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Emission time and sequence in @®Ni+*%C fusionlike source at 34.5 MeVnucleon
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Fusionlike events in®®Ni+'“C at 34.5 MeV/nucleon are isolated by use of the statistical discriminant
analysis method applied to a set of 20 global variables in complete events with at least 90% of the total charge
of the system. Two-fragment reduced-velocity correlation functions are measured for the emission of interme-
diate mass fragmentdMF’s) and compared to many-body trajectory calculations. Alpha particle emission
sequence has been deduced as a function of excitation energy. At the highest excitgtemtis)es are emitted
simultaneously with IMF’s on a time scale of about 200—300cfnmh less excited events, they are emitted on
a longer time scale. This hybrid deexcitation mechanism, sequential and prompt, is corroborated by comparing
the charge of the heaviest and the second heaviest fragments to predict@mnsinafand sMm simulations.
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I. INTRODUCTION with a large multidetector array, by means of a multivariate
statistical method recently applied to select fusionlike events
New and important facets of nuclear matter have beein Ni+Ni [8,9], *Mg+2C [10-17, *®Ni+**’Au [13] and
revealed by studying the formation and deexcitation of nu-12°Xe+"3Sn[13].
clei produced in extreme conditions of excitation energy and
temperature. One of these is multifragmentat{dn?] for
which the most commonly reported theoretical explanation is Il. EXPERIMENTAL SETUP
the entrance of the system into a region of spinodal mechani-
cal instability[3]. Competing deexcitation mechanisms from  The experiment was performed at the tandem accelerator
sequential to simultaneous are also observed in multifragsuperconducting cyclotrofTASCC) facility at Chalk River
mentation studies. This signature has been previously resy using a°®Ni beam accelerated at 34.5 MeV/nucleon and
ported to signal a nuclear liquid-gas phase transition in finitbhombarding a 2.4 mg/ctncarbon target. The charged par-
systems[4,5]. Good candidates in such studies are well-ticles produced were detected in the RUECLES 44 array
defined fused compact single sources formed in inverseconstituted by 144 detectors set in ten rings concentric to the
kinematic studies with intermediate-energy heavy ionspeam axis and covering polar angles between 3.3° and 140°.
which can now be isolated with little contamination from The forward four rings (3.3° to 24°) are each made of 16
other sources, thanks to exclusive multidetection methodgjastic phoswich detectors with energy detection thresholds
achieved with powerful multidetectors, coupled with newof 7.5 (27.5 MeV/nucleon for element identification o
and innovative selection methoﬁ&—lél] Of partiCUlar inter- =1 (28) partides_ Two rings of 16 CST]) Crysta|s charac-
est in these Studies iS the t|me Scale aSSOCiated with fragmefgrized W|th |ow_energy detection thresh0|d§ MeV/
and particle emission, which is Closely related to the deeXCinuc|eon forZ= 1'2 partic|e$ cover po'ar ang'es between 24°
tation mechanisms. This important piece of information isang 46°. The last four rings (46°—87° and 93°—140°) are
accessible through two-fragment correlation function meagonstituted by CsTl) crystal detectors set in groups of 12
surements[15,1¢ and by particle time sequence model- per ring. The Csl detectors achieve isotopic resolution for
independent determination techniqués,18. This paperis = 7—1 and 2 ions. The energy calibration of the detectors is
devoted to the study of the®Ni+"*Csystem at 34.5-MeV/ accurate to about 5%. The events were recorded on an event-

nucleon incident beam energy and extends previous analysiy_event basis when at least three detectors were fired.
of this experiment, which considered the quasiprojectile

source and the intermediate velocity region formed in this
reaction [19-21]. In the present study, we have isolated

. I1l. THE DISCRIMINANT ANALYSIS SELECTION
fused single source events from complete events detected

METHOD

For the sake of isolating single source events, we have
*Corresponding author. Email address: msamri@phy.ulaval.ca first considered events with a total detected charge equal or
TPresent address: Partement de Radio-Oncologie, tébDieu,  greater than 31, which represents 90% of the total charge of
11 cote du Palais, Qbec, Canada G1R 2J6. the system, and then applied the statistical discriminant
*Present address: Joint Institute for Heavy lon Research, Holifielénalysis(DA) method[9—11]. This technique is used to build
Radioactive lon Beam Facility, P. O. Box 2008, Building 6008 a discriminant function, as a linear combination of discrimi-
MS 6374, O.R.N.L. Oak Ridge, TN 37831-6374. nating variables, that separates occurring groups.
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A. Global variables [T
DIT-GEMINI

In the present experiment, the variables used in the DA 1000 - 7
method are global characteristics representing the complete- 500 i 1
ness of the event, its form in different coordinate systems, | |
the charge distribution, and the kinematics of the reaction. 0 == e
The variables are the total multiplicity, the charge asymmetry ) f
[10], the charge of the heaviest fragment, the relative veloc- g1500 ]
ity between particles taken>33 (minimum and maximum -:,é1000 r ]
values [22,23, the total momentum and charge, the Fox < 500 :
moment of order 2, K[24], the sphericity, coplanarity and E 0k o,
aplanarity[25] computed from the kinetic flow tens@25], 1000 T R
the flow angle, the transverse energy, the anisotropy ratio 7500 £ E
[26], and the total transverse and parallel momenta. The last 5000 | E
four quantities are calculated in the center-of-mass and the 2500 £ E
ellipsoid frames. 0 BT o

-1.2 -1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

B. Simulations and the DA method Discriminant function D,

A simulation code that tags the natufene- or two- FIG. 1. Distributions of the discriminant function for complete
source of the event is necessary to customize the DAevents £Z=31) in %Ni+ 2C reaction fomIT +GEMINI simulations
method. To this purpose, we have used the aodd27] to (top), TORINO+sMM simulations(middle), and data(bottorm). For
create the entrance®Ni+ 2C channel and the statistical se- simulations, the contribution of onétwo-) sources events are rep-
quential GEMINI code [28] to deexcite the quasiprojectile resented by left dashedght dotted histograms. For data arsiv
(QP), quasitargetQT), or composite system excited nuclei. simulations, the distributions are obtained by using the discriminant
The entrance channel model proceeds mainly through stgoefficients given by theiT+cewmini filtered simulations.

chastic fluctuating transfers of nucleons, energy, and angular . .
momentum between the projectile and target while approachtlsucal exchange of nucleons petween the reaction par'tners to
ing each other along Coulomb trajectories. The code allowg'ude_ar structure eff_ecf(sollectlve _surface _modaasThe .d's'.
computation of the charge, mass, velocity, excitation energ ribution of the discriminant function obtained by projecting

and angular momentum of the QP, QT, and the fused systeme TORINO+SMM global variables on the®IT+GEMINI dis-

on an event-by-event basis. These observables are used §LNnant axis is given in the middle panel of Fig. 1. Since,

input to the statisticabEmINI model which describes the sub- n thils case, tne Zi.ngl.i' or binary—f\;sn(tjtype s tagge(cjj |tr\1Nthe
sequent decay of the excited nuclei. The simulated events apgu/ations, the distribution is unfolded into one- and two-

filtered through the geometrical and energetic cuts of theource events. The figure shows that single-source events

experimental array, and events of total charge equal to 0g;orrespond to low values of the discriminant function and are

greater than 31 are considered to calculate the 20 global varieParated froom binary events. The @j=—0.2 contains
ables for each event. less than 20% of binary-type events.

The discriminant functio® 4 is obtained by using the DA

method which givesin the case of two groupshe best axis C. Fusionlike event selection
that separates these groups. Itis given as a linear combina- The experimental distribution of tH2, function obtained
tion of the discriminatingV; variables, Dg=ZX={=1a;Vi, by projecting the experimental events on the discriminant

where thea’s are the discriminant coefficients and thgs  axis given by theoIT+GEMINI simulations analysis is shown
are the global variables previously defined. The top part ofn the lower part of Fig. 1. The distribution covers almost the
Fig. 1 shows the distribution of the discriminant function same range as that obtained by the+GEMINI model or by
along with its unfolding into one- and two-source event con-projecting theToRINO+SMM events on theIT+GEMINI dis-
tributions represented by the dashéeft) and dottedright)  criminant axis. Since in the experimental data other emission
histograms, respectively. The figure shows the good sourcsources such necklike structures may also be present, the
separation achieved with this method. A cutl@§<—0.2  separation valley between one- and two-source events, which
keeps 90% of one-source events and removes most of oth@y clearly observed in the simulations, is less visible. Yet, the
contributions. It is interesting to quantify these contributionsdistribution exhibits a disymmetrical shape with the low val-
when projecting the global variables obtained with otherues of the discriminant function corresponding to one-source
(different simulations on the discriminant axis given by the events.

DIT+GEMINI simulations. We have performed such simula- In order to verify that the cuDy=<—0.2 isolates effec-
tions with the standardcold) version of thesmm model tively these events, we have compared the experimental flow
[29,30. In this code, all fragments are produced simulta-angle distribution for single-source-attributed events isolated
neously and are driven apart by Coulomb repulsion. As inpuivith the above cut to the corresponding filteregMini and

to smMm, we have constructed the entrance channel differenthsmm simulated one-source events. The flow angle is usually
than forGemINI, by using the semiclassical coupled channel-used in many works as a sole variable to isolate single-source
channels codeorino [31]. This code incorporates the sta- eventg[25,14,32,6,33 It is defined as the angle between the
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FIG. 2. Flow angle distributions corresponding to fusion events FIG. 3. Distributions of the charge of the heaviésip) and the
for datg,GEM|N| andsw filtered simulations. All distributions are  ¢o.onq heaviegbottom fragments corresponding to fusion events
normalized to the same number of counts. for data,GemINI, andswmw filtered simulations. All distributions are
normalized to the same number of counts.
ellipsoid major axis corresponding to the highest eigenvalue
of the kinetic energy tensdipreferred direction of emitted heaviest fragments in these two limiting situations given by
matte) and the beam axis. Fused events, which have lost thghe filtered GEmMINI (sequential and SMM (prompd simula-
memory of their entrance channel, should be isotropic, angions. The experimental distribution for the heaviest frag-
the associated flow angle distribution should be peaking aient, given in the top panel of the figure, has a large width
0510w=90° as shown in Fig. 2 for filteredemiNI andsMM  and covers the range of both simulations. The same trend is
simulated single-source events, and also in R&f3,34. also observed in the bottom part of the figure for the second
The experimental flow angle distribution for experimental heaviest fragment. This shows that data can be described as a
fused eventsisolated with the conditio ;=< —0.2) exhibits  mixture of sequential and prompt emissions.
a shape closely resembling that of the filtered simulated
events. Although the flow angle is used among the discrimi- g Tyo-fragment reduced-velocity correlation functions

nating variables to build the discriminant function, its contri- _ . . . .
bution to this function is only about 7%. It is worthwhile to 1 1iS qualitative picture may be further investigated by

note that a sharp cut in the flow angle distribution greateponstructing correlation functions between intermediate mass
than 60° would reject a good proportion of single-sourcefragmems(”v'F'S) [15,16 which provide information about

events, and thus would degrade the properties of the fusd® time scale involved in the decay process. These are often

source. The flow angle selection method may be an adequafiit With the reduced velocity between pairs of IMF's de-

source selector for heavy systems characterized with highn€d bYvreq=vrei/VZ1+Z, [15], wherev,,, is the relative
multiplicities and large fragments in which the kinetic energyVelocity between charge, and Z,. The correlation func-
tensor is well defined. For relatively small systems such a$on is given by
that under study, characterized with low multiplicities, the

multivariate method, which uses a large number of variables, 1+ R(v,eq) = CM' (1)
may be better adapted than the flow angle. Nuncord(Ured)
IV. EXPERIMENTAL RESULTS AND DISCUSSION Ncorr(vreq) is the reduced-velocity distribution for pairs of

IMF's coming from the same(correlated event, and
Nuncord{vreq) is the background distribution with uncorre-
As a first and simple observable to probe the deexcitatiomated pairs of IMF’s each one coming from a different event.
mechanisms, we consider the charges of the heaviest and the In order to extract the fragment emission time, the experi-
second heaviest fragments which are static properties chamental correlation function is constructed and compared to
acterizing the topology of the event. In sequential decay octhe simulated ones performed by the many-body Coulomb
curring at low excitations, the heaviest fragment will be atrajectory code of Glasmachet al.[35-38§. This code as-
heavy residue produced after a sequence of light particlsumes fragments to be emitted sequentially from the surface
emissions. At higher excitations, intermediate mass fragef a spherical source with emission times having the prob-
ments are produced and the charge of the heaviest fragmeability distributionP(t)~e " with 7 being the source emis-
will be lower than in sequential decay. This is well illustrated sion time. After each emission, recoil velocity and mass con-
(and reproducedn Fig. 3 representing the charge of the two servation of the source are taken into account. The charge,

A. Charge distributions of the two heavy fragments
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FIG. 4. Two-IMF correlation functions, integrated over all 3
<7Z<9 fragment pairs originating from one-source-attributed FIG. 5. The experimentak-IMF correlation function with a
events. The curves represent calculated correlation functions of relative velocity selection for three increasing bins of excitation
Coulomb trajectory calculation for different emission times. energy 3.4, 4.5, and 5.5 MeV/nucleon represented in figure parts

(@, (b), and(c) respectively. Solid symbols refer to the case where
mass and energy of fragments and the residue charge aseparticles are slower than IMF’s in the single-source frame. Square
randomly sampled from the experimental distributions. symbols refer to the opposite situation.

The experimental and simulated correlation functionsf
with different emission times are displayed in Fig. 4. Titfe
values are 0.867, 0.861, 0.859, and 0.883 for increasiné
times respectively. The best fits to the experimental functior}
yielding minimum ? value are obtained with the simulated
functions performed with emission times of 200

—300 fm/fc. It is well known that a relationship exists be- probe the time sequence betweenparticles and IMF’s.

tween emission times and excitation enef®,37,19. In . . o .
the multifragmentation events considered to build the corre-S incea particles are produced in different procesgesilt

lation functions characterized with two and more IMF's, thefragmentatlon, evaporatigrthe chronology of emission may

o : ' . “be only an average of these processes. To avoid this, events
mean excitation energy is 4.8 MeV/nucleon. The excitation 2 . ) : s
are divided into three classes of increasing excitation energy.

energy is constructed from the charged decay products of the . . .

fusionlike nucleus, on an event-by-event basis, by summin%O:'glﬁre ° ShO\?./sl the exp?rlmenttﬁllMIIZMc'grrelagqn ];l;]nc' i

up the total kinetic energy and the chan@elalue and cor- Whena particies are siower than S and in the op

recting the computed value for unobserved neutrons with thgos.lte situation .for the three classes of events with mean

method used in Ref10]. The emission time determined here exutaﬂon energies of 3.4, 4.5, a_nd 55 MeV/nucIeon. For
less-excited events, represented in gartof the figure, the

is comparable to that reported for the @B9] in the same oulomb suppression is more visible in the caseropar-

reaction under study presently, and at the same excitatiofi}I fast rt[r)1pn IME’s. It can be deduced t ricl ]

energy. Such an emission time is considered to be $h6}t cies faster tha S.ltcan be de uce’: hqba_ cles are
emitted on a longer time scale than IMF’s. For highly excited

aamd is usually associated with a prompt multlfragmenta’uoneventS given in partc) of the figure, the Coulomb suppres-
ecay. S ; ! . X
sion is the same in both-IMF relative velocity selections,

indicating thata particles are emitted on average at the same
time as IMF's. Medium-excited events, represented in part

The time scale fow particle emission, relative to that of (b) of the figure are intermediate between these two cases.
IMF’s, is deduced with the help of the particle-chronology This same trend is also observed when classifying the events
technique. This technique is based on the analysis of theith the number of IMF's as a parameter. The Coulomb sup-
speed differencévelocity module differenceof a pair of  pression is the same in both-IMF relative velocity for
charged particlegl7]. Authors of Ref[18] have shown, in a events characterized with three IMF’'s or more. On the con-
theoretical study, that it can be extended to all kinds of nonirary, for one-IMF-type events, the Coulomb suppression is
identical particles. Recently, the time sequence for lightmore pronounced in the case®fparticles faster than IMF’s.
(p,d,t,a) particles has been deduced via this methd@  These observations are consistent with a picture in which
42] in central collisions. The principle of the method is to particles are emitted on a longer time scale in low-excited
compare the correlation function constructed with a pair ofevaporationlike events than in highly excited multifragmen-
particles 1 and 2 when particle 1 is faster than 2 in the sourceation ones. This suggested time scale and its correlation with

rame to the correlation function constructed in the other
ituation. If a time delay in the emission of the particles
xists, the Coulomb suppression effect would be enhanced
or pairs of particles for which the average distance is
smaller. This would be the case if the first emitted particle is
slower than the second one. We have applied this method to

C. Alpha particle emission order
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excitation energy are consistent with the above-cited relaemission with respect to IMF emission has been determined
tionship of emission times as a function of excitation enerfor different events as a function of excitation energy and
gies[39,37,19. The general picture that can be drawn fromwith the number of emitted IMF's as a parameter. Alpha
this study is that of a hierarchy of deexcitation mechanismsparticles are found to be emitted promptly with IMF's in
evaporation and multifragmentation, following each othermultifragmentation events, and on a longer time scale in
with increasing excitation energy. Events with two and moreevaporation data. These results are consistent with the gen-
IMF’s represent about 12% of the total fused events. Soeral picture of decreasing times with excitation energy and
despite indications of simultaneous decay, supported by theorroborates the qualitative comparison of the charge of the
determined time scale and by the distribution of the charge oévent-2 heaviest fragments to sequential and simultaneous
the two heaviest fragments, the data can be generally deimulations. A non-negligible part of the single-source data
scribed by a sequential binary decay picture. can be viewed as a prompt decay process. Yet, the sequential
binary decay seems to dominate.
V. SUMMARY AND CONCLUSION
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