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Isotopic yields of IMF’s produced in the®Ni+ 12C,2*Mg reactions at 344 MeV are investigated. Analysis
of experimental data from the CRL-Lavatdmultidetector array focuses on events where at least 75% (60%)
of the charge and momentum were detected forin+12C (°®Ni+24Mg) system. Averaged isospin ratios
(N/Z) for IMF's with Z=3 and 4 are plotted as a function of emission angle and parallel velocity in the
center-of-mass frame. Results from simulations with the statistical cdesndGEMINI, assuming an equili-
brated source, are compared to the experimental ratios. The ratios seem to indicate the presence of a midra-
pidity necklike structure that would produce IMF’s richer in neutrons than the two main emitters, even for very
central collisions.

PACS numbd(s): 25.70.Lm, 25.70.Mn

The formation of a necklike structure between the two In this Rapid Communication, the similarities and differ-
partners in a heavy ion collision at intermediate energiegnces, in regards to emission angle, particle velocity, and
[1-6], even for light system§7—11], is now a well estab- isospin ratio or “neutron-richness”"N/Z= neutron to pro-
lished experimental phenomenon. However, many questiorton ratio between IMF’s produced in peripheral, midperiph-
remain unanswered with respect to the dynamics involved ireral, and central/fully-damped reactions are assessed. First,
the formation of this necklike structure and its intrinsic char-the experimental details, event selection, and analysis
acteristics, namely its density, isosgin regards to the en- method are described. Then, using isotopic resolution for
trance channgl and size relative to the “spectator” nuclear Particles of chargeZ=3 to 4, achieved with three Si-Si-
matter remaining from quasiprojectil©P) and quasitarget CsKTl) telescopes in the CRL-Laval# multidetector array,
(QT). The mechanism leading to its breakup in light chargedhe average I_MF_ isospin ratios are plopted as a function of the
particles (LCP, Z=1,2) and intermediate mass fragmentsa”gle of emission anc_i the velocity |n.the cer'\ter—of.—mass
(IMF, Z=3), and/or reabsorption by the collision partners, is/ame (¢.m.f), along with results from filtered simulations
also presently a hotly debated topk2—15, especially with assuming isospin equilibration. This is done for three differ-

recent studies involving isospin measurement and its relatioff"t.centrality cuts, based on the flow angle: peripheral, mid-
to (nonjequilibrium phenomeng4,16,17. Theoretical con- peripheral (dissipative binary and central(fully damped

iact h ted that b f A 4R collisions. Finally, the discussion and conclusions are pre-
Jectures have suggeste at because of neutron[$Bin sented with respect to the IMF production mechanisms that

clusterization ofN/Z=1 clusters like deutons and alphas yquid induce the characteristics shown by the ratios ex-
[19] and the symmetry term effect on the nuclear potentiakyscted from the experimental results.

[20), the isospin of the midrapidity region might be an im- * The experiments were performed at the Tandem Accel-
portant factor in the formation and breakup of a necklikeerator Superconducting CyclotroiTASCC) facility of
structure. AECL at Chalk River. The CRL-Laval(Chalk River-

On the other hand, several recent studies have shown thefjversiteLaval) 47 multidetector array25-28§ was used
the hot nuclear system formed in the most central collisionsyith a beam of°®Ni at 34.5 MeV/nucleon impinging oh%C
between two heavy partners displays many characteristics @hatural, 2.4 mg/cd) and ?*Mg (enriched, 1.65 mg/cf)

a thermalized and equilibrated source at high temperaturtargets. The CRL-Laval # arrow covers more than 80% of
[21,22, possibly undergoing a liquid-phase transitionthe solid angle around the target with ten rings of 12 to 16
[23,24]. modules, depending on the polar angle. The first four rings
are made of plastic phoswiches with energy thresholds of 7.5
(27.5 MeV/nucleon for particles with chargé=1 (28). The
*Present address: TRIUMF, 4004 Wesbrook Mall, Vancouverremaining six rings are made of C%l) crystal scintillators
British Columbia, Canada V6T 2A3. which achieve isotopic resolution faZ=1,2 and charge
'Present address: CHUQ, Hotel-Dieu de ‘Bee Service de identification up toZ=4, with energy thresholds between 2
Radio-oncologie et Centre de Recherche en Qahmgie de and 5 MeV/nucleon foiZ=1 and 4, respectively. Finally
I'Universite Laval, 11 Caee du Palais, Queec, Canada G1R 2J6. three Si-Si-CH[Tl) telescopes are inserted at angles of 15°,
*present address: Les Services Conseils ‘Syatig, Inc., 830, 20°, and 40°(rings 2, 3, and bin the setup. These tele-
Ernest-Gagnon, Edifice 4, Le Samuel-Holland, Bureau 201, Quescopes achieved isotopic identification for upZe-4 with

bec, Canada G1S 3R3. thresholds from 2.0 to 3.1 MeV/nucleon. The electronic trig-
Spresent address: Mallinckrodt Institute of Radiology, 510 S.ger during the experiment was a charged particle multiplicity
Kinghighway, St. Louis, MO 63110. of at least three particles.
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In order to select different classes of events, in regards ttively. The breakup volumeM, ¢ axup=2.0*V,) was chosen
their centrality(or binary character, cuts on the flow angle to give the best fit to the experimental charge distribution.
(O®f10w) Were used for events where at least 7886%) of Simulations were also done with the statistical code
the charge and momentum of the whole system were desewmini [34], which simulates sequential statistical emission
tected for the®Ni+*2C (>*Ni+2*Mg) system. This last re- with no Coulomb interaction between the fragments, with the
quirement suppresses mostly very peripheral events whegame entrance channel as femm (excited °Se for the
deformation effects and nucleon excharg®spin mixing 58N+ 1°C reaction with a spin of 4&, the maximum spin
should be minimal. The flow angle method validity for eventthis nucleus can sustain, following the prescription from Ref.
selection is well established from results published in previ{3s].
ous paper$8,22,29,30, for which similar requirements on  The reaction products from the simulations were then fil-
total charge have been applied. tered using a software replica of the geometry and energy

The flow angle is defined from an event-shape tensothresholds of the CRL-Laval # multidetector. Double hits
analysis in the calculated c.m.f., using the quadratic momenin a same module were rejected, and the same conditions as

tum tensorf31]: for the experimental data were used to select the events.
5 N o) o Since both simulation codes assume a single fusion source,
P? =3, PP jj=123, (1) the two higher cuts 00, Were favored. The effect of the

experimental filter with this detector array is well understood

whereP{" , P{") are theith or jth Cartesian c.m.f. compo- from previous studief8—10,27,28,3p It essentially washes
nents of the particle momentum ahi is the total number out very peripheral collisions, because the grazing angle of
of charged particles in the event. The three eigenvalues arttie reactions is smaller than the lower angle of the first ring
eigenvectors calculated from this tensor define the shape aff detectors. Simulations witGemini for the %8Ni+2“Mg
the event. The angle between the major axis of the event ifusion channel {¢Zr) produce insufficient filtered statistics,
momentum spacéthe eigenvector with the largest eigen- when requiring detection of an IMF in a Si-Si-CHl) tele-
value and the beam axis is the flow angle. scope, and were excluded from the analysis. This was mainly

A simulation with the codemm [32,33 was performed to  due to the higher excitation energy and lower c.m.f. velocity
compare the experimental isospin ratios to an equilibratedor that system(in regards to the detection energy thresh-
statistically decaying source. Bmm, all fragments are pro- olds), and the lower IMF production rate i@EMINI, when
duced simultaneously and are driven apart by Coulomb reeompared to either the data or $eMm.
pulsion, evocative of a prompt multifragmentation reaction Figure 1 shows flow angle distributions for experimental
mechanism. A complete fusion scenario was assumed, resutlata and filtered simulations. As previously observed for iso-
ing in "°Se E®Ni+*2C) and &zr (°®Ni+2*Mg) having an  tropic emission, both single-source simulations are very
excitation energy equal to 343 MeV and 581 MeV, respecsimilar to each other and show a sinelike distribution, peak-
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ing at ®,,=90° [8,29. The experimental distribution, isotopes are different in the telescopes, namely the lighter
however, peaks at around 30° and only very few events havisotopes are identified at lower energies than the heavier
a 0¢,,>60°, indicating that most of the cross section isones. Hence differences arise in the average isospin ratio
made of dissipative binary events and necklike structure forglistributions for the lower velocities along the parallel veloc-
mation, as established previou$B-11,27,2& Because the ity axis for the filtered simulations, as shown hereafter.

total mass and momentum requirements for the two systems On the other hand, it has been shown that semiperipheral
are different, the®™Ni+*C distribution shows more counts collisions can often lead to the formation of a necklike struc-
for a higher value 0 1, than the®*Ni+24g distribution.  tyre petween the two main emittef$—5,g. In those dy-
Since the purpose of the simulations was to obtain the isotoygmically driven events, isospin equilibrium is not necessar-
pic distributions of equilibrated sources, the s,lmulatlons”y achieved. It has been hinted that because of rapid

were done for_single-source events and_he_nce_ do not rePrQusterization of lightN/Z=1 particles[19] and/or driving
duce the contribution to the flow-angle distributions at Sma"force caused by the nuclear potential symmetry 6261

angles expected from a bmgryllke reaction. . Peutron enrichment occurs for particles emitted in the midra-
To assess the neutron richness of the reaction products . . o
pidity region. Enhancement of neutron-rich isotopes has

from different dynamical or statistical “sour®,” isospin . . .
ratios are analyzed as a function of the emission angle, rel£een observed experimentally at midrapidiy16].
In the present data set, such effects should produce a

tive to the beam axis, and the isotope velocity in the c.m.f. ; ) . e )
Because IMF isotopic resolution is only achieved in the thred!igher N/Z ratio value in the midrapidity regiottaround
Si-Si-CslITl) telescopes, situated at high angle in the C_m']c',O.Or: in the c.m.f. and also regions in velocity space at higher
the distributions are limited to particles emitted from 50° toC-M-f. angles, because of the Coulomb push of the
160° and to velocity from~—0.1c to 0.Ic in the c.m.f., %8Ni-derived QP on the neg¢khan in the equilibrated simu-
hence including midrapidity emission for the asymmetriclations.
%8Ni + 12C(**Mg) systems. In the next two figures, the average isospin ratios of
Emission from an isotopically equilibrated source, eitherlMF’s with Z=3 or 4 are shown for thé®Ni+'°C (Fig. 2
spherical or deformed, or from a purely binary dissipativeand *®Ni+2®Mg at 34.5\ MeV (Fig. 3) reactions, along with
collision should produce a flat distribution of isospin ratiosthe results from thesmm and GEMINI simulations for both
for both the angular and velocity distributions. Unfiltered systems for three cuts dy,,,. The cuts define peripheral
results from both simulations confirm that prediction. Unfil- (®¢,,<30°), dissipative binary (3020¢,,,<60°) and
teredsmm simulations are showing a small average isospincentral/fully-damped events3(,,,>60°). As shown previ-
ratio drop at higher parallel velocity, possibly because of theously[8,22,29,30, the cut on high values d;,,,, sSeems to
bigger Coulomb push for lighter isotopéewer N/Z). Be-  isolate seemingly single-source events from the clearly
sides, identification thresholds for the different charges andbinary/peripheral event#;,,,,<30°) and the dissipative bi-
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nary events (30%0y,,,<60°), where midrapidity emission Refs. [8,22,29,30, the isospin ratios are clearly different
seems to be the most importd@t4,5,8. The ratios are plot- from the single-source simulations. This could mean that
ted against the emission angle and the parallel velocity in theven though there is almost complete damping of the two
c.m.f. reaction partners, complete fusion is not achieved, as ob-

For both systems, the average isospin ratio for the experiserved recently for a heavier syst¢fb|, and a participant
mental data shows the same trend for all cut¥dgp,,: An zone or necklike structure is still present in the midrapidity
IMF isospin ratio value close to that 6fNi (1.07 near the  region, that zone producing IMF’s richer in neutrons. Similar
beam velocity and a clearly higher average IMF isospin ratimbservations of nonequilibriuttin regards to isospinn cen-
value than both simulations at low parallel velocity and attral heavy-ion collisions were reported recently for a sym-
large angle in the c.m.f. These are the characteristics for themetric total system of~200 nucleons at a beam energy of
emission of IMF's richer in neutrons in the midrapidity zone, 400 MeV/nucleorn[17]. It should also be noted that the ex-
possibly originating from a necklike structure breakup, fol- perimental average isospin ratio value is systematically
lowed by the Coulomb push of the QP. There is a smalhigher than that of the simulations, which is always very
deviation for the®Ni+1?C case a®;,,,<30°, where the close to that o®Ni (1.07), for the whole angular and veloc-
N/Z averaged ratio in the last data bin at high parallel velocity range analyzed here. This could mean that dynamical
ity tends to go up. Since the most peripheral collisions ardMF emission differs(at least in its isospinfrom theoretical
suppressed by the experimental setup, this might result frorassumption of single-source equilibrated nuclear matter.
lower statistics for that channel. In conclusion, experimental events from theNi

The filtered sMmM and GEMINI simulations, in contrast, +'2C,?Mg reactions at 344 MeV detected with the CRL-
show an almost flat distribution for the full range of emissionLaval 47 multidetector array were selected where at least
angles. This is expected for isotropic emission from an75% and 60% of the charge and momentum were recovered
equilibrated source. The lower ratio value at smaller velocifor both systems, respectively. Cuts on the flow angle were
ties for distribution of average isospin ratios versus IMF par-used to differentiate between peripheral, dissipative binary,
allel velocity, seen in both simulations, is a result of theand central/fully damped reactions. Isospin ratids¢/Z)
identification threshold differences in the telescopesZor were plotted as a function of emission angle and parallel
=3,4 isotopes for the lower velocity, as discussed abovevelocity in the c.m.f. Products from filteresiam and GEMINI
Both simulations give very similar distributions, not repro- simulations of a completely equilibrated fusion scenario
duced by the experimental data, which show more isospinvere analyzed in the same way. The ratios seem to exhibit
enhancement at low velocity and large angle. characteristics compatible with the formatiGand breakup

The surprising result for events witB,,,,>60° is that of a neutron-rich necklike structure between the two main
even if the emission pattern for experimental data from thosemitters, even for collisions previously deemed as “single-
events closely resembles that of a single-source, as shown gource” (©¢,,,>60°). It is also important to note that

051602-4



RAPID COMMUNICATIONS

ISOSPIN OF INTERMEDIATE MASS FRAGMENS . . . PHYSICAL REVIEW C 62 051602R)
neutron-skin effectfl8,20 should be almost nonexistent for partner to the lighter one in a mass-asymmetric reaction
small isospin-symmetric nuclei liké®Ni and especially’?C  (symmetrizatior{9,38]). In such a case, neutron enrichment
and ?*Mg. in the midrapidity zone would occur before a fast neck rup-
Besides, recent results with a heavier systelffXp  ture, possibly because of the longer timescale involved in
+1205n) [37] have shown that thh/Z ratio of the midrapid-  overcoming the Coulomb barrier for protons. Isospin-
ity material is indistinguishable from that of the entire sys-asymmetry term in the nuclear potential would also favor the
tem. For the present analysis, however, the IN@A ratio of  neutron enrichment of a low density regiomeck [20,39.
the IMF's at midrapidity and the small size of the systemThen, after the neck breakup and/or its reabsorption by one
seem to indicate a high(N/Z_ ratio for the midrapidity zone  or poth emitters, the remaining excited systsnwould de-
than for the total system. Differences in mass or mass asymeay following a thermodynamicalstatistica) pattern. It

metry of the systems, could explain the apparent disparity iy be interesting to compare recent experimental results

the measurements. _ _ to simulations assuming such a reaction mechanism.
The present results would be consistent with a hypothesis

previously reportel9,10,27,28 where the two reaction part- We would like to thank R.J. Charity and A.S. Botvina for
ners colliding at a beam energy betwee20 and 50 MeV/ the use of their statistical codes. This work was supported in
nucleon first undergo an important deformation, leading tgpart by the Natural Sciences and Engineering Research
the formation of a necklike structure between them. ThisCouncil of Canada and the Fonds pour la Formation de Cher-
neck would favor the transfer of nucleons from the heaviercheurs et I'Aide da Recherche du Qbec.
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