RAPID COMMUNICATIONS
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Investigation of intermediate-velocity particle production is performed on entrance channel mass asymmetric
collisions of *®Ni+C and %®Ni+ Au at 34.5 MeV/nucleon. Distinctions between prompt preequilibrium ejec-
tions, multiple neck ruptures, and an alternative phenomenon of delayed aligned asymmetric breakup are
achieved using source reconstructed correlation observables and time-based cluster recognition in molecular
dynamics simulations.
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During the last decade, reaction mechanisms studies of A beam of *®Ni accelerated at 34.5 MeV/nucleon by the
heavy ion collisions in the Fermi energy domain have unrav€oupled Tandem and SuperConducting Cyclotron accelera-
eled new and interesting phenomena that can have majoéors of AECL at Chalk River bombarded alternatively a
consequences on our understanding of both nuclear dynard-4 mg/cn carbon target and a 2.7 mg/éngold target.
ics and excited nuclear matter properties. It was first estabicharged particles issued from these reactions were detected
lished that binary dissipative collisions dominate the reactiorin the CRL-Laval 4r array constituted by 144 detectors set
cross section in this energy range for a large domain of enin ten rings concentric to the beam axis and covering polar
trance channel masses and asymmefiles|. Early, it has angles between 3.3° and 140°. The first forward four rings
been noticed that unlike the lower energy case, where excly-3.3° to 24°) are each made of 16 plastic phoswich detectors
sively two primary fragmentgor one fusion fragmentare  with energy detection thresholds of 1%7.5 MeV/nucleon
formed[6], the intermediate energy heavy ion collisions pro-for element identification oZ=1 (28) particles. Between
duce exaotic structures that populate the intermediate-velocit4° and 46°, two rings of 16 CdIl) crystals achieve isoto-
(IV) zone between the two main collision partng¥s-16]. pic resolution forZ=1 and 2 ions and element identification
This production of particles and fragments at midvelocity isfor Z=3 and 4 ions with energy thresholds ranging from 2 to
usually explained as the onset of the participant-spectatd MeV/nucleon. The Miniball forms the last four rings (46°
model of relativistic energiefl7]. However, in the Fermi to 87° and 93° to 140°) and is constituted by PIN diode
energy domain, the interplay between two-body interaction®acked CHTl) crystal detectors set in groups of 12 per ring.
and collective motions from the nuclear mean field modifiesSee[18] and references therein for more information on de-
this simple picture and can potentially give rise to peculiartectors and energy calibration. The main trigger for event
mechanisms leading to such an important observed IV parecording was a charged particle multiplicity of at least three
ticle production. Of those mechanisms, fast light particlesparticles. The present work is restricted to events selected in
and coalescence clusters ejected by nucleon-nucleon collihe offline analysis by a total detected charge of at least 31
sions and multiple neck ruptures are usually expected to benits. This ensures good reconstruction of the quasiprojectile
responsible for the main IV particle production. and IV particles characteristics.

In this Rapid Communication, we report for the first time  In order to evaluate properties of the IV material, it needs
clear distinctions between these prompt processes and an &b be isolated from its surrounding. This is done by recon-
ternative phenomenon of delayed aligned asymmetrigtructing on an event-by-event basis the quasiprojeci@
breakup that populates the intermediate-velocity zone by and quasitargetQT) emitters using a probabilistic recon-
deformation rupture of mainly the heavier of the colliding struction algorithm for the former and angular and velocity
partners in mass asymmetric collisions. These distinctionsuts for emissions of the latter. The statistical quasiprojectile
were observed experimentally with intermediate-velocityreconstruction algorithm proceeds by two steps consisting in
particle correlation analysis of MiC and Ni Au reactions  building probability tables for the attribution to the QP of a
at 34.5 MeV/nucleon. final detected particle and an application of these probabili-

ties on an event-by-event basis. The main hypotheses on
which the algorithm relies on ar@) the event heaviest par-
*Present address: Joint Institute for Heavy lon Research, Holifieldicle is assumed to be the QP evaporation residRepar-
Radioactive lon Beam Facility, Oak Ridge, TN 37831-6374. ticles emitted by the QP are isotropically distributed around
TPresent address: EXFO, 465 avenue Godin, Vanier, QC, Canadhis residue, and@3) the forward emission hemisphere of the
G1M 3G7. QP is negligibly contaminated by emissions from other pro-
*present address: TRIUMF, 4004 Wesbrook Mall, Vancouvercesses. Clearly, these hypotheses can only be verified in pe-
B.C., Canada V6T 2A3. ripheral to semicentral collisions where the QP and QT are
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MeV/nucl. well as particles having parallel velocity along the residue
direction of less than-0.1Z. All remaining final particles
are assigned to the IV component.

Figure 1 shows the evolution of the parallel velocity dis-
tribution of the reaction products, according to their attrib-
‘ uted origin(in the c.m. framgwith experimental impact pa-
rameter. In both reactions, as the impact parameter decreases,
exp the mean parallel velocity of the QP products also decreases,
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‘ a + C reaction, thea particle substructure of thé“C target

Bftm<b_ <6fm makes it easy to break at all detected impact parameters.

5 Particle production in the IV region appears also to be strong
20000 over the wholeb,,, range. With the decrease of impact pa-

5 rameter, the average velocity of the IV charged products in

10000 - %’ the 5®Ni+ C system increases abovgy, Whereas for the

58Ni+ Au system, it stays close to it over the whole range,
s Yoa 0z o0 o2 o4 With a small tendancy to decrease toward the QT velocity.
v,em. (¢) In order to get information on the time formation and

I characteristics of the IV material produced in these mass

FIG. 1. c.m. parallel velocity distributions for charged particles as_ymmetrlc heavy ion reactlons, mqlecular dynamics SinGs

of %8Ni+C (left) and %8Ni+ Au (right) reactions. The total distribu- lations were performed. A semiclassical molecular dynamics
tions (thick solid lines are broken in QRvertical hatches QT ~ Model with a spherical two-body interaction potential pre-

(horizontal hatch@sand IV (shaded histogramsontributions. The ~ Senting realistic nucleon-nucleon cross sections and includ-
vertical line shows . ing Coulomb interactions has been used to modelize semipe-

ripheral reactions of th&Ni+12C and *®Ni+ '9’Au systems
well enough separated in velocity space. Elements of that 34.5 MeV/nucleon. Focusing on the nucleon-nucleon cor-
probability tables are referenced by classes of experimentdglations that give rise to the fragment formation processes, a
impact parametersbg,,), residue Z;.s), and emitted par- clusterization algorithm making use of the ‘minimum span-
ticle (Z,) atomic numbers, as well as relative velocity be-ning tree in energy spacéMSTE) criterion has been used.
tween them ¥,¢) and its absolute projection along the resi- Right after the most violent stage of the collision, an MSTE
due velocity in the c.m. \(lrlel)_ The experimental impact cluster recognition step allowed us to sort the particles as
parameter was determined using a combination of two obbelonging to the projectile-like fragmeiPLF), the target-
servables that are both closely related to the true impact palke fragment(TLF), or as prompt emitted particld®EP
rameter according to molecular dynamics and deep inelastieot spatially correlated neither to the PLF nor the TLF. The
simulationg19]. These observables are the total parallel moiime at which every asymptotic cluster have actually been
mentum of all charged particles in the forward velocity eMmitted ¢e) can be calculated within the model by simply

hemisphere of the center of mamm) reference frame tracing back the dynamical evolution of the reaction. See

(Hﬁ'm') and the anisotropy ratio of light charged particles[23] and references therein for more specific details about the

30000

5000

(Z<2) in that same frameR}) [20], model used and the cluster time origin analysis of mass
asymmetric reactions.
Hﬁ'm' tg~L(Ry) Parallel velocity spectra of particles originating fr_om Fhe
1+ ——— - PLF, TLF, and PEP components were separated in Fig. 2

P 1) according to their calculated emission time. From Figa)-2
2 ’ (c), it can be seen that for th&Ni+1°’Au system, the IV
region is populated not only by PEP particles but also by a
where Ap, A7, and Pg™ are, respectively, the projectile supplementary contribution coming mainly from the heavier
mass number, target mass number, and projectile c.m. m@artner of the reaction. Moreover, a different time scale can
mentum.ro=1.2 fm and the constamtwas experimentally be associated with each kind of contribution. The PEP are
adjusted to 1.2. Following hypothesé® and (3), the QP mainly light clusters Z<5) that were configurationally well
attribution probability for particles emitted in the forward differentiated from the PLF and TLF very early in the evo-
hemisphere is fixed at unity, whereas the probability for theution. On the other hanfkee Figs. @),(i),(m)], the target-
backward-emitted ones is determined by dividing the for-like intermediate-velocity clusters were spatially linked to
ward with the backward relative velocity spectra gated bythe TLF at PLF-TLF separation time and were emitted later
Pexps Zress Zps andv‘,‘e,. Details and results of this method in the evolution, mainly between 150 fm&and 500 fm¢.
for QP properties can be found in Ref§8,21,23. Particles  For the %®Ni+ 2C case(fourth column of Fig. 2 an impor-
detected in the Miniball were attributed to the QT emitter astant contribution to the IV emission coming now from the

Dexp="ro( AR+ AT3)
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FIG. 2. Histograms ofv}i™
asymptotic distributions. In the
first, second, and third columns,
the contributions of the TLF, PEP,
and PLF emissions have been se-
lectively shadowed for the’®Ni
+%7Au  reaction (7 fn=b
<8 fm). The fourth column
shows the respective calculation
for the 8Ni+1%C reaction (3 fm
<b=<4.5 fm) shadowing the PLF
emissions(a)—(d) show total dis-
tributions. In(e)—(h), (i)—(l), and
(m)—(p) the contribution of par-
ticles with emission times of,
<150 fm/c, 150 fmlc<t,<500
fm/c, andt,=500 fm/c after the
collision are shown, respectively.

PLF can also be recognized. Again, that contribution is not alusters from the overlapping nuclear matter. Excited clusters
prompt one, but takes place in the same midrange tempor&lill decay on a variable time scale and most of the final
interval than the one observed in the other reaction. products will be released with an isotropic angular distribu-
These findings suggest two scenarios for the productiotion. However, the prompt ejected particles following early
mechanisms of IV particles. The first one is related to thenucleon-nucleon collisions in the overlap region will be sub-
prompt emission of particles during the first stages of thgect to the Coulomb field of the two heavy nuclei as well as
reaction. The second one, occurring on a longer time scale, i® blocking from the saturated quantum phase space regions.
a mechanism where a dynamical deformation of the heaviyrhese particles will therefore be predominantly emitted on a
partner of the reaction develops, eventually leading to @lane perpendicular to the reaction axis. In f¥8li+C re-
scission followed by a Coulombian push that projects theaction, forward-backward symmetry arour,;s=90° is
emitted particles towards the intermediate-velocity range. destroyed, as can be seen from the left panels of Fig. 3.
To investigate these possible production mechanisms oflong with a narrower distribution, an enhancement of for-
IV particles in the data, a study has been done of the angulavard directed 1V particles with small relative velocity with
relations between their emission directi¢evaluated from the QP residue is observed f@r=2 particles and IMF’s.
their velocity vector in the reconstructed center of mass of allThis could be a signature for the presence of a supplementary
IV particles in the eventand the reaction axis, defined by the process that populates the IV region from an asymmetric and
direction of the velocity vector of the reconstructed QP in thealigned breakup of the QP. This production process of IV
system c.m. reference frame. Figure 3 shows the distributioparticles seems to be less dominant in ¥idi+ Au reaction
of the angle between those two vectors as a function of thgince no such enhancement is observed. These experimental
relative velocity between the IV particle and the QP residueresults go along the molecular dynamics predictions that
for particles attributed to the IV component. Hydrogen, he-aligned asymmetric breakup occurs mainly on the heavier
lium, and IMF (Z=3-7) contributions are shown on the partner side of the IV regiof23]. The fact that the effect is
figure. From collisions of thé®Ni+ Au system, it is possible not experimentally seen on the QT side of tFi+ Au
to notice the near forward-backward symmetry of the distri-system is just a result of inadequate detection thresholds for

butions aroundd,,;s=90° for hydrogens up to IMF’'s, as particles in this region.

well as a sizable focusing &f=1 particles at 90°. This can Origins of IV particles have been studied further by two-
be understood as a fast emission of particles and exciteplarticle correlation functions with directional cuts. A similar
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ing from 0° up to 60°, whereas transverse correlation func-
tions refer to angles from 60° to 90°. Figure 4 shows these
correlation functions for the two studied systems and for dif-
ferent impact parameters. From the figure, the ground state
and the first excited state of the particle unstdte nucleus

are clearly seen at relative momenta of 25 and 100 MeV/
respectively. The weaker transverse correlation function for

[ Ni + C at 34.5 MeV/nucl. [ *Ni+ ""Au at 34.5 MeV/nucl.

150

100

50

:w: 5 the 8Be ground state at low,, was expected from simple

o Coulomb trajectory calculations includirfiBe decay and av-

20 100 erage experimental velocity space relations for QP and IV

= particles. It is due to the small relative angle between the
; 0 emitteda particles in the laboratory reference frame and to

>, the non-negligible size of the detectors leading to double hits

that are discriminated out of the correlation function analy-
sis. However, the calculation showed that multiple hits con-
tribute to a negligible amount in the difference between lon-
gitudinal and transverse breakup for the first excited state
decay in the IV region.

The approximately equal strengths observed for the lon-
- o gitudinal and transverse correlation functions in the first ex-
V. (0 ’ cited state region of interest (8@<120 MeV/c) of the

rel %8Ni+ Au reaction emphasize th4Be resonances in the IV

FIG. 3. O4yis VS Ve l0garithmic contour plots for IV attributed region bears no alignment relations with the QP and are

particles in the®®Ni+ C (left) and *®Ni+ Au (right) systems for two therefore probably isolated from it in space-time at the point
specific ranges b of their breakup. This can be understood as the fast QP
exp-

leaves the interaction region very early without dragging
nuclear material that can be pushed back in the IV region
later on. However, differences between the strengths of first
s'(excited state transverse and longitudinal correlation func-
tions are observed in th&®Ni+ C reaction for collisions of
xperimental impact parameter below 6 fm. The Coulomb
rajectory calculation of a system, composed initially of a
58Ni QP emitting from its surface &Be nucleus in its first
excited state, has shown that tidal forces were strong enough
to flip about 50% of initially emitted longitudinat pairs in
final transverse ones, whereas only 5% of the reverse case
occur. This effect expected for isotropie particle decay
N ) from ®Be in thg field of the remaining QP is however not
1+R(q)= _coma % ) observed experimentally. On the contrary, longitudinal decay
Npac(d) appears to be dominant in midperipheral reactions. There-
fore, this experimentally observed stronger longitudinal cor-
whereN,,in(q) is the coincidentx pairs yield with relative  relation function tends to imply an initial polarization in the
momentumq and whereN,,.{q) is the background yield emission of first excited statéBe resonances in the longitu-
constructed by means of a modified event-mixing techniquelinal direction. This can possibly occur from a deformation
for IV attributed particles. Since final particles in each eventof the QP in the reaction axis direction, thus constraining
have their velocity vectors related to the reaction axis, a strichlignhment conditions for théBe resonance formation. In
application of the standard event-mixing technique intro-midperipheral reactions, these deformations will lead the QP
duces unreal contributions in the background yield for pair ofto a breakup configuration that will ultimately push back
events with different reaction axis directions. Therefore, bysome of the material in the 1V region.
taking advantage of the cylindrical symmetry of the detector This deformation breakup effect populating the IV region
apparatus, an improved event-mixing technique was usedith light fragment and particles is associated to the delayed
which involved a rotation of the second event of a back-aligned asymmetric breakup observed in the molecular dy-
ground pair in the plane perpendicular to the beam, so as teamics simulatiod23] and in the experimental,,;s distri-
make coincide thep angle of the two event reaction axis. butions for the ®Ni+C system. Larger deformations are
Correlation functions constructed with this technique weretherefore expected on the heavier partner side in a mass
measured for two directional cuts in the emission direction olasymmetric heavy ion reaction. This can be a result of the
the twoa particles relative to the momentum direction of the different surface boundary conditions at the two poles of the
pair in the QP reference frame. Longitudinal correlationreseparating system. An asymmetrically shaped neck will
functions stand for angles between the two directions rangbreakup earlier on the lighter partner side and will stay at-

method was originally used for proton-prot¢24,25 and
IMF-IMF [26] correlation functions in order to probe the
space-time extent of a compound source in central collision
In our caseq particles have been chosen for this study for
their abundance in the IV region and for the reason that th
first unstable excited state of the twioparticles decaying
8Be nucleus has a lifetime of about 130 in(I'~1.5
MeV), which is about the time it takes to the aligned asym-
metric breakup process to take place. The experimental
— « correlation function is defined as

061604-4



ORIGINS OF INTERMEDIATE VELOCITY PARTICIE . ..

2 |
: be,>6fm

5"Ni|+ ’C at 34.5 MeV/nucl.

by, > 9 fm

FPNi + YTAu at 34.5 MeV/nucl.

4fm<bexp<6fm: 6fm<hexp<9fm

15 [

1+R(q)

— Longitudinal
— Transverse
! | ! |

3fm<bexp<6fm

. | . | . | . [ | . | . |
0 50 10 150 200 50 100 150

q (MeV/c)

200

FIG. 4. a— « correlation functions broken in longitudinghick
lines) and transverséhin lineg contributions for IV attributed par-
ticles in the5&Ni+ C (left) and %®Ni+ Au (right) systems.

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 65 061604R)

velocity space. With help of time-based cluster recognition
algorithm applied to molecular dynamics simulati@8], it

has been possible to determine the time scales associated to
two different phenomena. The first origin is related to prompt
nucleon-nucleon collisions that occur in the overlap zone of
the two colliding nuclei. These processes will eject light par-
ticles and excited clusters out of the overlap on a very short
time scale of the order of the reseparation time. Excited clus-
ters ejected at this stage will however emit particles on a
longer time scale. The second origin of IV particle produc-
tion is related to the collective motion of nucleons at the
perturbed ends of the QP and QT. Larger deformations will
be carried by the heavier partner of the collision and will
lead it to a mass asymmetric breakup aligned along the re-
separation axis. This is expected to happen after a delay of
the order of 150-500 frna/ In entrance channel mass sym-
metric collisions, molecular dynamics calculations predict
this second production mechanism of IV particles to happen
on both QP and QT. Recent results for the heavier system
1651+ 93Nb at 29.5 MeV/nucleon presenting the necessity
of adding a surface emission component to the neck compo-
nent at midvelocity are compatible with this expectation
[27]. It can also be noted that the phenomenon of delayed
aligned asymmetric breakup is potentially related to previ-
ously observed processes of dynamical projectile splitting
[28] and fast asymmetric fissioi29] at lower bombarding

tached to the heavier partner for a longer time, potentiallyanergies, It will be interesting in future analysis and experi-
!eadlng it to breakup in a delayed aligned asymmetric fashpents to study the isospin dependance of the IV products

on.

according to their specific origin, in order to disentangle

In conclusion, we have demonstrated in this Rapid Comspape, thermal, and chemical equilibration processes. In fact,
munication the existence of two mainly different origins for 5 possible chemical motion in reaction to the slow surface/
intermediate-velocity particle and fragment production. Theyolyme deformations involved in the delayed aligned asym-
use of a source reconstruction technique has permitted iQetric breakup mechanism could explain in part the obser-
study on an event-by-event basis the characteristic angulgition of higherN/Z ratio of midrapidity IMF’s relative to
emission pattern of the IV particles as well as their relationygig) systems with no initial neutron enrichmégo].

with the remaining QP in two-particle correlations. Important

differences between two entrance channel mass asymmetric This work was supported in part by the NSERC, FCAR,
reactions were observed on the QP side of the intermediatéJniversity of Buenos Aires, and CONICET.
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