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Abstract. Intermediate-energy heavy-ion reactions produce a mid-rapidity region or neck, mostly in the
semiperipheral collisions. Brief theory and experiment surveys are presented. General properties of the
mid-rapidity zone are reviewed and discussed in the framework of reaction dynamics. Hierarchy effect,
neutron enrichment, isospin diffusion are all new neck phenomena which are surveyed. The main neck
observables are also examined, mainly in the context of the symmetry term of the nuclear equation of

state.

PACS. 25.70.-z Low and intermediate energy heavy-ion reactions — 25.70.Lm Strongly damped collisions

—25.70.Mn Projectile and target fragmentation

1 Neck fragmentation in semiperipheral
collisions at Fermi energies

1.1 Theory survey

The possibility of observation of new effects, beyond the
deep-inelastic binary picture, in fragment formation for
semicentral collisions with increasing energy was advanced
on the basis of the reaction dynamics studied with trans-
port models [1-3]. The presence of a time matching be-
tween the instability growth in the dilute overlap zone
and the expansion-separation time scale suggested the ob-
servation of mean-field instabilities first at the level of
anomalous widths in the mass/charge/. .. distributions of
Projectile-Like or Target-Like (PLF/TLF) residues in bi-
nary events, then through a direct formation of fragments
in the neck region [4,5]. It is clear that in the transport
simulations stochastic terms should be consistently built
in the kinetic equations in order to have a correct de-
scription of instability effects. Stochastic Mean-Field ap-
proaches have been introduced, reproducing the presently
available data and having a large predictive power [6-9].

In conclusion, at the Fermi energies, we expect an in-
terplay between binary and mneck fragmentation events,
where Intermediate Mass Fragments (IMF, in the range
3 < Z <10) are directly formed in the overlapping region,
roughly at mid-rapidity in semicentral reactions. The com-
petition between the two mechanisms is expected to be
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rather sensitive to the nuclear equation of state, in particu-
lar to its compressibility that will influence the interaction
time as well as the density oscillation in the neck region. In
the case of charge asymmetric colliding systems the poorly
known stiffness of the symmetry term will also largely in-
fluence the reaction dynamics. An observable sensitive to
the stiffness of the symmetry term can be just the rela-
tive yield of incomplete fusion wvs. deep-inelastic in neck
fragmentation events [10]. Moreover, for neutron-rich sys-
tems, in the asy-soft case we expect more interaction time
available for charge equilibration. This means that even
the binary events will show a sensitivity through a larger
isospin diffusion. At variance, in the asy-stiff case the two
final fragments will keep more memory of the initial con-
ditions.

Systematic transport studies of isospin effects in the
neck dynamics have been performed so far for collisions
of Sn-Sn isotopes at 50 AMeV [6,7], Sn-Ni isotopes at
35 AMeV [8,9] and finally Fe-Fe and Ni-Ni, mass 58, at
30 and 47 AMeV [11].

1.2 Experimental survey

It is now quite well established that a large part of the
reaction cross-section for dissipative collisions at Fermi
energies goes through the Neck Fragmentation channel,
with IMFs directly produced in the interacting zone in
semiperipheral collisions on very short time scales. Be-
fore a clear Neck Fragmentation was proposed, out-of-
equilibrium emission at mid-rapidity was observed for
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Fig. 1. Galilean-invariant perpendicular vs. parallel velocity in
the c.m. frame for Z = 3 fragments. Parallel velocities are along
the beam axis ((a),(c),(e)) and the main axis of the momentum
tensor ((b),(d),(f)). Cuts on Ofn < 30° ((a),(b)), Ofiow >
75% ((c),(d)), and on E; > 135MeV which is the top 10% of
the F, distribution: ((e),(f)) are made. The count yield is in
a logarithmic scale. (From [24].)

IMFs and light charged particles [12-15]. From ternary
fission, a non-statistical angular emission pattern was also
observed for the IMFs [16-18]. We can expect different
isospin effects for this new fragment formation mechanism
since clusters are formed still in a dilute asymmetric mat-
ter but always in contact with the regions of the projectile-
like and target-like remnants almost at normal densities.

A first evidence of this new dissipative mechanism was
suggested at quite low energies, around 19 AMeV, in semi-
central %Mo + 19°Mo, 129Sn + 120Sn reactions [19,20]. A
transition from binary, deep-inelastic, to ternary events
was observed, with a dynamically formed fragment that
influences the fission-like decay of the primary projectile-
like PLF and target-like TLF partners. From the in-plane
fragment angular distribution a decrease of scission-to-
scission lifetimes with the mass asymmetry of the PLF or
TLF “fission-fragments” down to 200fm/c has been de-
duced. Similar conclusions were reached in [21,22]. Consis-
tent with the dynamical scenario was the anisotropic az-
imuthal distribution of IMFs. In fact the IMF alignment

with respect to the (PLF*) velocity direction has been
one clear property of the “neck fragments” first noticed
by Montoya et al. [23] for 129Xe + 936°Cu at 50 AMeV.
As an example in the same context, fig. 1, from [24], dis-
plays an important neck component for Z = 3 particles in
a much lighter system, 3°Cl + 2C at 43 AMeV. The flow
angle and the total transverse energy are the observable
used for impact parameter selection.

In peripheral collisions around 30 AMeV, the IMF pro-
duction cross-section presents a maximum at mid-rapidity,
but their experimental emission pattern cannot be repro-
duced without a sizable contribution of fragments emitted
on a rather short time scale (< 300fm/c) and almost at
rest in the PLF or TLF reference frame [25]. Light charged
particles also show a short time scale at mid-rapidity [26,
27]. With increasing bombarding energy, the mid-rapidity
region of peripheral collisions becomes progressively de-
pleted, while the IMFs are increasingly concentrated on
Coulomb-like rings around the projectile and target ra-
pidities [28]. However, their distribution on these rings is
anisotropic, with a strong preference for emissions toward
mid-rapidity. This behavior is particularly evident in the
197 Au + 197 Au data of ref. [29)].

The velocity of the projectile remnants and the dis-
tribution of mid-rapidity particles indicate that the mid-
rapidity or neck emission mechanism represents an im-
portant effect in the excitation energy deposition [30].
Indeed, a recent comparison of the emissions from mid-
rapidity with the evaporative emissions from the excited
PLF shows that this mechanism has an important role in
the overall balance of the reaction (both in terms of emit-
ted mass or charge and energy) and that an important part
of the dissipated energy is localized at mid-rapidity [31].
This suggests that a rather large energy density is stored
in the contact region of the colliding nuclei and may also
explain the well-established feature of an enhanced emis-
sion of mid-rapidity IMFs.

A rise and fall of the neck mechanism for mid-rapidity
fragments with the centrality, with a maximum for inter-
mediate impact parameters b ~ %bmax, as observed in [32,
33], suggests the special physical conditions required. The
size of the participant zone is of course important but
it also appears that a good time matching between the
time scales of the reaction and the neck instabilities is
also needed, as suggested in refs. [1,4]. In fact a simulta-
neous presence, in non-central collisions, of different IMF
production mechanisms at mid-rapidity was inferred in
several experiments [34-44].

An accurate analysis of charge, parallel velocity, and
angular distributions has been extended to high fragment
multiplicities by Colin et al. [43]. They have noticed a
“hierarchy effect”: the ranking in charge induces on aver-
age a ranking in the velocity component along the beam,
Upar, and in the angular distribution. This means that
the heaviest IMF formed in the mid-rapidity region is the
fastest and the most forward peaked, consistent with the
formation and breakup of a neck structure or a strongly
deformed quasiprojectile. A very precise and stimulating
study of the time scales in neck fragmentation can be car-
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ried out using the new 47 detectors with improved per-
formances on mass resolution and thresholds for fragment
measurements. Such kind of data are now appearing from
the Chimera Collaboration [44].

We can immediately expect an important isospin de-
pendence of the neck dynamics, from the presence of large
density gradients and from the possibility of selecting var-
ious time scales for the fragment formation. The first ev-
idences of isospin effects in neck fragmentation were sug-
gested by Dempsey et al. [45] from semiperipheral col-
lisions of the systems 124136Xe 4 1121246 at 55 AMeV,
where correlations between the average number of IMFs,
Niyr, and neutron and charged-particle multiplicities
were measured. The variation of the relative yields of
SHe/?%He, ®He/Li with v, for several Zpr gates shows
that the fragments produced in the mid-rapidity region
are more neutron rich than are the fragments emitted by
the PLF. Enhanced triton production at mid-rapidity was
considered in ref. [33], and more recently in [46], as an in-
dication of a neutron neck enrichment.

Milazzo et al. [47-49] analyzed the IMF parallel ve-
locity distribution for 8Ni+ °®Ni semiperipheral colli-
sions at 30 AMeV. The two-bump structure for IMFs with
5 < Z < 12, located around the center-of-mass veloc-
ity and close to the projectile (PLF*) source, respectively,
was explained assuming the simultaneous presence of two
production mechanisms: the statistical disassembly of an
equilibrated PLF* and the dynamical fragmentation of the
participant region. The separation of the two contribu-
tions allows for several interesting conclusions. The aver-
age elemental event multiplicity N(Z) exhibits a differ-
ent trend for the two processes: in particular, the frag-
ments with 5 < Z < 11 are more copiously produced at
the mid-rapidity region. This experiment has a particular
importance since isospin effects were clearly observed, in
spite of the very low initial asymmetry. The measured iso-
topic content of the fragments is clearly different in the
two mechanisms. The experimental heavy-isotope/light-
isotope yield ratios, 14C/12C, 12B/1°B, 1°Be/"Be, ®Li/Li,
show a systematic decreasing trend as a function of par-
allel velocity from c.m. to PLF values.

All these results indicate a neutron enrichment of the
neck region, even when initially the system N/Z is close
to unity. The same reactions have been recently studied at
the Cyclotron Institute of Texas A&M at various beam en-
ergies with measurements of the correlations of fragment
charge/mass vs. dynamical observables (emission angles
and velocities) [50,51].

Plagnol et al. [52] have examined, for the system
Xe + Sn between 25 and 50 AMeV, the competition be-
tween mid-rapidity dynamical emission and equilibrium
evaporation as well as its evolution with incident en-
ergy. The onset of the neck emission takes place around
25 AMeV and rises with the energy while the evapora-
tive part remains quite invariant for a selected centrality.
Neck matter is found to be more charge asymmetric: more
neutron-rich isotopes are favored at mid-rapidity in com-
parison to evaporation. Evidence of a neck-like structure
and its neutron enrichment has been seen even in collisions
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Fig. 2. Average isospin ratios (N/Z) for well-identified IMFs
with Z = 3 or 4 as a function of the emission angle in the
center-of-mass reference frame (left) and the center-of-mass
particle velocity parallel to the beam axis (right) for the re-
action °®Ni+'2C at 34.5 AMeV (full dots). Cuts are made
on Ofow < 30° (top), 30° < Ofow < 60° (middle), and
Oiow > 60° (bottom). Open boxes represent filtered GEMINI
simulations and stars are results from filtered SMM simula-
tions. Error bars are the statistical errors for a given angle or
velocity bin. When no error bar is present, the error is smaller
than the size of the symbol. The dotted lines show the isospin
ratio for ®®Ni (1.07) and the full line for **C (1.00). The arrow
shows the velocity of the 58Ni projectile in the center-of-mass
frame for the **Ni + *2C reaction. (From [53].)

with a rather light symmetric target, 5Ni + 12C, 24Mg, at
34.5 AMeV [53]. The average N/Z ratio for isotopes with
Z = 3,4 exhibits a clear increase from the PLF to the mid-
rapidity zone. Figure 2 from [53] shows part of those mea-
surements. Also, a combined analysis of the 58Ni + *®Ni
and 3¢ Ar + %®Ni systems around 50 AMeV has evidenced
an asymmetric migration of neutrons and protons between
the quasiprojectile and the mid-rapidity region [54]. Time
sequence emission is another way to probe the neck rup-
ture processes and to characterize the fragments [55].

That indicates the need of new, possibly more exclu-
sive, data. The reasons for a preponderance of neutron-
rich isotopes emitted from the neck region are a matter
of debate. Possible explanations being, apart the density
dependence of symmetry energy [56], also a fast light clus-
ter production, especially of a-particles, which promptly
leads to an amplification of neutron excess in the par-
ticipant matter [57]. For completeness, we have to men-
tion that different analyses even give conflicting results on
the neutron enrichment of the clusters produced at mid-
rapidity [58,59]. This shows that the reaction dynamics
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is in general very complicated, and there could even be
different isospin effects in competition.

2 Isospin diffusion

The isospin equilibration appears of large interest also for
more peripheral collisions, where we have shorter interac-
tion times, less overlap and a competition between binary
and neck fragmentation processes. The specific feature at
Fermi energies is that the interaction times are close to
the specific time scales for isospin transport allowing a
more detailed investigation of isospin diffusion and equi-
libration in reactions between nuclei with different N/Z
asymmetries. The low-density neck formation and the pre-
equilibrium emission are adding essential differences with
respect to what is happening in the lower-energy regime.
Tsang et al. [60] have probed the isospin diffusion mecha-
nism for the systems 24Sn + 1*28n at £ = 50 AMeV in a
peripheral impact parameter range b/b,,q. > 0.8, observ-
ing the isoscaling features of the light isotopes Z = 3-8
emitted around the projectile rapidity. An incomplete
equilibration has been deduced. The value of the isoscal-
ing parameter a = 0.42 & 0.02 for ?4Sn + '12Sn differs
substantially from o = 0.16 & 0.02 for ''2Sn + '24Sn. The
isospin imbalance ratio [61], defined as

9 _ 1244124 _ 11124112

T

Ri(z) = pl24+124 _ 1124112 (1)

(i = P,T refers to the projectile/target rapidity mea-
surement, and x is an isospin-dependent observable, here
the isoscaling a parameter) was estimated to be around
Rp(a) = 0.5 (vs. Rp(a) = 0.0 in full equilibration). This
quantity can be sensitive to the density dependence of
symmetry energy term since the isospin transfer takes
place through the lower-density neck region.

3 Neck observables

— Properties of neck fragments, mid-rapidity IMF pro-

duced in semicentral collisions: correlations between
N/Z, alignment and size.
The alignment between PLF-IMF and PLF-TLF di-
rections represents a very convincing evidence of the
dynamical origin of the mid-rapidity fragments pro-
duced on short time scales [8]. The form of the @pjgne
distributions (centroid and width) can give a direct
information on the fragmentation mechanism [19,20,
62]. Recent calculations confirm a general feature, pre-
dicted for that rupture mechanism: the light fragments
are emitted first, as displayed in fig. 3.

— Time scale measurements.

The estimation of time scales for fragment formation
from velocity correlations appears to be a very excit-
ing possibility [25,44,63]. With a good event-by-event
detection of the projectile(target) residues we can mea-
sure the violations of the Viola systematics for the
TLF-IMF and PLF-IMF systems which tell us how
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Fig. 3. Average IMF mass as a function of the distance from
the PLF-TLF axis at the freeze-out time for 47 AMeV, for colli-
sions at a reduced impact parameter of 0.5. Left panel: Fe + Fe.
Right panel: Ni + Ni. Empty squares: asy-soft symmetry term.
Full squares: asy-stiff. (From [11].)
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Fig. 4. Ratio of the IMF yields, with N/Z larger and smaller
than the value « obtained just after pre-equilibrium emission,
as a function of the distance from the PLF-TLF axis at the
freeze-out time for 47 AMeV, for collisions at a reduced impact
parameter of 0.5. Left panel: Fe + Fe. Right panel: Ni+ Ni.
Empty squares: asy-stiff symmetry term. Full squares: asy-soft.
(From [11].)

much the IMFs are uncorrelated to the spectator rem-
nants [64].

With appropriate cuts in the velocity correlation plots
we can follow the properties of clusters produced from
sources with a “controlled” different degree of equi-
libration. We can figure out a continuous transition
from fast-produced fragments via neck instabilities to
clusters formed in a dynamical fission of the projec-
tile(target) residues up to the evaporated ones (statis-
tical fission). Along this line it would be even possible
to disentangle the effects of volume and shape insta-
bilities. The isospin dynamics will look different in the
various scenarios and rather dependent on the symme-
try term of the EOS.

— Isospin dynamics.

Isospin effects on the reaction dynamics and Isospin
Migration: an interesting neutron enrichment of the
overlap (“neck”) region is expected, due to the neu-
tron migration from higher (spectator) to lower (neck)
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density regions. This effect is also nicely connected
to the slope of the symmetry energy. Neutron and/or
light isobar measurements in different rapidity regions
appear important. Moreover, in moving from mid- to
“spectator” rapidities, an increasing hierarchy in the
mass and N/Z of the fragments is expected [11]. Some
experimental evidences are in ref. [43]. An interesting
related observable is the corresponding angular corre-
lation due to the driving force of the projectile(target)-
like partners [11].

Isospin diffusion.

With measurements of charge equilibration in the
“spectator” region in semicentral collisions, we can get
the Imbalance Ratios for different isospin properties.
It is a test of the interplay between concentration and
density gradients in the isospin dynamics [9,65,66]. For
the reasons noted before we expect to see a clear dif-
ference in the isospin diffusion between binary (deep-
inelastic like) and neck fragmentation events. More-
over, in the mid-rapidity emission, there is a clear
neutron enrichment predicted [11] for neutron-rich and
neutron-poor systems (see fig. 4, from [11]).
“Pre-equilibrium” emissions.

As already noted, the isospin content of the fast par-
ticle emission can largely influence the subsequent re-
action dynamics, in particular, the isospin transport
properties (charge equilibration, isospin diffusion). We
can reach the paradox of a detection of isospin dynam-
ics effects in charge symmetric systems.

Finally, the simultaneous measurements of properties
of fast nucleon emissions and of the neck dynamics can
even shed light on the very controversial problem of the
isospin momentum dependence [9,66].

We stress the richness of the phenomenology and nice

opportunities of getting several cross-checks from com-
pletely different experiments. Apart from the interest of
this new dissipative mechanism and the amazing possi-
bility of studying properties of fragments produced on an
almost continuous range of time scales, we remark the ex-
pected dependence on the isovector part of the nuclear
EOS. From transport simulations we presently get some
indications of “asy-stiff” behaviors, i.e. increasing repul-
sive density dependence of the symmetry term, but not
more fundamental details. Moreover, all the available data
are obtained with stable beams, i.e. within low asymme-
tries.
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