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Quasiprojectile and intermediate velocity isotopic ratios for light fragments emitted in the
36Ar + 3Ni and 3Ni + 3Ni reactions between 324 and 844 MeV
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Isotopic ratios for light fragments (Z < 4) emitted by the quasiprojectile (QP) and the mid-rapidity (MR)
sources are investigated by the use of a slightly asymmetric system (**Ar + *Ni) and a symmetric one
(*8Ni + 8Ni) for six energies between 32A and 84A MeV and three semiperipheral centrality range selections.
Experimental data come from the INDRA 47 multidetector. The results show a clear neutron-rich isotope
production from the MR region as compared to the QP source. The beam energy and the centrality also show
interesting different trends depending on the charge of the fragments and the emission source. Experimental
results are compared to antisymmetrized molecular dynamics simulations.

DOI: 10.1103/PhysRevC.90.034618

Heavy-ion reactions at intermediate energies offer a wide
range of nuclear physics phenomena to study. From the
most peripheral to the most violent collisions, many reaction
processes have been observed and analyzed [1]. An interesting
one among them is the formation of a third emission region
between the projectile and the target occurring during periph-
eral and mid-peripheral collisions [2—4]. This nuclear matter
grouping is called the mid-rapidity (MR) source and exhibits
properties different from those of the excited quasiprojectile
(QP). Recent investigations have shown that the heavier
isotopes of light elements are preferentially emitted by the MR
source [5-7] and the total N/Z ratio of this emitting region
is higher than the N/Z of the QP [8-11]. Those phenomena
may be caused by a proton migration induced by the Coulomb
repulsion force and by the density dependence of the nuclear
symmetry energy in this low-density region [12—14]. A recent
study using symmetric and asymmetric systems at 254 MeV
also shows a neutron enrichment for Li and Be fragments
coming from the MR source and those results seem to be in
agrement with isospin drift and diffusion processes [15].

In this work, we use a statistical identification method to
evaluate the relative isotopic yield for fragments up to Z = 4
emitted by the MR source and the QP. These isotopic ratios are
determined for a slightly asymmetric system (*®Ar + ®Ni)
and a symmetric one (**Ni + *®Ni) for six beam energies
between 32A and 84A MeV and for three mid-peripheral
centrality regions.

The experiments were performed at the Grand Accélérateur
National d’lons Lourds (GANIL) facility, France, and data
were collected with the INDRA multidetector. The exper-
imental setup has been previously described [16,17]. Here
is a brief summary of INDRA features. INDRA is a set of
336 detection cells distributed on 17 rings covering 90% of
the 47 solid angle. The detectors which make up the first
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ring are plastic scintillators in phoswich mode (a ring not
used in this work). Rings 2 to 9 are made of three-stage
detection modules. The first stage is an ionization chamber,
followed by a silicon detector, and a CsI(TI) scintillator. Rings
10 to 17 are composed of ionization chambers and CsI(TI)
but, for °Ar + 38Ni, ionization chambers were not installed
on rings above 12. This setup provides charge identification
up to Z = 54 for a 3° < Oy, < 45° angular range and up to
Z =16 for 45° < O, < 176° in the case of **Ni + PNi.
For 3°Ar + ®Ni, only fragments up to Z = 4 are identified
above 90°. Isotopic identification up to Z =4 is achieved
below 90° for fragments having a reduced rapidity (parallel
velocity divided by the initial projectile rapidity) higher than
0.5. Beam energies are 324, 404, 524, 63A, 74A, and 84A MeV
for 3Ar + 8Ni and 324, 404, 52A, 64A, 74A, and 82A MeV
for 3¥Ni + 8Ni. During the data acquisition, the multiplicity
threshold was set to 3 for 3®Ar + 3Ni from 324 to 63A MeV
and to 4 for all the other reactions.

The first step of this analysis consists of selecting complete
events. For this purpose, we use the pseudomomentum global
variable defined by

M
pseudoP = Z ZVj. (1)
i=1

Here, M is the event multiplicity, Z; is the charge of particle
i, and Vl’I is the parallel velocity of that particle. Since only
fragments with velocity higher than half the velocity of the
projectile are taken into account, the minimum total detected
charge must be close to the charge of the projectile. So,
events with a pseudoP value higher than 70% of Vioj Zpro;
are selected. Figure 1 shows an example of this selection for
the asymmetric system 3°Ar + ®Ni at 404 MeV.
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FIG. 1. (Color online) Total charge as a function of the pseudo-
momentum for the *Ar + %Ni reaction at 404 MeV.

In order to define centrality regions, a variable sensitive
to the impact parameter is used. A well-correlated global
variable with the centrality previously used [7,18,19] is the

tot : :
total transverse energy E, . as described in

M
Eg)atns = Z Eliab Sinz (eliab)' (2)
i=1

E{ab and Ofab are the energy and the polar angle, respectively,
of particle i in the laboratory frame of reference. Since this
variable represents the transverse component of the total
energy detected after a collision, the centrality is statistically
proportional to its value with few fluctuations. For the purpose
of this work, the Eo & variable is utilized to construct an
empirical experimental impact parameter denoted bey,. This

parameter is described in

Etot
bexp = bmax|:l - C<%)] 3
proj

Here, C is a constant with an empirically set value equal to
3.14, and we define by,x as

_ 1/3
bmax = 1.2(A))5

+ Atrzer)- @)
It should also be noticed that Ep; is the laboratory kinetic
energy of the projectile and A is the mass number.

We used the event generator HIPSE (Heavy Ion Phase
Space Exploration) [20] to evaluate the correlation between
bexp and b. Figure 2(a) shows bey, as a function of the impact
parameter b generated by using HIPSE for the 6Ar + ®Ni
at 52A MeV simulated reaction. In the case of peripheral and
mid-peripheral collisions (bex, > 6), a Gaussian fit performed
on the bexp_cor — b distribution gives a standard deviation equal
to 0.55 fm. Here, bexpcor 1S bexp corrected by a linear fit
performed on the b(bey,) distribution [Fig. 2(a)]. In the case of
Fig. 2(b), bexp_cor = 0.84beyp.

Wanting to study the effect of centrality with good preci-
sion, we chose intervals of 0.5 fm. We can observe the variation
of centrality effects from one delimited region to the other.
This confirms our choice of interval as being adequate. Using
the experimental impact parameter gives rise to a statistical
distribution and so to a certain overlap of the effect from
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FIG. 2. (Color online) (a) b as a function of by, for the **Ar +
38Ni reaction at 52A MeV simulated by using HIPSE (no filter). (b)
Gaussian fit on the bey, — b distribution.

one region to the other [18]. Figure 3 presents the three bey,
intervals chosen for each system. These intervals are 6-6.5,
6.5-7, and 7-7.5 fm for 3®Ar + ¥Ni. Since b,y is higher for
3Ni + 8Ni, the intervals are shifted by a value of 0.5 fm for
this system.
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FIG. 3. The three selected regions of the experimental impact
parameter (bey,) for *Ar + %¥Ni (a) and **Ni + %Ni (b) reactions
at 52A MeV.
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FIG. 4. (Color online) Estimation of the QP rapidity for *®Ar +
38Ni at 524 MeV. See text for details.

The emission sources are identified by using the statistical
method called EVAP in Ref. [7]. We first have to evaluate the
mean QP reduced rapidity. This is done by making an inverted
Maxwell fit on the reduced rapidity distribution for A > 4
fragments in order to define the highest yield of the peak, as
shown in Fig. 4. The reduced rapidity corresponding to the top
of this peak represents the QP rapidity estimation.

By assuming that all light particles emitted above this value
are coming from this source and that the statistical emission of
those particles is symmetric along the perpendicular axes to the
beam in the QP frame, the backward emission is deduced by
symmetrizing the forward distribution toward the back from
the QP rapidity. Instead of simply calculating integrals and
subtracting distributions, probability tables are constructed
[21], based on the forward QP emission distributions for each
Z < 5 isotope. These tables allow us to allocate particles to
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FIG. 6. (Color online) Experimental N/Z of H (a) and He (b)
isotopes as a function of the beam energy for *Ar + Ni. Closed
(open) symbols correspond to the QP (MR source). The three selected
centrality regions are also shown. 'H results are not included. Lines
serve to guide the eye.

than 0.5. The experimental N/Z ratios calculated by using
the method described above for light particles (Z < 2) are
shown in Fig. 6 for 3*Ar + ¥Ni and in Fig. 7 for **Ni + Ni.

the QP and the MR emission sources while keeping available 1.38
complete information about these particles. Figure 5 shows 1.36 (a)
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FIG. 5. (Color online) “He source selection by using the statisti-
cal method for **Ar + Niat 524 MeVinthe 7 < by, < 7.5 region.
The “Mass_ID=0" region corresponds to unresolved masses.

FIG. 7. (Color online) Experimental N/Z of H (a) and He (b)
isotopes as a function of the beam energy for **Ni + *¥Ni. Closed
(open) symbols correspond to the QP (MR source). The three selected
centrality regions are also shown. 'H results are not included. Lines
serve to guide the eye.
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Since systematic error generated by using the EVAP method
is very hard (even impossible) to evaluate [7] and this analysis
treats only mean values, only statistical error is shown on the
graphs. However, a systematic error is added to the statistical
error bars on *°Ar + ¥Ni points at 634 MeV to take into
account an instrumental problem that occurred during the
experiment. A temperature instability in the CsI(TIl) crystals
at the beginning of the 63A MeV run led to some particle
identification uncertainties. This is why the error bars are larger
at this energy. Also, since the overlap between the emission
sources is very high for protons, the statistical method highly
overestimates the contribution of the QP for these particles.
Moreover, free neutrons are not detected by INDRA. For those
reasons, free protons are not included in hydrogen N / Z ratios.

The N/Z ratios of light particles are always higher for the
MR source except at the highest energy for Z = 2. The point
corresponding to the highest by, interval applied to the QP
for helium isotopes crosses the MR points for *°Ar + 3Ni
and this overlap is even stronger for **Ni + ®Ni. This can
be explained by the fact that the He yield increases almost
linearly with the beam energy for the two sources but the
slope is higher for the MR source. That leads to a faster drop
of N/Z as a function of the energy for the MR source as
compared to the QP. The global trends are very similar for
the two systems. About Z = 1, the N/Z ratios stay pretty
much constant as a function of the energy for *Ar + ®Ni.
In the case of the symmetric system, the gap between the
sources seems to decrease for Z = 1. This behavior could be
caused by an increase of 3H production inside the QP as a
function of the energy. Since the *®Ni projectile is heavier and
has a slightly higher N/Z than 3 Ar, this effect would be then
more apparent for the ¥Ni 4 3Ni system. Another interesting
behavior concerns the centrality selection. The QP is clearly
more sensitive to this parameter than the MR source. It is
normal to observe an increase in the N/Z ratios for a smaller
impact parameter for Z = 1, 3, and 4 particles because the
isotopic distributions should become broader on the neutron
side with the violence of collisions. However, the opposite is
expected for Z = 2 particles, as seen in Fig. 7, since more *He
particles are produced with increasing energy and collision
violence [22], so that the ratios decrease accordingly for those
particles. This is another confirmation that the particles coming
from the MR source are generated mostly by dynamical
processes instead of statistical decays following a thermal
equilibrium state.

Figures 8 and 9 show the results for Z =3 and Z = 4,
respectively. Since the identification of 3Be is difficult and
introduces a statistical bias in the velocity distributions, this
isotope is not included in the ratios. Again, the N /Z ratios are
generally higher for the MR source except for Z = 4 generated
by 3°Ar + Ni above 524 MeV. The trend is similar for
3Ni + *®Ni but the gap between sources is significant for
all beam energies. The centrality effect on the MR source
and the QP is similar for Z =3 and Z = 1. However, it
has almost no effect on the QP for Z =4. This could
suggest a significant difference between light particles and
heavier fragment formation and emission processes for the two
sources. Globally, the N /Z ratio is constant or increases with
energy but decreases for both sources in the case of Z =2
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FIG. 8. (Color online) Experimental N/Z of Li (a) and Be (b)
isotopes as a function of the beam energy for **Ar + ¥Ni. Closed
(open) symbols correspond to the QP (MR source). The three selected
centrality regions are also shown. 8Be results are not included. Lines
serve to guide the eye.

and for the MR source in the case of Z = 4. As mentioned
above, the increase of the *He emission rate as a function
of the reaction energy can explain this trend for Z = 2. For
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FIG. 9. (Color online) Experimental N/Z of Li (a) and Be (b)
isotopes as a function of the beam energy for **Ni + *¥Ni. Closed
(open) symbols correspond to the QP (MR source). The three selected
centrality regions are also shown. #Be results are not included. Lines
serve to guide the eye.
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FIG. 10. (Color online) Total N/Z ratio as a function of the en-
ergy of the ¥Ni + 3¥Nireaction at 324, 524, and 824 MeV simulated
by using AMD (no filter). Closed (open) symbols correspond to the
QP (MR source). Four centrality regions are also shown. Lines serve
to guide the eye.

Z = 4, the isotopic ratios calculated during this analysis [23]
show that the "Be percentage increases with energy while the
Be one decreases for the MR source. The '°Be percentage,
on the other hand, follows a trend similar to that of the
overall Z =4 N/Z ratio. This is why the MR N/Z ratio
decreases with energy for beryllium. This behavior cannot be
explained by a bad identification at low velocity since the
isotopic resolution for Z = 4 (excluding 8Be) is completely
achieved above V|| / Vpj = 0.6 for 32A MeV and above 0.5 for
40A MeV. Also, the inclusion of ®Be would modify the trend
by moving the N/Z value toward 1 but, as mentioned above,
adding this isotope would introduce a more important bias
than its exclusion. It should be noticed that the overall trend
for 3¥Ni + 8Ni at 524 and 74A MeV is in agreement with the
experimental results presented in Ref. [24], i.e., a higher N/Z
ratio for Z < 4 MR fragments and a slightly more important
effect of the centrality parameter on this ratio for the QP.
Antisymmetrized molecular dynamics (AMD) simulations
[25,26] of a large amount of events (200 000 for each impact
parameter value) of the ®Ni + ®Ni reaction at 324, 52A,
and 82A MeV show a higher overall N/Z ratio for the MR
source compared to that of the QP. Figure 10 presents those
results. The simulation is stopped at 205 fm/c. The source
separation is achieved by a technique similar to the one de-
scribed above, except that it makes use of the positions of
the nucleons upon the beam axis instead of their parallel
velocity. A complex statistical Gaussian fit [27] is performed
to separate the QP and quasitarget sources from the MR and
pre-equilibrium sources. The source overlap is then weak and
they are well separated. A symmetrization of the forward QP
emission is made toward the back of the peak and the rest
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of the distribution is assigned to the MR source contribution.
The N /Z ratios are calculated from the nucleons present in the
selected zones, without attempt to build clusters. The centrality
parameters have been selected according to the corrected bex,
based on HIPSE simulations in order to compare results with
the experimental trends shown above. Impact parameters are
fixed values separated by 0.5 fm situated in the middle of
each experimental centrality regions in order to compare with
experimental analysis. From Fig. 10, we can see that the overall
MR N/Z ratio is always higher than the QP one and 0.5 fm
centrality separation generates statistical differences between
values. Since the MR neutron enrichment (and thus the QP
impoverishment since more neutrons in the MR source means
fewer in the two other sources due to the mirror effect) is
a function of the number of interacting nucleons, the MR
N/Z ratio should increase according to the centrality and
decrease with the beam energy, and this is the behavior that we
observe from the simulations. The higher N/Z ratio for the
MR source is also in agreement with our experimental results.
Moreover, the energy and centrality trends are very similar to
those observed experimentally for Z = 4 isotopes (see Fig. 9).
We saw in experimental results that the impact parameter value
has a greater effect on QP N /Z than on that of the MR source
except for Z = 4 where the trend is inverted. This is the exact
behavior of our AMD simulated overall N/Z and this is ex-
pected because heavy fragment samples contain more nucleons
and are then closer to the overall neutron-to-proton ratio.

We have presented one of the most complete isotopic
study of fragments up to Z =4 emitted by the MR and
the QP sources so far using INDRA data for °Ar + 3Nij
and *®Ni + Ni between 324 and 84A MeV. The source
identification has been made by using the statistical method
combined with probability tables. The N/Z ratio of each
element is generally higher for the MR source. Also, the
centrality seems to have a greater effect on the QP as compared
to the MR source for light particles, but this trend is inverted
for heavier fragments. Furthermore, AMD simulations show
clearly an overall neutron enrichment of the MR source, which
is in agreement with our measurements, especially for Z = 4.
Those results suggest that the isotope formation mechanisms
are different for light particles than for light fragments and
also strongly depend on the nature of the emission source. A
similar study with a higher isotopic resolution could give more
complete information about the intermediate mass fragment
isotopic formation inside the MR region.

We wish to acknowledge the INDRA Collaboration and
GANIL for making this work possible as well as the Natural
Sciences and Engineering Research Council of Canada for
support of the Université Laval heavy-ion research group.
AMD simulations have been made possible through access
to the supercomputing facilities of CLUMEQ, Compute
Canada.
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