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Production of fragments with more neutrons than the projectile at intermediate energies
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The nuclear reaction mechanism leading to the production of fragments with more neutrons than the projectile
at intermediate energies is studied. A large enhancement in the production of these fragments is observed in the
reactions with less neutron-rich projectiles or neutron-rich targets. This enhancement would be related to the
difference of the neutron density at the nuclei surface as a factor influencing the process of nucleon exchange
in peripheral collisions. From a practical viewpoint, such a nuclear reaction mechanism could provide a novel
synthetic avenue to access extremely neutron-rich isotopes towards the neutron drip line.
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I. INTRODUCTION

Exploration of the nuclear landscape towards the neu-
tron drip line is currently of great interest in nuclear
physics and astrophysics [1–5], and the efficient production
of very neutron-rich fragments is becoming a key issue
in current and future rare isotope beam facilities around
the world [6–12]. In addition to the widely used target
spallation, fission, and projectile fragmentation approaches,
the search for new produced approaches is of exceptional
importance.

At intermediate energies (40–200 MeV/nucleon), some
neutron-rich fragments with more neutrons than the projectile
have been observed [13–20]. The experimental results [18]
showed that the velocities of these fragments are very close
to the projectile velocity, and the production cross sections
weakly depends on the projectile energy. As the velocities of
these fragments are high enough to allow efficient collection
and separation in practical applications, the production mecha-
nism of these fragments could offer possible approaches to pro-
duce extremely neutron-rich isotopes towards the neutron drip
line.

The nuclear reaction mechanism leading to the production
of these fragments at intermediate energies has been described
theoretically using the binary deep inelastic process [21]. The
dynamics of the binary deep inelastic process is considered
as the diffusive multinucleon transfer between the interacting
nuclei in the peripheral collisions when the excitation energy
of the produced exotic isotope is lower than the threshold
for the neutron emission. The agreement of the model
calculated results with the experimental data shows that this
model seems to be able to explain the production of these
fragments.

In recent years, some projectile fragmentation experiments
using facilities at intermediate energies [10–12] have been
done, and more experimental data of the fragments with larger
neutron number than the projectile are available. In this paper,
the production mechanism of these fragments will be further
studied.
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II. DATA AND DISCUSSION

The fragment momentum distributions provide valuable in-
formation about the reaction mechanism. In Figs. 1(a) and 1(b)
the longitudinal momentum distribution peaks of the fragments
with neutron number Nf = Np + 1 and Nf = Np + 2 are
shown as a function of removed nucleons, Ap − Af , respec-
tively. Here Nf and Af mean the neutron number and mass
number of the target, and Np and Ap are the neutron number
and mass number of the projectile. The data are adopted from
the reactions of 40Ar at 57 MeV/nucleon [19], 40Ca, 48Ca, and
58Ni at 140 MeV/nucleon [20] on 9Be and 181Ta targets. It is
very clear that the velocities of both the fragments with neutron
number Nf = Np + 1 and Nf = Np + 2 are very close to the
projectile velocity, and the mass numbers of these fragments
are close to the projectile mass. These facts indicate that this
nuclear reaction must take place in the peripheral collisions
and in a very short time. The prefragments will have low
excitation energies due to the small difference between the
velocities of fragment and projectile. The production of these
fragments with more neutrons than the projectile must proceed
via a transfer mechanism as described in Ref. [21], rather
than via a deep inelastic collision in the low energy region
leading to the transfer of a few neutrons and sizable velocity
damping.

The production cross sections of these fragments as men-
tioned in Fig. 1 are plotted in Fig. 2 as a function of removed
nucleons. The data of the fragments with neutron number
Nf = Np + 1 and Nf = Np + 2 are shown in Fig. 2(a)
and 2(b), respectively. It can be seen that for all the reaction
systems the fragment cross sections decrease with the increase
of the removed nucleons, and the maximum cross sections for
the fragments with neutron number Nf = Np + 1 and Nf =
Np + 2 are located around Ap − Af = 0 and Ap − Af = −1,
respectively. With the increase of the removed nucleons by
means of abrasion or exchange process in the collisions,
the prefragment excitation energy will become larger. This
would cause the decrease of the production cross section
because of the deexcitation by neutron emission. Additionally,
a weak dependence of the production cross sections on the
projectile energy is observed in the reactions with neutron-rich
40Ar projectiles at 57 MeV/nucleon and 48Ca projectiles
at 140 MeV/nucleon. This result is consistent with the
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FIG. 1. (Color online) Longitudinal momentum distribution
peaks of the fragments with neutron number Nf = Np + 1 (a) and
Nf = Np + 2 (b).

conclusion in Ref. [18] and can be explained with the theory
in Ref. [21].

In particular, the projectile and target dependance of the
production cross section can be observed in Fig. 2. For a
given reaction target, the cross sections of these fragments are
obviously enhanced in the reactions with less neutron-rich 40Ca
and 58Ni projectiles compared to the ones with neutron-rich
40Ar and 48Ca projectiles. For the reaction with a specific
projectile, more fragments are produced in the reactions with
the heavy target 181Ta compared to the ones with the 9Be
target. According to Ref. [21], in the collisions a short-living
dinuclear system (DNS) is probably formed in which the
diffusion of nucleons occurs. So, the details of neutron and
proton density profiles at the projectile and target surfaces
would influence the process of the nucleon exchange just like
the situations happening in the Fermi energy region. A large en-
hancement in the production of neutron-rich projectile residues
has been observed in the reactions of a 25 MeV/nucleon 86Kr
beam with the neutron-rich 124Sn and 64Ni targets relative
to the reaction with the less neutron-rich 112Sn target [22],
and the simulated results with a modified model of deep-
inelastic transfer [23] indicated that the enhanced production
of neutron-rich isotopes is associated with peripheral nucleon
exchange in which the neutron skins of the neutron-rich target
nuclei may play an important role [22,24]. When two nuclei
come in contract, the exchange of nucleons may occur through
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FIG. 2. (Color online) Production cross sections of the fragments
with neutron number Nf = Np + 1 (a) and Nf = Np + 2 (b).
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FIG. 3. (Color online) Neutron density distributions (a) and the
ratios between neutron and proton densities (b) calculated with the
HIPSE model. The solid curves in (a) are the fit results by using
Eq. (1).

two processes [25,26]: one is isospin “drift” which causes
the migration of neutrons from the high-density region to the
low-density region, and the other is isospin “diffusion” which
results in a migration of neutrons from the high N/Z region
to the low N/Z region.

To understand whether the properties of nuclear surface
influence on the cross sections, the neutron and proton
density distributions of 40Ca,48Ca,58Ni,40Ar,9Be, and 181Ta
have been calculated using the heavy-ion phase space ex-
ploration (HIPSE) model [27]. In HIPSE, the numerical
method developed in Ref.[28] adapted to the Seyler-Blanchand
parametrization of the force derived in Ref. [29] is used to
calculate the realistic density distribution. Figure 3(a) shows
the calculated neutron density distributions of these nuclei. In
order to compare the neutron density at the nuclei surface,
the neutron density distributions have been fitted with a Fermi
-type density distribution [30],

ρn(r) = ρ0
n

1 + exp
( r−r0

n

dn

) , (1)

where ρ0
n means the normalization constant, dn is the diffuse-

ness parameter, and r0
n is the radius of the half density for the

neutron density distribution. Since the surface thickness of the
stable nuclei is constant, the diffuseness parameter was fixed
to 0.54 fm in the fitting [30]. The solid curves in Fig. 3(a)
represent fits with Eq. (1), and the fitted numerical values are
listed in Table I.

TABLE I. Values of the normalization constants and neutron
radius calculated with the HIPSE model. The errors originate from
the fittings.

ρ0
n (fm−3) r0

n (fm)

40Ca 0.0806 ± 0.0005 3.8007 ± 0.0193
58Ni 0.0827 ± 0.0005 4.3478 ± 0.0182
40Ar 0.0862 ± 0.0005 3.8229 ± 0.0173
48Ca 0.0883 ± 0.0005 4.1219 ± 0.0182
9Be 0.0834 ± 0.0011 2.2165 ± 0.0259
181Ta 0.0890 ± 0.0003 6.5842 ± 0.0169
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Since the diffuseness parameter is a constant for all the
nuclei in the fitting, the normalization constant can reflect the
neutron density at the nuclei surface according to Eq. (1). From
the Table I, it is clear that the neutron densities at the nuclei
surfaces of the 40Ar and 48Ca projectiles are larger than that
of the 40Ca and 58Ni projectiles, and the neutron densities at
the nuclei surfaces of the 181Ta target are larger than those
of the 9Be target. Due to the isospin drift, in the DNS the
40Ca and 58Ni projectiles with low neutron densities at the
surface make it easier to pick the neutron from the target
than the 40Ar and 48Ca projectiles, and the 181Ta target with
high neutron densities at the surface makes it easier to transfer
the target neutrons to the projectile than the 9Be target. The
ratios between the neutron and proton density calculated with
the HIPSE model are shown in Fig. 3(b). It can be seen that
the influence of the nucleon exchange through the isospin
diffusion process is similar to the isospin drift one.

The results calculated by HIPSE model indicated that the
neutron density profiles at the nuclear surface would influence
the process of nucleon exchange in the collisions, and result
in a large enhancement of the production of fragments with
larger neutron number than the projectile in reactions with less
neutron-rich projectiles or neutron-rich targets.

As an example, the production cross sections of some
neutron-rich fragments with neutron number Nf = 29 and
Nf = 30 are plotted in Figs. 4(a) and 4(b) as a function of
the fragment proton number Zf . The solid circles are the
experimental cross sections in the reaction 48Ca +9 Be at
140 MeV/nucleon [20], and the open circles, open squares,
and open triangles show the cross sections of fragmentation
of 54Cr, 56Fe, and 64Ni projectiles in a 238U target calculated
with the EPAX 3 [31] model. To obtain larger cross sections,
the projectiles which are close to these fragments and the
very neutron-rich reaction target have been chosen in the
calculations. However, the calculations are still tens of times
smaller than the experimental data, even for the less neutron-
rich target 9Be used in the experiment. Considering the
larger cross sections and high velocities, this transfer reaction
would provide very efficient approaches for producing some
extremely neutron-rich isotopes in the intermediate energy
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FIG. 4. (Color online) Production cross sections for Nf = 29 (a)
and Nf = 30 (b) isotones. The experimental cross sections in the
reaction 48Ca +9 Be at 140 MeV/nucleon [20] are shown by solid
circles. Open circles, open squares, and open triangles represent the
results of fragmentation of 54Cr, 56Fe, and 64Ni projectiles in a 238U
target calculated with the EPAX 3 model.

projectile fragmentation facilities. For practical purposes, the
neutron-rich targets should be chosen in the planning of future
experiments.

III. SUMMARY

In this paper, the production mechanism of fragments with
larger neutron number than the projectile has been studied at
intermediate energies. The experimental data showed that this
nuclear reaction must take place in the peripheral collisions
and that the prefragments will have low excitation energies.
A large enhancement in the production of these fragments in
the reactions with less neutron-rich projectiles or neutron-rich
targets is observed. This enhancement would be explained
with the difference of the neutron density at the nuclei surface
as a factor influencing the process of nucleon exchange.
This reaction mechanism could offer a profitable pathway to
produce extremely neutron-rich isotopes towards the neutron
drip line at intermediate energies.
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