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The production cross sections of projectilelike fragments from the interaction of 15 MeV /nucleon *¢Kr
with ®*Ni and *®Ni and with '**Sn and ''>Sn were measured using a magnetic separator with emphasis on
the neutron-rich isotopes. Neutron pickup isotopes (with up to six neutrons picked up from the target) were
observed with large cross sections. Calculations involving the the deep-inelastic transfer model as well as the
microscopic constrained molecular dynamics model (CoMD) for the primary interaction stage coupled to the
statistical deexcitation code GEMINI were used to describe the gross properties of the product distributions.
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 corresponding data at 25 MeV /nucleon. This enhancement in the cross sections is possibly associated with
very peripheral collisions and longer interaction times of the neutron-rich 3Kr projectile with the neutron-rich
targets. The large cross sections of such reactions well above the Coulomb barrier, but below the Fermi energy,
involving peripheral nucleon exchange, suggest that both the N/Z of the projectile and the N/Z of the target may
properly be exploited in the production of neutron-rich rare isotopes. These reactions offer a novel and attractive
route to access extremely neutron-rich rare isotopes toward the the astrophysical r-process path and, possibly,

the neutron drip-line.
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I. INTRODUCTION

Access and study of new regions of the nuclear landscape to-
ward the neutron drip-line is currently one of the major efforts
in nuclear physics research. Investigation of very neutron-rich
nuclei offers the possibility to follow the evolution of nuclear
structure with increasing neutron-to-proton ratio (N/Z) [1]
and to elucidate important nucleosynthesis processes [2],
most notably the rapid neutron-capture process (r-process)
[3,4]. Furthermore, reactions induced by neutron-rich nuclei
can provide information on the isospin dependence of the
effective nucleon-nucleon interaction and, thus, shed light on
the equation of state [5—8] of asymmertic nuclear matter, which
is an important ingredient of the physics of supernovas [9] and
neutron stars [10,11].

For the aforementioned reasons, the efficient production of
very neutron-rich nuclides is a central issue in current and
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future rare isotope beam facilities (see, e.g., Refs. [12-19])
and, in parallel, the search for new production approaches
is of great importance. Neutron-rich nuclides are produced
by spallation, fission, and projectile fragmentation [20].
Spallation is an important mechanism to produce rare isotopes
for isotope separator on-line (ISOL)-type techniques [21].
Projectile fission has proved to be a prolific production
approach mainly in the region of light and heavy fission
fragments (see, e.g., Ref. [22] for recent efforts on 23¥U
projectile fission). Finally, projectile fragmentation offers a
very successful approach to produce a broad range of exotic
nuclei at beam energies above 100 MeV /nucleon (see, e.g.,
Refs. [23,24] 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 stripping, it may be necessary to capture
neutrons from the target. Such a possibility is offered by
reactions of nucleon exchange that prevail at beam energies
from the Coulomb barrier [25,26] to the Fermi energy (20—
40 MeV /nucleon) [27-30]. Detailed experimental data in this
broad energy range are scarce at present, mostly due to the
complex procedure of identification and separation [26,31,32]
caused, primarily, by the wide charge state distribution of the
reaction products. In multinucleon transfer and deep-inelastic
reactions near the Coulomb barrier [26], the low velocities

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevC.84.064607

G. A. SOULIOTIS et al.

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 [33] offer the opportunity to 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 energy, 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 %°Kr on *Ni [29] and
1245 [30] indicated substantial production of neutron-rich
fragments. The production mechanism was described by a
deep-inelastic transfer model [34,35]. At this energy, neutron-
rich fragments with up to four to five neutrons picked up from
the target (along with the usual proton-removal fragments)
were observed, demonstrating the important role of the target
in the production mechanism.

After establishing that peripheral nucleon exchange can
be adequately modeled via a deep-inelastic transfer approach
[35], we proceeded to describe the literature data at low
energies (near and above the Coulomb barrier) within the
same deep-inelastic transfer framework [36]. We concluded
that at these low energies, mainly due to longer interaction
times, exchange of nucleons may take place in a very
peripheral fashion, involving extended profiles of the reaction
partners (forming a necklike structure during their interaction).
This work also indicated the complete lack of production
cross-section data at energies between the low-energy regime
and the lower side of the Fermi energy range, i.e., near
25 MeV /nucleon.

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 [15,18,37] at this energy range or
reaccelerated rare isotope beams [14,15,18,19], we undertook
experimental studies at 15 MeV /nucleon and those studies are
presented in this article. We believe that a clear understanding
of the reaction mechanisms at this energy range and a
reliable model framework for the production cross sections
will allow us to select the proper separator configuration
(see, e.g., Refs. [38—40]) and the optimum projectile/target
combinations (as well as the appropriate target thickness) for
efficient production and collection of very neutron-rich exotic
nuclei.

This article presents mass spectrometric measurements of
production cross sections of neutron-rich projectile fragments
from the reactions of a 15 MeV/nucleon 3¢Kr beam with
64.38Ni and '241128n targets and comparisons with our earlier
data at 25 MeV /nucleon. The article is organized as follows:
In Sec. II a detailed description of the experimental setup, the
measurements, and the data analysis are given. In Sec. III,
the procedure to obtain total production cross sections from
the measured data is presented. In Sec. IV, the results
on isotope distributions with emphasis on the neutron-rich
nuclides are discussed. Finally, in Sec. V, a summary and
conclusions are given.
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II. EXPERIMENTAL METHOD AND DATA ANALYSIS

The present study was performed at the Cyclotron Institute
of Texas A&M University following the experimental scheme
of our previous work [29-31]. A 15 MeV /nucleon 80Kr beam
from the K500 superconducting cyclotron, with a typical
current of 5 pnA (3.1 x 10'0 particles/s), interacted with
isotopically enriched targets of ®*Ni and >®Ni (with thickness
4 mg/cm?) and '?*Sn and '"2Sn (with thickness 2 mg/cm?).

The reaction products were analyzed with the momentum
achromat recoil separator (MARS) [41]. The experimental
setup is schematically shown in Fig. 1. The MARS optics
provides one intermediate dispersive image and a final achro-
matic image. The maximum angular acceptance is 9 msr and
the momentum acceptance is 4%. In the present measurements,
as in our previous work at 25 MeV /nucleon, the Wien filter
of the MARS was not used and the last section of the device
(after the dipole D3) was set at 0°. The primary beam hit
the target at an angle with respect to the optical axis of the
MARS (see below). The unreacted beam was collected on a
Faraday cup inside the target chamber. An Al foil (1 mg/cm?)
was positioned at the entrance of the spectrometer to reset to
equilibrium the ionic charge states of the reaction products.

To ensure uniform transmission of the fragments through
the MARS, the horizontal and vertical slits at the entrance of
the first quadrupole (Q1) were restricted to a2 x 2 cm window
(at adistance of 31.5 cm from the target). This window defined
a horizontal angular acceptance of A6 = 3.6° (£1.8°) and
similarly a vertical angular acceptance of A¢ = 3.6°, thus
allowing a solid angle of AQ2 = 4.0 msr. To cover a wide
angular range for the reactions studied, the experiment was
divided in two parts. In the first part, the primary beam struck
the target at an angle of 4.0° relative to the optical axis of the
spectrometer and, thus, fragments were accepted in the angular
range of 2.2°-5.8°. In the second part, the beam hit the target at
an angle of 7.4° and the fragments were collected in the angular
range of 5.6°-9.2°. In the following, we refer to the data taken
at these two experimental parts as the “4° data” and the “7°
data,” respectively. We consider the two horizontal angular
ranges as adjacent, ignoring the small overlap between them
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FIG. 1. (Color online) Schematic diagram of the MARS experi-
mental setup for rare isotope production. The main elements of the
MARS (“Q” for quadrupoles, “D” for dipoles) and the location of the
detectors are indicated (see text).
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(that is comparable to the accuracy of determination of the
geometrical parameters of the experimental setup). We verified
that full transmission of the ions through the spectrometer was
achieved using a Rutherford scattered beam of 3°Kron a '’ Au
target at both angular settings of the spectrometer (4° and 7°
settings).

The full angular range of 2.2°-9.2° corresponding to the
combined 4° and 7° data covers most of the angular distribution
of projectile fragments from the reactions with the Ni targets,
86Kr 4 438Nji, which have a grazing angle of 6.0° [42]. The
reactions with the Sn targets, S6Kr + 2112Sn, have a grazing
angle of 9.0° [42].

Thus, the angular range in which the data were obtained
lies inside the grazing angle of this system (where the yield of
near-projectile fragments is expected to be maximum).

Time of flight of the fragments was measured between two
PPACs (parallel plate avalanche counters) [43] positioned at
the dispersive image (PPAC1) and at the final image (PPAC2),
respectively, and separated by a distance of 13.2 m. Both
PPACs were also X-Y position sensitive and this information
was used to monitor the focusing and collection of the
fragments at the various magnetic rigidity settings of the
separator. In particular, the horizontal position of PPAC1 (at the
dispersive image), along with NMR measurements of the field
of the MARS s first dipole, was used to determine the magnetic
rigidity Bp of the particles. At the final achromatic image,
projectile fragments were collected in a large area (5 x 5 cm)
two-element (AE, E) Si detector telescope. The thicknesses
of the detectors were 70 and 1000 pm, respectively.

Thus, projectile fragments were characterized by event-
by-event measurements of energy loss AE (in the first Si
detector), residual energy E, (in the second Si detector),
time of flight, and magnetic rigidity. The response of the
spectrometer/detector system to ions of known atomic number
Z,mass number A, ionic charge ¢, and velocity was calibrated
using low-intensity primary beams of “°Ar and *Kr at
15 MeV /nucleon (and lower energies achieved with Al targets
of several thicknesses). These calibration beams were sent at
an angle of 0° with respect to the optical axis of the MARS.

To cover the N/Z and velocity range of the fragments, at
each part of the experiment, a series of measurements was
performed at overlapping magnetic rigidity settings in the
range 1.1-2.0 Tm. This magnetic rigidity range was adequate
to fully cover the velocity and ionic charge distributions of
fragments near the projectile.

The determination of the atomic number Z [44] was based
on the energy loss AE of the particles in the first Si detector
[45,46] and their velocity, with a resulting resolution (FWHM)
of 0.5 Z units for near-projectile fragments. The ionic charge
q of the particles after the Al stripper was obtained from the
total energy E, = AE + E,, the velocity v, and the magnetic
rigidity Bp according to the expression

3.107 E
T By (D
931.5 Bp(y — 1)
where E is in MeV, Bp in Tm, 8 = v/c, and y = 1/(1 —
52)%. The resulting ionic charge ¢ had a resolution of 0.4 units

(FWHM). Since the ionic charge must be an integer, we
assigned integer values of g for each event by setting windows

q
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(Ag = 0.4) on each peak of the g spectrum at each magnetic
rigidity setting of the spectrometer. Using the magnetic rigidity
and velocity measurements, the mass-to-charge A/g ratio of
each ion was calculated from the expression

Bp

= 31078y @

Alg
Combining the ionic charge ¢ determination with the A/q
measurement, the mass number A was obtained as

A = gine X Alg 3)

(qine 1s the integer ionic charge determined as described
above) with an overall resolution (FWHM) of about 0.6 A
units. The reconstruction of the Z, ¢, and A and the gating
procedure (windows of 0.5 and 0.4 units in the Z and ¢
peaks, respectively) were applied to the calibration beam
data to ensure the reproduction of the expected Z, g, and
A values and the elimination of spurious yield contributions
from neighboring Z and ¢ values.

Combination and appropriate normalization of the data
(with the aid of the measured beam current) at the various mag-
netic rigidity settings of the spectrometer provided fragment
distributions with respect to Z, A, g, and velocity. Correction
of missing yields caused by resetting to equilibrium (and, thus,
changing) each charge state passing through PPACI1 (at the
dispersive image) was performed based on the equilibrium
charge state parametrizations of Leon et al. [47]. The isotope
distributions were subsequently summed over all values of g
and scaled with respect to beam current, target thickness, and
solid angle (A2 = 4.0 msr) for each of the two angle settings
of the spectrometer. Thus, the resulting fragment distributions
in Z, A, and velocity represent the differential cross sections
measured at the two angle intervals (2.2°-5.8° for the 4° data
and 5.6°-9.2° for the 7° data) in the magnetic rigidity range
Bp =1.1-2.0 Tm.

Summing over velocity provided distributions with respect
to Z and A. Furthermore, for each fragment, the two differen-
tial cross sections were scaled by the corresponding azimuthal
factors (a factor of 7 for the 4° data and a factor of 13 for the 7°
data) and summed to provide the intergrated cross section at the
full angular range (2.2°-9.2°) covered in the measurements.

III. FRAGMENT MASS DISTRIBUTIONS AND TOTAL
PRODUCTION CROSS SECTIONS

In Figs. 2 and 3, the fragment differential cross sections as
a function of mass at 4° and 7° are shown by the diamond and
triangle points, respectively.

For the 8 Kr + ®Ni reaction having a grazing angle of 6y, =
6.0°, the differential cross sections at the 4° setting are larger
than those at the 7° setting. This is to be expected, since the
peak of the production cross section lies in the angle interval
just inside the grazing angle [33]. For the 3Kr + >*Snreaction
(Ogr = 9.0°), the differential cross sections for near-projectile
fragments obtained at the 7° setting are larger than those at the
4° setting, since now the 7° angle interval lies just inside the
grazing angle of this system. The integrated cross sections in
the full angle interval 2.2°-9.2° (obtained from the measured
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FIG. 2. (Color online) Mass distributions of projectilelike frag-
ments from the reaction of %Kr (15 MeV/nucleon) with ®Ni. The
vertical dashed line indicates the mass of the projectile. Diamonds:
Measured differential cross sections (mb/msr) at 4°. Triangles:
Measured differential cross sections at 7°. Solid circles: Cross
sections (mb) from the combined data at 4° and 7°. Open circles:
Total cross sections (mb), (i.e., measured cross sections corrected for
the acceptance of the measurements with the MARS). Solid lines:
DIT/GEMINI calculations. Dashed lines: CoMD/GEMINI calculations.
For each model calculation, thick lines represent total cross sections
and thin lines are cross sections filtered by the acceptance of the
experimental setup (see text).

differential cross sections as explained above) are shown by
the solid circles in Figs. 2 and 3.

While a broad part of the angular distributions of near-
projectile fragments is covered in the present measurements,
the integrated cross sections shown in Figs. 2 and 3 are, of
course, not total production cross sections. To establish what
fraction of the distributions was covered in the measurements
(and use this information to obtain total production cross
sections), we had to resort to reaction simulations employing
appropriate models.

The calculations performed in this work are based on
a two-stage Monte Carlo approach. The dynamical stage
of the collisions was described by two different models:
First, we used the phenomenological deep-inelastic transfer
(DIT) model [34] simulating stochastic nucleon exchange
in peripheral and semiperipheral collisions. This model has
been successful in describing the N/Z, excitation energy,
and kinematic properties of excited quasiprojectiles in a
number of recent studies [27-30,35,36]. We also employed
the microscopic constrained molecular dynamics (CoMD)
model [48,49] successfully used in studies from low energies
to the Fermi energy regime [48,50,51]. This code, following
the general approach of the quantum molecular dynamics
(QMD) models [52], implements an effective nucleon-nucleon
interaction with a nuclear-matter compressibility of K = 200
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FIG. 3. (Color online) Mass distributions of projectilelike frag-
ments from the reaction of 8Kr (15 MeV /nucleon) with '*Sn. The
meanings of the points and lines are as in Fig. 2.

(soft EOS) and several forms of the density dependence of the
nucleon-nucleon symmetry potential. Moreover, it imposes a
phase space constraint to restore the Pauli principle during
the collision. Our recent studies at 25 MeV /nucleon [50] are
consistent with a rather stiff density dependence of the symme-
try energy (more precisely, a symmetry potential proportional
to density), in good agreement with other studies [51]. In
the present CoMD calculations, the dynamical evolution
of the system was stopped at + = 300 fm/c. After the dy-
namical stage as simulated by DIT or CoMD, the deexcitation
stage of the reaction was described by the statistical code
GEMINI [53,54]. This deexcitation code employs Monte Carlo
techniques and the Hauser-Feshbach formalism to calculate
the probabilities for fragment emission with Z < 2. Heavier
fragment emission probabilities are calculated via a transition
state formalism.

We wish to point out that our recent work employing
the codes DIT/GEMINI and CoMD/GEMINI [50] provided a
rather reasonable description of the production cross sec-
tions and velocity distributions of near-projectile residues
at 25 MeV/nucleon. We thus applied these model frame-
works with some confidence in the present reactions at
15 MeV /nucleon. In Figs. 2 and 3, the total production cross
sections as a function of mass, as predicted by DIT/GEMINI, are
given by the thick solid lines for the 3Kr + %Ni and %Kr +
124Sn reactions, respectively. Similarly, the CoMD/GEMINI
results are shown by thick dashed lines. Subsequently, both
calculations were filtered for the angular acceptance A6 =
2.2°-9.2° and magnetic rigidity Bp = 1.1-2.0 Tm covered by
the experiment and the results are given by the thin full line
for the DIT/GEMINI calculation and the thin dashed line for
the CoMD/GEMINI calculation. We observe that for fragments
very close to the projectile, the filtered DIT/GEMINI calculation
seems to describe the data better than the CoMD/GEMINI

064607-4



APPROACHING NEUTRON-RICH NUCLEI TOWARD THE . ..

calculation. Nonetheless, the CoMD/GEMINI simulation (thin
dashed lines) appears to better describe the “transprojectile”
residues (with A > 86, resulting from picking up of protons
and neutrons from the target).

We used the ratio of the filtered to the unfiltered yields to
obtain an estimate of the fraction of the total cross section
for each fragment that was covered in our measurements. We
point out that this ratio depends on both the A and the Z
of the fragments. We can easily estimate this ratio for each
mass from the displacement of the thick lines relative to the
thin lines in Figs. 2 and 3. For the subsequent discussion, and
to avoid dependence on the details of the models used in our
simulations, we considered this ratio to be 0.5 for the fragments
of interest from both reactions. Thus the measured integrated
cross sections were further multiplied by a factor of 2.0 to
provide the total production cross sections for each fragment.
We estimate that the uncertainty in the total production cross
sections obtained with the above procedure is approximately
a factor of 2. We also note that the error bars presented in the
following results are only statistical.
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FIG. 4. (Color online) Mass distributions of elements Z = 35-30
from the reactions of **Kr (15 MeV /nucleon) with **Ni and ¥Ni. The
data are shown by solid circles for ®Kr + *Ni and open circles for
86Kr 4 3Ni.
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IV. RESULTS ON NEUTRON-RICH RARE
ISOTOPE PRODUCTION

In Figs. 4 and 5, we present the extracted production cross
sections for each isotope of the elements Z = 35-30 from
the reactions of %*Kr (15 MeV/nucleon) with **Ni and *®Ni,
and also for the reactions of %Kr (15 MeV /nucleon) with
124Sn and ''?Sn, respectively. Solid circles correspond to the
reactions with the neutron-rich targets and open circles to
those of the neutron-deficient targets. We wish to point out
that the cross sections presented in this section result from
the combination of the 4° data and the 7° data (as mentioned
in the previous section) multiplied furthermore by the overall
factor of 2 to correct for the limited angular range of the
experimental measurement. We observe that for fragments
close to the projectile (e.g., Z = 35 and 34) neutron pickup
products are present with up to six neutrons picked up from the
target. As expected, the yields of fragments from the reactions
with the neutron-rich targets are, in general, larger relative to
those from the reactions with the neutron-poor targets [30].

(15 MeV /nucleon) *Kr + 241128
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FIG. 5. (Color online) Mass distributions of elements Z = 35-30
from the reactions of *Kr (15 MeV /nucleon) with '**Sn and ''?Sn.
The data are shown by solid circles for 3Kr + '>*Sn and open circles
for 8Kr + '12Sn.
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FIG. 6. (Color online) Mass distributions of elements Z = 36-39
from the reactions of *Kr (15 MeV /nucleon) with ®*Ni and ¥Ni. The
data are shown by solid circles for 8Kr + *Ni and open circles for
86KI. + 58Ni.

In Fig. 6, the production cross sections of the isotopes
with Z = 36-39 from the reaction of 3°Kr (15 MeV /nucleon)
with ®8Ni are presented. We note that the Kr isotopes
(Z = 36) include products with up to seven neutrons picked
up from the target. It is interesting to observe the production
of multinucleon transfer products with several protons and
neutrons picked up from the target at this energy. Similar
behavior has been observed for the transprojectile residues
from the reaction of ¥Kr (15 MeV /nucleon) with '2#112Sn. As
hinted by Figs. 2 and 3, the CoMD/GEMINI simulation appears
to describe to some extent the isobaric yield distributions of
these products, whereas the DIT/GEMINI simulation is not
able to do so. Understanding the details of the production
mechanism of these transprojectile isotopes is important for
the application of such reactions in the production of very
neutron-rich isotopes of heavy elements [39,40] and will be the
subject of future experimental and theoretical work. Moreover,
efforts on the systematic investigation of the production,
especially of the neutron-rich products employing the model
frameworks mentioned above, are currently ongoing.

In Fig. 7, we present a comparison of the present data (solid
circles) of 8Kr (15 MeV /nucleon) + *Ni with our previous
work [29] on the same reaction at 25 MeV /nucleon (solid
diamonds). In this figure we also show the cross sections
that correspond to high-energy projectile fragmentation of
8Kr on ®Ni as predicted by the empirical parametrization
EPAX [55]. We remind the reader that, in high-energy
fragmentation, nucleon-pickup products are not produced or,
at best, are highly suppressed compared to lower energy pe-
ripheral collisions. Interestingly, we observe that the reaction
at 15 MeV /nucleon results in much larger cross sections for
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8(>‘Kr + (i4Ni

Cross Section (mb)
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FIG. 7. (Color online) Comparisons of mass distributions of
elements Z = 35-30 from the reaction of *Kr with *Ni at
15 MeV /nucleon of this work (circles) with those of our previous
work [29] at 25 MeV /nucleon (diamonds). The dotted lines are the
EPAX expectations [55].

products very close to the projectile. As we see, for exam-
ple, 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 similar 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 production
of neutron-rich species may require a larger number of
nucleons exchanged between the projectile and the target and,
thus, these products possibly result from quasiprojectiles at
nearly similar excitation energies, ending up with comparable
cross sections at the two energies.
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FIG. 8. (Color online) Comparisons of mass distributions of
elements Z = 35-30 from the reaction of %6Kr with '**Sn at
15 MeV /nucleon of this work (circles) with those of our previous
work [29] at 25 MeV /nucleon (diamonds). The dotted lines are the
EPAX expectations [55].

We also observe (Fig. 7) that for fragments further from the
projectile, for example, As (Z = 33) and below, the production
cross sections at the peaks of the distributions 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 quasipro-
jectiles obtained at 15 MeV/nucleon relative to those at
25 MeV /nucleon. The result is preferential neutron evapo-
ration 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 g stability at the latter energy.

Similar observations pertain to the comparison of the
15 MeV/nucleon %0Kr + '?*Sn data to our earlier work on
the same reaction at 25 MeV /nucleon [30], as presented
in Fig. 8 (circles and diamonds, respectively). However, we
note that the 25 MeV /nucleon data [30] do not contain the
most neutron-rich products close to the projectile. Also, for
fragments further from the projectile (e.g., Z = 33 and 32)
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FIG. 9. (Color online) Representation of the production
cross sections of projectile fragments from the reaction 3Kr
(15 MeV /nucleon) 4+ %Ni on the Z-N plane. The cross-section ranges
are shown by open circles according to the key. The solid squares
show the stable isotopes. The solid line shows the astrophysical
r-process path and the dashed line shows the location of the neutron
drip-line [56]. The horizontal and vertical dashed lines indicate,
respectively, the proton and neutron number of the 8 Kr projectile.

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 quasiprojectiles that lead
to the observed projectilelike fragments may be similar at the
two energies.

A comprehensive presentation of the production cross sec-
tions of the projectilelike fragments from the 15 MeV /nucleon
reactions %°Kr + ®*Ni and %Kr+ '**Sn on the Z vs N
plane is given in Figs. 9 and 10. In these figures, stable
isotopes are represented by solid 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 solid line indicates the expected path of
the astrophysical rapid neutron-capture process (r-process),
as calculated in Ref. [56]. In these figures we observe that
the neutron pickup products from the 8Kr 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 thickness)
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 production cross section of neutron-rich nuclides and,
especially, the multineutron pickup possibility can render these
reactions a promising route to produce extremely neutron-rich
nuclides near and potentially beyond the r-process path. We
remind that neutron pickup cross sections are also large
in the case of multinucleon transfer reactions close to the
Coulomb barrier [26]. However, these reactions have very wide
angular, velocity, and ionic charge distributions, in addition
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FIG. 10. (Color online) Representation of the production
cross sections of projectile fragments from the reaction *Kr
(15 MeV/nucleon) + '?*Sn on the Z-N plane. The cross-section
ranges are shown by open circles according to the key. The
solid squares show the stable isotopes. The solid line shows the
astrophysical r-process path and the dashed line shows the location
of the neutron drip-line [56]. The horizontal and vertical dashed lines
indicate, respectively, the proton and neutron number of the *Kr
projectile.

to the necessity of rather thin targets (around 1 mg/cm?).
At this higher energy, however, inverse kinematic reactions
have angular and ionic charge state distributions that can be
efficiently collected using a large acceptance spectrometer
[38,39]. Also the energy is high enough to allow thicker targets
(1020 mg/cm?). Using the present cross sections, we can
make estimates of rare isotope production rates from intense
beams at this energy that will become available at several
facilities (e.g., Refs. [15,18]). As examples, we present in
Table I the cross sections and production rates for the most
neutron-rich nuclides from Kr (Z = 36) to Ge (Z = 32). The
cross sections of this work are given in the third column. The
last column of the table gives the expected rates calculated
using the present cross sections and assuming a beam of
500 pnA 3°Kr at 15 MeV /nucleon striking a 20 mg/cm? %*Ni
target. Such yields of very neutron-rich isotopes will enable
a variety of nuclear structure and nuclear reaction studies at
this energy.

Finally, another promising possibility is the use of such
reactions as a second stage in two-stage rare isotope production
schemes. For example, a beam of *>Kr from an ISOL facility
can be accelerated at 15 MeV /nucleon and subsequently
strike a %*Ni target to produce very neutron-rich nuclides
that may be separated and studied in flight. To estimate the
rates of such reaction products, 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 nuclei at this energy, which is one of the
goals of upcoming work.
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TABLE I. Cross sections and rate estimates (last column) of very
neutron-rich isotopes from the reaction %Kr (15 MeV/nucleon) +
%Ni. For the rates, the cross-section data of this work are used, and a
primary beam of ¥ Kr with intensity 500 pnA (3.1 x 10'? particles/s)
is assumed to interact with a *Ni target of 20 mg/cm? thickness (see
text).

Rare Reaction Cross Rate (s71)
isotope channel section

POKr —0p +4n 2.7 mb 1.6 x 10°
Kr —0p + 5n 0.21 mb 1.3 x 10°
2Kr —0p +6n 20 ub 1.2 x 10*
SKr —0p+7n 1.1 ub 7 x 107
87Br —1p+2n 8.0 mb 4.8 x 10°
8By —1p+3n 0.59 mb 3.5 x 10
8Br —1p+4n 0.13 mb 7.8 x 10*
OBr —1p+5n 5.4 ub 3.2 x 10°
1Br —1p+6n 1.0 ub 6 x 107
84Se —2p+0n 5.3 mb 3.2 x 108
88e —2p+1n 4.2mb 2.5 x 10°
86Se —2p+2n 0.71 mb 42 % 10°
87Se —2p+3n 60 ub 3.6 x 10*
88Se —2p+4n 4.4 ub 2.6 x 10°
8As —3p+0n 0.36 mb 2.2 x 10°
84As —3p+1n 88 ub 5.3 x 10*
85As —3p+2n 17 ub 1.0 x 10*
86 As —3p+3n 3.4 ub 2.0 x 10°
8 As —3p+4n 0.2 ub 1.2 x 10?
82Ge —4p +0n 7.4 ub 4.4 x 103
8Ge —4p+1n 3.2 ub 1.9 x 10°
8Ge —4p +2n 0.3 ub 1.8 x 10?

V. SUMMARY AND CONCLUSIONS

In summary, the present work described the mass spectro-
metric measurements of the production cross sections of pro-
jectilelike fragments from the reactions of 15 MeV /nucleon
8Kr with ®8Ni and '>*!'2Sn. The measurements were
performed in a wide angular range near the grazing angle
of the systems. Special emphasis was given to the neutron-
rich isotopes. Along with the usual proton-removal products,
neutron pickup isotopes (with up to six or seven neutrons
picked up from the target) were observed with large cross
sections. Calculations involving the DIT model as well as the
microscopic CoMD model for the primary interaction stage
combined with the deexcitation code GEMINI were employed
to describe the isobaric distributions of the fragments. The
present experimental results were also compared to our pre-
vious data of the same reactions at 25 MeV /nucleon [29,30].
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 sections may be associated with very peripheral
collisions and long interaction times of the neutron-rich 3¢Kr
projectile with the neutron-rich targets. Such reactions well
above the Coulomb barrier, but below the Fermi energy,
involving peripheral nucleon exchange, offer a new approach
to access extremely neutron-rich rare isotopes toward the
r-process path and, potentially, the neutron drip-line.
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