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Isospin of intermediate mass fragments produced in peripheral, midperipheral,
and central collisions from the 58Ni¿12C,24Mg reactions at 34.5A MeV
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Isotopic yields of IMF’s produced in the58Ni112C,24Mg reactions at 34.5A MeV are investigated. Analysis
of experimental data from the CRL-Laval 4p multidetector array focuses on events where at least 75% (60%)
of the charge and momentum were detected for the58Ni112C (58Ni124Mg) system. Averaged isospin ratios
(N/Z) for IMF’s with Z53 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 codesSMM andGEMINI, 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 number~s!: 25.70.Lm, 25.70.Mn
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The formation of a necklike structure between the t
partners in a heavy ion collision at intermediate energ
@1–6#, even for light systems@7–11#, is now a well estab-
lished experimental phenomenon. However, many quest
remain unanswered with respect to the dynamics involve
the formation of this necklike structure and its intrinsic ch
acteristics, namely its density, isospin~in regards to the en
trance channel!, and size relative to the ‘‘spectator’’ nuclea
matter remaining from quasiprojectile~QP! and quasitarge
~QT!. The mechanism leading to its breakup in light charg
particles ~LCP, Z51,2) and intermediate mass fragmen
~IMF, Z>3), and/or reabsorption by the collision partners
also presently a hotly debated topic@12–15#, especially with
recent studies involving isospin measurement and its rela
to ~non!equilibrium phenomena@4,16,17#. Theoretical con-
jectures have suggested that because of neutron skin@18#,
clusterization ofN/Z51 clusters like deutons and alpha
@19# and the symmetry term effect on the nuclear poten
@20#, the isospin of the midrapidity region might be an im
portant factor in the formation and breakup of a neckl
structure.

On the other hand, several recent studies have shown
the hot nuclear system formed in the most central collisi
between two heavy partners displays many characteristic
a thermalized and equilibrated source at high tempera
@21,22#, possibly undergoing a liquid-phase transitio
@23,24#.
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In this Rapid Communication, the similarities and diffe
ences, in regards to emission angle, particle velocity,
isospin ratio or ‘‘neutron-richness’’ (N/Z5 neutron to pro-
ton ratio! between IMF’s produced in peripheral, midperip
eral, and central/fully-damped reactions are assessed. F
the experimental details, event selection, and anal
method are described. Then, using isotopic resolution
particles of chargeZ53 to 4, achieved with three Si-Si
CsI~Tl! telescopes in the CRL-Laval 4p multidetector array,
the average IMF isospin ratios are plotted as a function of
angle of emission and the velocity in the center-of-ma
frame ~c.m.f.!, along with results from filtered simulation
assuming isospin equilibration. This is done for three diff
ent centrality cuts, based on the flow angle: peripheral, m
peripheral~dissipative binary!, and central~fully damped!
collisions. Finally, the discussion and conclusions are p
sented with respect to the IMF production mechanisms
would induce the characteristics shown by the ratios
tracted from the experimental results.

The experiments were performed at the Tandem Acc
erator Superconducting Cyclotron~TASCC! facility of
AECL at Chalk River. The CRL-Laval~Chalk River-
UniversitéLaval! 4p multidetector array@25–28# was used
with a beam of58Ni at 34.5 MeV/nucleon impinging on12C
~natural, 2.4 mg/cm2) and 24Mg ~enriched, 1.65 mg/cm2)
targets. The CRL-Laval 4p arrow covers more than 80% o
the solid angle around the target with ten rings of 12 to
modules, depending on the polar angle. The first four rin
are made of plastic phoswiches with energy thresholds of
~27.5! MeV/nucleon for particles with chargeZ51 ~28!. The
remaining six rings are made of CsI~Tl! crystal scintillators
which achieve isotopic resolution forZ51,2 and charge
identification up toZ54, with energy thresholds between
and 5 MeV/nucleon forZ51 and 4, respectively. Finally
three Si-Si-CsI~Tl! telescopes are inserted at angles of 15
20°, and 40°~rings 2, 3, and 5! in the setup. These tele
scopes achieved isotopic identification for up toZ54 with
thresholds from 2.0 to 3.1 MeV/nucleon. The electronic tr
ger during the experiment was a charged particle multiplic
of at least three particles.
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FIG. 1. Flow angle distributions for data~full
line!, filtered GEMINI simulations ~dashed line!,
and SMM simulations~dotted line! for the reac-
tions 58Ni112C at 34.5A MeV ~top! and 58Ni
124Mg at 34.5A MeV ~bottom!. Simulations are
filtered with a software replica of the detector a
ray and the counts are scaled to the data statist
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In order to select different classes of events, in regard
their centrality~or binary! character, cuts on the flow ang
(Q f low) were used for events where at least 75%~60%! of
the charge and momentum of the whole system were
tected for the58Ni112C (58Ni124Mg) system. This last re-
quirement suppresses mostly very peripheral events w
deformation effects and nucleon exchange~isospin mixing!
should be minimal. The flow angle method validity for eve
selection is well established from results published in pre
ous papers@8,22,29,30#, for which similar requirements on
total charge have been applied.

The flow angle is defined from an event-shape ten
analysis in the calculated c.m.f., using the quadratic mom
tum tensor@31#:

Pi , j
2 5Sn51

NCPPi
(n)Pj

(n) ; i , j 51,2,3, ~1!

wherePi
(n) , Pj

(n) are thei th or j th Cartesian c.m.f. compo
nents of the particle momentum andNCP is the total number
of charged particles in the event. The three eigenvalues
eigenvectors calculated from this tensor define the shap
the event. The angle between the major axis of the even
momentum space~the eigenvector with the largest eige
value! and the beam axis is the flow angle.

A simulation with the codeSMM @32,33# was performed to
compare the experimental isospin ratios to an equilibra
statistically decaying source. InSMM, all fragments are pro-
duced simultaneously and are driven apart by Coulomb
pulsion, evocative of a prompt multifragmentation reacti
mechanism. A complete fusion scenario was assumed, re
ing in 70Se (58Ni112C) and 82Zr (58Ni124Mg) having an
excitation energy equal to 343 MeV and 581 MeV, resp
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tively. The breakup volume (Vbreakup52.0*V0) was chosen
to give the best fit to the experimental charge distribution

Simulations were also done with the statistical co
GEMINI @34#, which simulates sequential statistical emissi
with no Coulomb interaction between the fragments, with
same entrance channel as forSMM ~excited 70Se for the
58Ni112C reaction! with a spin of 48\, the maximum spin
this nucleus can sustain, following the prescription from R
@35#.

The reaction products from the simulations were then
tered using a software replica of the geometry and ene
thresholds of the CRL-Laval 4p multidetector. Double hits
in a same module were rejected, and the same condition
for the experimental data were used to select the eve
Since both simulation codes assume a single fusion sou
the two higher cuts ofQ f low were favored. The effect of the
experimental filter with this detector array is well understo
from previous studies@8–10,27,28,36#: It essentially washes
out very peripheral collisions, because the grazing angle
the reactions is smaller than the lower angle of the first r
of detectors. Simulations withGEMINI for the 58Ni124Mg
fusion channel (82Zr) produce insufficient filtered statistics
when requiring detection of an IMF in a Si-Si-CsI~Tl! tele-
scope, and were excluded from the analysis. This was ma
due to the higher excitation energy and lower c.m.f. veloc
for that system~in regards to the detection energy thres
olds!, and the lower IMF production rate inGEMINI, when
compared to either the data or toSMM.

Figure 1 shows flow angle distributions for experimen
data and filtered simulations. As previously observed for i
tropic emission, both single-source simulations are v
similar to each other and show a sinelike distribution, pe
2-2
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FIG. 2. Average isospin ratios~N/Z! for well
identified IMF’s with Z53 or 4 as a function of
the emission angle in the center-of-mass ref
ence frame~left! and the center-of-mass particl
velocity parallel to the beam axis~right! for the
reaction 58Ni112C at 34.5A MeV ~full dots!.
Cuts are made onQ f low,30° ~top!, 30°,Q f low

,60° ~middle!, andQ f low.60° ~bottom!. Open
boxes represent filteredGEMINI simulations and
stars are results from filteredSMM simulations
~see text!. Error bars are the statistical errors for
given angle or velocity bin. When no error bar
present, the error is smaller than the size of t
symbol. The dotted lines show the isospin rat
for 58Ni ~1.07! and the full line for 12C ~1.00!.
The arrow shows the velocity of the58Ni projec-
tile in the center-of-mass frame for the58Ni
112C reaction.
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ing at Q f low590° @8,29#. The experimental distribution
however, peaks at around 30° and only very few events h
a Q f low.60°, indicating that most of the cross section
made of dissipative binary events and necklike structure
mation, as established previously@8–11,27,28#. Because the
total mass and momentum requirements for the two syst
are different, the58Ni112C distribution shows more count
for a higher value ofQ f low than the58Ni124Mg distribution.
Since the purpose of the simulations was to obtain the is
pic distributions of equilibrated sources, the simulatio
were done for single-source events and hence do not re
duce the contribution to the flow-angle distributions at sm
angles expected from a binarylike reaction.

To assess the neutron richness of the reaction prod
from different dynamical or statistical ‘‘source~s!,’’ isospin
ratios are analyzed as a function of the emission angle, r
tive to the beam axis, and the isotope velocity in the c.m
Because IMF isotopic resolution is only achieved in the th
Si-Si-CsI~Tl! telescopes, situated at high angle in the c.m
the distributions are limited to particles emitted from 50°
160° and to velocity from'20.1c to 0.1c in the c.m.f.,
hence including midrapidity emission for the asymmet
58Ni112C(24Mg) systems.

Emission from an isotopically equilibrated source, eith
spherical or deformed, or from a purely binary dissipat
collision should produce a flat distribution of isospin rati
for both the angular and velocity distributions. Unfiltere
results from both simulations confirm that prediction. Unfi
teredSMM simulations are showing a small average isos
ratio drop at higher parallel velocity, possibly because of
bigger Coulomb push for lighter isotopes~lower N/Z). Be-
sides, identification thresholds for the different charges
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isotopes are different in the telescopes, namely the ligh
isotopes are identified at lower energies than the hea
ones. Hence differences arise in the average isospin r
distributions for the lower velocities along the parallel velo
ity axis for the filtered simulations, as shown hereafter.

On the other hand, it has been shown that semiperiph
collisions can often lead to the formation of a necklike stru
ture between the two main emitters@1–5,8#. In those dy-
namically driven events, isospin equilibrium is not necess
ily achieved. It has been hinted that because of ra
clusterization of lightN/Z51 particles@19# and/or driving
force caused by the nuclear potential symmetry term@20#,
neutron enrichment occurs for particles emitted in the mid
pidity region. Enhancement of neutron-rich isotopes h
been observed experimentally at midrapidity@4,16#.

In the present data set, such effects should produc
higher N/Z ratio value in the midrapidity region~around
0.0c in the c.m.f. and also regions in velocity space at high
c.m.f. angles, because of the Coulomb push of
58Ni-derived QP on the neck! than in the equilibrated simu
lations.

In the next two figures, the average isospin ratios
IMF’s with Z53 or 4 are shown for the58Ni112C ~Fig. 2!
and 58Ni128Mg at 34.5A MeV ~Fig. 3! reactions, along with
the results from theSMM and GEMINI simulations for both
systems for three cuts onQ f low . The cuts define periphera
(Q f low,30°), dissipative binary (30°,Q f low,60°) and
central/fully-damped events (Q f low.60°). As shown previ-
ously @8,22,29,30#, the cut on high values ofQ f low seems to
isolate seemingly single-source events from the clea
binary/peripheral events (Q f low,30°) and the dissipative bi
2-3
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FIG. 3. Same as Fig. 2, but for the reactio
58Ni124Mg at 34.5A MeV, and without the
GEMINI simulations ~see text!. The dotted lines
show the isospin ratio for58Ni ~1.07! and the full
line for 24Mg ~1.00!. The arrow shows the veloc
ity of the 58Ni projectile in the center-of-mass
frame for the58Ni124Mg reaction.
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nary events (30°,Q f low,60°), where midrapidity emission
seems to be the most important@2,4,5,8#. The ratios are plot-
ted against the emission angle and the parallel velocity in
c.m.f.

For both systems, the average isospin ratio for the exp
mental data shows the same trend for all cuts onQ f low : An
IMF isospin ratio value close to that of58Ni ~1.07! near the
beam velocity and a clearly higher average IMF isospin ra
value than both simulations at low parallel velocity and
large angle in the c.m.f. These are the characteristics for
emission of IMF’s richer in neutrons in the midrapidity zon
possibly originating from a necklike structure breakup, f
lowed by the Coulomb push of the QP. There is a sm
deviation for the58Ni112C case atQ f low,30°, where the
N/Z averaged ratio in the last data bin at high parallel vel
ity tends to go up. Since the most peripheral collisions
suppressed by the experimental setup, this might result f
lower statistics for that channel.

The filtered SMM and GEMINI simulations, in contrast
show an almost flat distribution for the full range of emissi
angles. This is expected for isotropic emission from
equilibrated source. The lower ratio value at smaller velo
ties for distribution of average isospin ratios versus IMF p
allel velocity, seen in both simulations, is a result of t
identification threshold differences in the telescopes foZ
53,4 isotopes for the lower velocity, as discussed abo
Both simulations give very similar distributions, not repr
duced by the experimental data, which show more isos
enhancement at low velocity and large angle.

The surprising result for events withQ f low.60° is that
even if the emission pattern for experimental data from th
events closely resembles that of a single-source, as show
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Refs. @8,22,29,30#, the isospin ratios are clearly differen
from the single-source simulations. This could mean t
even though there is almost complete damping of the
reaction partners, complete fusion is not achieved, as
served recently for a heavier system@15#, and a participant
zone or necklike structure is still present in the midrapid
region, that zone producing IMF’s richer in neutrons. Simi
observations of nonequilibrium~in regards to isospin! in cen-
tral heavy-ion collisions were reported recently for a sy
metric total system of'200 nucleons at a beam energy
400 MeV/nucleon@17#. It should also be noted that the ex
perimental average isospin ratio value is systematic
higher than that of the simulations, which is always ve
close to that of58Ni ~1.07!, for the whole angular and veloc
ity range analyzed here. This could mean that dynam
IMF emission differs~at least in its isospin! from theoretical
assumption of single-source equilibrated nuclear matter.

In conclusion, experimental events from the58Ni
112C,24Mg reactions at 34.5A MeV detected with the CRL-
Laval 4p multidetector array were selected where at le
75% and 60% of the charge and momentum were recove
for both systems, respectively. Cuts on the flow angle w
used to differentiate between peripheral, dissipative bina
and central/fully damped reactions. Isospin ratios (N/Z)
were plotted as a function of emission angle and para
velocity in the c.m.f. Products from filteredSMM andGEMINI

simulations of a completely equilibrated fusion scena
were analyzed in the same way. The ratios seem to exh
characteristics compatible with the formation~and breakup!
of a neutron-rich necklike structure between the two m
emitters, even for collisions previously deemed as ‘‘sing
source’’ (Q f low.60°). It is also important to note tha
2-4
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neutron-skin effects@18,20# should be almost nonexistent fo
small isospin-symmetric nuclei like58Ni and especially12C
and 24Mg.

Besides, recent results with a heavier system (129Xn
1120Sn) @37# have shown that theN/Z ratio of the midrapid-
ity material is indistinguishable from that of the entire sy
tem. For the present analysis, however, the highN/Z ratio of
the IMF’s at midrapidity and the small size of the syste
seem to indicate a higherN/Z ratio for the midrapidity zone
than for the total system. Differences in mass or mass as
metry of the systems, could explain the apparent disparit
the measurements.

The present results would be consistent with a hypoth
previously reported@9,10,27,28# where the two reaction part
ners colliding at a beam energy between'20 and 50 MeV/
nucleon first undergo an important deformation, leading
the formation of a necklike structure between them. T
neck would favor the transfer of nucleons from the heav
-
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partner to the lighter one in a mass-asymmetric reac
~symmetrization@9,38#!. In such a case, neutron enrichme
in the midrapidity zone would occur before a fast neck ru
ture, possibly because of the longer timescale involved
overcoming the Coulomb barrier for protons. Isosp
asymmetry term in the nuclear potential would also favor
neutron enrichment of a low density region~neck! @20,39#.
Then, after the neck breakup and/or its reabsorption by
or both emitters, the remaining excited system~s! would de-
cay following a thermodynamical~statistical! pattern. It
would be interesting to compare recent experimental res
to simulations assuming such a reaction mechanism.
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part by the Natural Sciences and Engineering Resea
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