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Approaching neutron-rich nuclei towards the
r-process path in 86Kr-induced collisions

at 15 MeV/nucleon
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Laboratory of Physical Chemistry, Department of Chemistry,

National and Kapodistrian University of Athens, Athens 15771, Greece

Abstract

The production cross sections of projectile-like fragments from collisions of 15
MeV/nucleon 86Kr with 64,58Ni and 124,112Sn have been measured using a magnetic
separator with emphasis on the neutron-rich isotopes. Neutron pick-up isotopes
(with up to 6-8 neutrons picked-up from the target) were observed with large cross
sections. The present results were also compared with our previous data of the
same reactions at 25 MeV/nucleon. The data at 15 MeV/nucleon show enhanced
production of neutron-rich isotopes very close to the projectile, relative to the cor-
responding data at 25 MeV/nucleon. The large cross sections of such reactions
involving peripheral nucleon exchange, indicate that these reactions offer a novel
route to access extremely neutron-rich rare isotopes towards the the astrophysical
r-process path and the neutron-drip line.

1 Introduction

The exploration of the nuclear landscape towards the astrophysical r-process
path and the neutron drip-line have recently received exceptional attention
by the nuclear physics community (see, e.g., [1] and references therein). Inti-
mately related to this endeavor is the efficient production of very neutron-rich
nuclides which constitutes a central issue in current and future rare isotope
beam facilities (see, e.g., [2–8]).

Neutron-rich nuclides are mainly produced by spallation, fission and projectile
fragmentation [9]. Spallation is an important mechanism to produce rare iso-
topes for ISOL-type techniques [10]. Projectile fission is a prolific production
approach mainly in the region of light and heavy fission fragments (see, e.g.,
[11] for recent efforts on 238U projectile fission). Finally, projectile fragmen-
tation offers a very successful approach to produce a broad range of exotic
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nuclei at beam energies above 100 MeV/nucleon (see, e.g., [12,13] for recent
work on projectile fragmentation). This approach is, nevertheless, based on the
fact that optimum neutron excess in the fragments is achieved by stripping
the maximum possible number of protons (and no neutrons, or a minimum
possible number of neutrons).

To reach a very high neutron-excess in the products, apart from proton strip-
ping, it may be necessary to capture neutrons from the target. Such a possibil-
ity is offered by reactions of nucleon exchange which prevail at beam energies
from the Coulomb barrier [14,15] to the Fermi energy (20–40 MeV/nucleon)
[16–19]. Detailed experimental data in this broad energy range are scarce at
present, mostly due to the complex procedure of identification and separa-
tion [15,20,21] caused, primarily, by the wide charge state distribution of the
reaction products. In multinucleon transfer and deep-inelastic reactions near
the Coulomb barrier [15], the low velocities of the fragments and the wide
angular and ionic charge state distributions may limit the collection efficiency
for the most neutron-rich products. The reactions in the Fermi energy regime
combine the advantages of both low-energy (i.e., near and above the Coulomb
barrier) and high-energy (i.e., above 100 MeV/nucleon) reactions. At this en-
ergy, the synergy of both the projectile and the target enhances the N/Z of
the fragments, while the fragment velocities are high enough to allow efficient
in-flight collection and separation.

Our previous experimental studies of projectile fragments from the reactions of
25 MeV/nucleon 86Kr on 64Ni [18] and 124Sn [19] indicated substantial produc-
tion of neutron-rich fragments. The production mechanism was described by a
deep-inelastic transfer model [23], followed by a deexcitation model [24]. In or-
der to advance our understanding of the evolution of the reaction mechanisms
and, furthermore, motivated by recent developments in several facilities that
will offer either very intense primary beams [4,7,25] at this energy range or
re-accelerated rare isotope beams [3,4,7,8], we undertook experimental studies
at 15 MeV/nucleon presented in this contribution.

2 Outline of the experimental methods

We performed mass spectrometric measurements of production cross sections
of neutron-rich projectile fragments from the reactions of a 15 MeV/nucleon
86Kr beam with 64Ni, 58Ni and 124Sn, 112Sn targets. A thorough presentation
of the experimental method and the results will appear in [22]. The measure-
ments were performed around the grazing angles of the corresponding reac-
tions at 15 MeV/nucleon (6.0o and 9.0o for the Kr+Ni and Kr+Sn reactions,
respectively) and in a wide Bρ window (1.1–2.0 Tesla meters) that enabled
efficient collection of heavy projectile residues produced in a broad range of
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energy damping, from quasielastic to deep-inelastic collisions.

We briefly outline the experimental measurements below. The projectile frag-
ments were collected and identified using the MARS recoil separator apply-
ing the techniques developed and documented in our recent articles [18–21].
The Kr beam was sent on the primary target location of MARS at an angle
with respect to the optical axis of the device. After interaction with the tar-
get, the fragments traversed a PPAC at the intermediate image location (for
position/Bρ measurement and START time information) and then they were
focused at the end of the device passing through a second PPAC (for image size
monitoring and STOP time information). Finally the fragments were collected
in a 5cm×5cm ∆E–E Si detector telescope (60 µm and 1000 µm thickness).
Following standard techniques of Bρ–∆E–E–TOF (magnetic rigidity, energy-
loss, residual energy and time-of-flight, respectively), the atomic number Z,
the mass number A, the velocity and the ionic charge of the fragments were
obtained on an event-by-event basis (see, e.g., [18]). Data were obtained in a
series of Bρ settings of the spectrometer to cover the energy and charge state
distributions of the fragments.

The experiment was performed in two parts. In the first part, the beam was
sent at the target at an angle of 4.0o (covering the angular range∆θ=2.2o–5.8o)
and in the second part at an angle of 7.4o (covering the range ∆θ=5.6o–9.2o).
Thus, the polar angular range ∆θ=2.2o–9.2o) was covered in the combined
experimental results [22]. In order to obtain total cross sections from the mea-
sured yields at the above angular interval, we used a model approach as de-
scribed in our previous works [18,20]. First, we performed calculations of the
yields with the codes DIT [23] for the primary interaction stage and GEMINI
[24] for the deexcitation stage of the reaction. We then performed filtering
of the DIT/GEMINI results for the limited angular acceptance of the spec-
trometer and the Bρ range covered in the measurements. We used the ratio of
the filtered to unfiltered simulations to correct the measured data and extract
total production cross sections for each projectile-like fragment.

3 Neutron-rich rare-isotope production

In Fig. 1, we present the mass distributions of elements Z=35–30 from the
present data (closed circles) of 86Kr (15 MeV/nucleon) + 64Ni. We also com-
pare the present data with our previous work [18] on the same reaction at 25
MeV/nucleon (closed diamonds). In this figure we also show the cross sections
that correspond to high-energy projectile fragmentation of 86Kr on 64Ni as
predicted by the empirical parametrization EPAX [26]. We remind that, in
high-energy fragmentation, nucleon-pickup products are not produced or, at
best, are highly suppressed compared to lower energy peripheral collisions.
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Fig. 1. Mass distributions of elements Z=35–30 from the reaction of 86Kr with
64Ni at 15 MeV/nucleon of this work (circles) and comparison with those of our
previous work [18] at 25 MeV/nucleon (diamonds). The dotted lines are the EPAX
expectations [26].

Interestingly, we observe that the reaction at 15 MeV/nucleon results in much
larger cross sections for products very close to the projectile. As we see, e.g.,
for Br (Z=35), the most neutron-rich neutron-pickup isotopes are by a factor
of 10 (or larger) more abundantly produced at 15 MeV/nucleon than at 25
MeV/nucleon. As we move further from the projectile (to lower Z elements),
the cross sections of the most neutron-rich products appear to be nearly sim-
ilar between the two energies. Even if a quantitative interpretation effort is
the subject of upcoming work, qualitatively we can say that for the reactions
at 15 MeV/nucleon, lower excitation energies of the primary fragments and
larger interaction times for the most peripheral collisions may be responsible
for the production and survival of residues with a large number of neutrons
picked up from the target. For elements further from the projectile, the pro-
duction of neutron-rich species requires a larger number of nucleons exchanged
between the projectile and the target and, thus, these products possibly result
from quasi-projectiles at nearly similar excitation energies, ending up with
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Fig. 2. Mass distributions of elements Z=35–30 from the reaction of 86Kr with
124Sn at 15 MeV/nucleon of this work (circles) and comparison with those of our
previous work [18] at 25 MeV/nucleon (diamonds). The dotted lines are the EPAX
expectations [26].

comparable cross sections at the two energies.

We also observe (Fig. 1) that for fragments further from the projectile, e.g., As
(Z=33) and below, the production cross sections at the peaks of the distribu-
tions are lower at 15 MeV/nucleon as compared to those at 25 MeV/nucleon.
We may qualitatively interpret this observation as an effect of the overall
lower excitation energies of the quasi-projectiles obtained at 15 MeV/nucleon
relative to those at 25 MeV/nucleon. The result is preferential neutron evap-
oration at the former energy (notice also the larger neutron-deficient tails for
Z=35 and Z=34), as compared to the more extended proton and light-charged-
particle evaporation (as well as sequential binary decay) leading to products
at lower Z and closer to the line of β-stability at the latter energy.

Similar observations pertain to Fig. 2, in which the comparison of the 15
MeV/nucleon 86Kr+124Sn data to our earlier work on the same reaction at 25
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MeV/nucleon [19] is presented (circles and diamonds, respectively). However,
we note that the 25 MeV/nucleon data [19] do not contain the most neutron-
rich products close to the projectile. Also, for fragments further from the
projectile (e.g., Z=33, 32) the distributions are similar at their central and
neutron-rich parts. For this system involving a heavier target, the excitation
energy distributions of the primary quasi-projectiles that lead to the observed
projectile-like fragments may be similar at the two energies.
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Fig. 3. Representation of the production cross sections of projectile fragments from
the reaction 86Kr (15 MeV/nucleon) + 64Ni on the Z–N plane. The cross section
ranges are shown by open circles according to the key. The closed squares show
the stable isotopes. The solid line shows the astrophysical r-process path and the
dashed line shows the neutron drip-line [27]. The horizontal and vertical dashed
lines indicate, respectively, the proton and neutron number of the 86Kr projectile.

A comprehensive presentation of the production cross sections of the projectile-
like fragments from the 15 MeV/nucleon reaction 86Kr + 64Ni on the Z vs N
plane is given in Fig. 3. In this figure, stable isotopes are represented by closed
squares, whereas fragments obtained in this work are given by the open circles
(with sizes corresponding to cross section ranges according to the figure key).
The dashed line gives the location of the neutron drip-line and the full line in-
dicates the expected path of the astrophysical rapid neutron-capture process
(r-process), as calculated in [27]. In the figure we observe that the neutron
pickup products from the 86Kr projectile approach the path of the r-process
near Z=32–34. We can expect that an increase of the production rates by
about 103 (by a factor of 100–200 in beam intensity and 5–10 in target thick-
ness) may allow accessing the r-process path nuclei in the region Z=30–36.
Thus, from a practical standpoint, we may conclude that the large produc-
tion cross section of neutron-rich nuclides, and, especially, the multi-neutron
pick-up possibility can render these reactions a promising route to produce
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extremely neutron-rich nuclides near and beyond the r-process path.

Using the present cross sections, we can make estimates of rare isotope pro-
duction rates from intense beams at this energy that will become available at
several facilities (e.g. [4,7]). As examples, we present in Table I the cross sec-
tions and production rates for the most neutron-rich nuclides from Kr (Z=36),
Br (Z=35) and Se (Z=34). The cross sections of this work are given in the third
column. The last column gives the expected rates calculated using the present
cross sections and assuming a beam of 500 pnA 86Kr at 15 MeV/nucleon strik-
ing a 20 mg/cm2 64Ni target. Such yields of neutron rich isotopes will enable
a variety of nuclear structure and nuclear reaction studies at this energy.

Table 1
Cross sections and rate estimates (last column) of very neutron-rich isotopes from
the reaction 86Kr (15 MeV/nucleon) + 64Ni. For the rates, the cross section data of
this work are used, and a primary beam of 86Kr with intensity 500 pnA is assumed
to interact with a 64Ni target of 20 mg/cm2 thickness.

Rare Reaction Cross Rate (sec−1)

Isotope Channel Section

90Kr -0p+4n 2.7 mb 1.6×106

91Kr -0p+5n 0.21 mb 1.3×105

92Kr -0p+6n 20 µb 1.2×104

93Kr -0p+7n 1.1 µb 7×102

87Br -1p+2n 8.0 mb 4.8×106

88Br -1p+3n 0.59 mb 3.5×105

89Br -1p+4n 0.13 mb 7.8×104

90Br -1p+5n 5.4 µb 3.2×103

91Br -1p+6n 1.0 µb 6×102

84Se -2p+0n 5.3 mb 3.2×106

85Se -2p+1n 4.2 mb 2.5×106

86Se -2p+2n 0.71 mb 4.2×105

87Se -2p+3n 60 µb 3.6×104

88Se -2p+4n 4.4 µb 2.6×103

Finally, another interesting possibility is the use of such reactions as a second
stage in two-stage rare-isotope production schemes. For example, a beam of
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92Kr from an ISOL facility can be accelerated at 15 MeV/nucleon and subse-
quently strike a 64Ni target to produce very neutron-rich nuclides that may be
separated and studied in flight. To estimate the rates of such reaction prod-
ucts, the cross sections of this work may be used as a rough approximation.
However, a quantitative prediction will be possible after obtaining an adequate
theoretical description of these peripheral collisions between neutron-rich nu-
clei at this energy, which is one of the goals of upcoming work.

4 Summary and conclusions

In summary, the present work described the mass spectrometric measurements
of the production cross sections of projectile-like fragments from the reactions
of 15 MeV/nucleon 86Kr with 64,58Ni and 124,112Sn. The measurements were
performed in a wide angular range near the grazing angle of the systems.
Special emphasis was given on the neutron-rich isotopes. Along with usual
proton-removal products, neutron pick-up isotopes (with up to 6-8 neutrons
picked-up from the target) were observed with large cross sections. The present
experimental results were also compared to our previous data of the same reac-
tions at 25 MeV/nucleon [18,19]. The data at 15 MeV/nucleon show enhanced
production of neutron-rich isotopes very close to the projectile, relative to the
corresponding data at 25 MeV/nucleon. This enhancement in the cross sec-
tions may be associated with very peripheral collisions and long interaction
times of the neutron-rich 86Kr projectile with the neutron-rich targets. Such
reactions well above the Coulomb barrier, but below the Fermi energy, involv-
ing peripheral nucleon exchange, offer a new approach to access extremely
neutron-rich rare isotopes towards the the r-process path and, furthermore,
the neutron-drip line.
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