig. 24

The largest values ofl1 andl2 are observed atE/A 5 35
MeV. The values are summarized in Table I. These value
for Z52 are comparable to those determined from alph
particles emitted in the reaction36Ar 1 197Au atE/A 5 35,
50, 80, and 110 MeV where the values ofl1 vary between
'20.02 ~central! to ' 0.13 ~peripheral! and the values of
l2 range between' 0.02 ~central! to ' 0.6 ~peripheral!
@47#. The values ofl2 increase with increasingZ of the
fragments, consistent with a larger sensitivity of heavy frag
ments to residual rotation in the emitting system. The value
of l1 andl2 for beryllium and carbon fragments emitted in
the reaction atE/A 5 35 are also summarized in Table I. In
the energy range being studied, bothl1 andl2 decrease with
increasing bombarding energy.

Figure 25 shows the small effect of correcting for the
anisotropy in the reduced velocity correlation functions con

l

ar-
ar-

TABLE I. Table of parameters for fits to the azimuthal correla-
tion functions for 84Kr 1 197Au at E/A 5 35 MeV with the form
A@11l1cos(Df)1l2cos~2Df)#. The errors are estimated to be
60.10 forl1 and60.05 forl2 .

b/bmax ^b/bmax& Z52 Z54 Z56

l1 l2 l1 l2 l1 l2

0.0–0.2 0.14 0.024 0.050 -0.27 -0.066 0.092 0.11
0.2–0.4 0.32 0.025 0.073 0.32 0.21 0.22 0.20
0.4–0.6 0.51 0.031 0.12 0.20 0.27 0.20 0.30
0.6–0.8 0.71 0.046 0.22 0.55 0.54 0.62 0.59
0.8–1.0 0.91 0.12 0.35 0.61 0.66 0.88 0.73
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53 2285CHANGING SOURCE CHARACTERISTICS DURING . . .
structed for central collisions in the reaction84Kr 1 197Au at
E/A 5 55 MeV. The correlation functions shown were cu
on minimum velocities ofvmin52.75 and 3.75 cm/ns in pan-
els ~a! and ~b!, respectively. In the construction of the de
nominator, the events are rotated into a unique reaction pla
@55#. A reaction plane is defined for each fragment. The r
action plane of the first fragment is then rotated in the a
muthal anglef to coincide with the reaction plane of the
second fragment. Distortions of the velocity correlation fun
tions due to angular momentum of the emitting system a
apparently negligible for central collisions. All correlation
functions previously shown in Figs. 5–17 have been co
rected for the azimuthal anisotropy.

IX. SUMMARY

Recent evidence@24# indicates an association between th
strength of the fragment-fragment Coulomb interaction a

FIG. 25. ~a! Correlation function forvmin 5 2.75 cm/ns for
central collisions in the reaction84Kr 1 197Au at E/A 5 55 MeV
with ~solid line! and without~open circles! the anisotropy correc-
tion ~see text!. ~b! The same as in panel~a! exceptvmin 5 3.75
cm/ns.
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the kinetic energy of the fragment pair. In the present pap
we have investigated this association in greater detail. T
increase in the width of the Coulomb hole with increasin
velocity of the fragments was observed for cuts on the ave
age velocity of the pair, for different angular regions in th
center of mass, and for pairs whereZ15Z2 . Restrictions
were also placed on the longitudinal velocity of the fragme
pair in order to minimize the contribution from multiple
sources. Even fragment pairs subjected to these more rest
tive conditions exhibited the trend of higher velocity frag
ments being associated with a stronger fragment-fragme
interaction. This trend was also observed in the system
36Ar 1 197Au at E/A 5 50, 80, and 110 MeV and14N 1
197Au atE/A 5 100, 130, and 156 MeV. We have examine
the effects of detector granularity, energy resolution, and pa
ticle identification on the correlation function. We have als
examined the sensitivity of our deduced results to assum
tions about the source characteristics and to the rotatio
motion of the emitting source.

In conclusion, the association between the spatia
temporal extent of the emitting system and portions of th
one-body energy spectrum is strong and the dependen
much larger than the uncertainties in both the experimen
measurements or trajectory calculations. Moreover, it a
pears to be a universal feature of multifragment decay attr
utable to the deexcitation of the source on a time scale co
current with the fragment emission time scale.
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@55# B. Kämpferet al., Phys. Rev. C48, R955~1993!.


