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Nucleon-transfer reactions

● Selectivity of final channel
Few units of angular momentum transferred
Provide spectroscopic information 
(single-particle structure)

● Methods:
Coupled channels, DWBA, CDCC...

See talk by B. Fornal (EURORIB 2018)
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Deep-inelastic reactions

● Access to nuclei otherwise difficult
to produce directly

● High angular momentum transfer
● Statistical methods

See talk by B. Fornal (EURORIB 2018)
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Formation of light exotic nuclei in low-energy multinucleon transfer reactions
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Low-energy multinucleon transfer reactions are shown to comprise a very effective tool for the production and
spectroscopic study of light exotic nuclei. The corresponding cross sections are found to be significantly larger as
compared with high-energy fragmentation reactions. Several optimal reactions for the production of extremely
neutron-rich isotopes of elements with Z = 6–14 are proposed.

DOI: 10.1103/PhysRevC.89.054608 PACS number(s): 25.70.Hi

I. MOTIVATION

Multinucleon transfer reactions occurring in low-energy
collisions of heavy ions are currently considered to comprise
the most promising method for the production of new heavy
(and superheavy) neutron-rich nuclei, unobtainable by other
reaction mechanisms. These reactions can be used for the
production of both new neutron-rich isotopes of transfermium
elements (where only proton-rich nuclei located on the left
side from the stability line have been synthesized so far) and
new neutron-rich nuclei located along the closed neutron shell
N = 126 [1] (area of the nuclear map having the largest impact
on the r process of astrophysical nucleosynthesis). Cross
sections of these reactions are predicted to be rather large,
making it possible to perform the corresponding experiments
at available accelerators. The only problem here is the sepa-
ration of heavy transfer reaction fragments, although proper
separators are being designed and manufactured now in several
laboratories.

On the contrary, fission reactions and high-energy frag-
mentation processes are successfully used for the production
of neutron-rich medium-mass and light exotic nuclei, corre-
spondingly. Great progress here was done lately and dozens of
new nuclei have been discovered, mainly at the laboratories of
NSCL MSU [2], RIKEN [3], and GSI [4].

The disadvantage in producing light exotic nuclei in
fragmentation reactions relies mainly on the fact that in this
case one uses beams of relatively heavy species, which are
rather expensive if one wants to produce them with high
intensity. Second, the cross section for production of exotic
nuclei in fragmentation processes drops down very fast when
moving away from the stability line, as shown, for example,
in Fig. 1.

One of the main objectives in the production of exotic nuclei
is their spectroscopic study. In particular, γ spectroscopic stud-
ies exploiting deep-inelastic heavy-ion reactions look quite
promising [6]. Such reactions have been used successfully to
study the yrast structure of hard-to-reach, neutron-rich nuclei
in the vicinity of 36S [7,8], 48Ca [9,10], 64Ni [11,12], 76Ge
[13], 82Se [14], 124Sn [15], 208Pb [16,17], and 232Th [18].
It was done by employing a thick-target γ -γ coincidence
technique with large germanium detector arrays: In such cases,
the resolving power of the arrays has proven sufficient to

extract detailed information from coincidence data sets with
large statistics, even for weak reaction channels. Alternatively,
a thin-target γ -reaction product coincidence method was
used, with the γ array coupled to magnetic spectrometer
that provides full isotopic identification of reaction fragments,
e.g., CLARA/AGATA + PRISMA [19–23] and EXOGAM +
VAMOS [24–26].

In view of that, one might expect that low-energy mult-
inucleon transfer reactions may also serve as a tool for the
production and investigation of very light exotic nuclei, a
method that has not been applied so far. The idea would be
to use a light and neutron-rich beam on a heavy target. The
combination of a large acceptance magnetic spectrometer with
a high efficiency and high-resolution multidetector array for γ
spectroscopy would be a key instrument in such study.

Unfortunately, there is almost no (or very fragmentary)
experimental information on the production cross sections
of light reaction fragments formed in multinucleon transfer
processes induced by light ions on medium-mass or heavy
targets. Also, there is no appropriate theoretical model (ad-
justed for a description of such reactions) which could be
used for accurate predictions of these cross sections. The
well-known GRAZING code [27] describes properly only few
neutron transfer channels, but it strongly underestimates the
channels with proton transfers (see below).

In this paper we use the model based on the Langevin-type
equation of motions [28,29] for the description of multinucleon
transfer reactions with light heavy ions (A ∼ 20) and for the
prediction of the corresponding cross sections. This model has
been developed originally for the analysis of deep-inelastic
scattering and fusion-fission reactions occurring in collisions
between heavy ions and it describes well these processes.
However, it has never been applied for the description of
collisions induced by light ions. Therefore, as the first step, we
analyzed within the presented model available (not numerous)
experimental data on light ion collisions and we showed
that the model works reasonably well. Then, we considered
low-energy multinucleon transfer reactions for several light
ions as projectiles scattered on a uranium target. The calculated
cross sections for the production of light exotic nuclei in
these reactions have been compared with those observed in
high-energy fragmentation processes.
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to multinucleon transfer processes in collisions induced by
relatively light heavy ions on heavy targets.

A very similar experiment on damped collisions of 19F with
89Y was performed at 140 MeV beam energy [50]. Angular,
energy, and charge distributions of PLFs have been measured.
Experimental data as well as the results of our calculations
are shown in Fig. 3. Agreement is about the same as for the
previous reaction. Note that beside the dominating yields of
PLFs at forward angles (θgr

laboratory ∼ 24o for this reaction) there
is a noticeable component with a wide (almost symmetric)
angular distribution which is well reproduced by the model.
These (rather rare) events of PLFs scattering to backward
angles correspond to the trajectories with intermediate impact
parameters 0 < b < bgr when colliding nuclei are captured
in the potential pocket and rotate but finally (owing to
fluctuations) avoid fusion. In the bottom panel of Fig. 3 the
calculated isotopic yields of PLFs are shown integrated over all
angles. As can be seen, the cross sections for the production of
light exotic nuclei in the considered reactions are rather high.

FIG. 4. (Color online) (a) Energy spectrum (linear scale) of 12C
produced in the reaction 14N + 159Tb at Elaboratory = 92 MeV. The
hatched area shows experimental data [51] and the histogram
demonstrates the result of calculation (the histograms are equalized
in vertical scale because an absolute normalization was not made in
the experiment). (b) Isotopic distributions of projectilelike elements
formed in collisions of 14N with 159Tb at Elaboratory = 115 MeV and
θlaboratory = 30o. Solid lines show theoretical estimations. Experimen-
tal data (squares and circles connected by dashed lines for Z = 3–7)
are taken from Ref. [52].

In Refs. [51,52], a complete experimental study of the
mechanisms of PLF production has been made for low-energy
collisions of 14N with 159Tb. Coincident detection of K
x rays of targetlike fragments clearly demonstrates that at
low collision energies the binary transfer reactions, which
bring a dominant contribution to the yields of PLF heavier
than lithium, dominate. The measured energy distributions
of PLFs [51] demonstrate a typical damped mechanism of
their formation with large dissipation of kinetic energy (see
the top panel of Fig. 4). This can be the reason that the model
based on the Langevin-type equations of motion still describes
quite satisfactory multinucleon transfer processes in reaction
with such light projectiles. In the bottom panel of Fig. 4,
experimental [52] and theoretical differential cross sections are
shown for the production of PLFs in the reaction 14N + 159Tb
at beam energy Elaboratory = 115 MeV and θlaboratory = 30o.
Agreement between the results of theoretical calculations and
experimental data is not so bad if one ignores the yields of
very light fragments.

IV. PRODUCTION OF LIGHT EXOTIC NUCLEI IN
LOW-ENERGY COLLISIONS OF HEAVY IONS

Keeping in mind that the model described in Sec. II
reproduces quite satisfactorily the yields of PLFs formed
in low-energy binary collisions of relatively light ions with
medium-mass and heavy targets, we tried to predict the

FIG. 5. (Color online) Charge (a) and isotopic (b) distributions
of PLFs in collisions of 18O with 238U at Ec.m. = 125 MeV.
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Fig. 2. (Color online) Kinetic energy distributions for all identified reaction products obtained from a high-intensity 8.5 MeV/A 18O8+ beam impinging on 1 mg/cm2 thick 
238U target. The gray boxes represent the stable nuclei, the yellow one is for the beam and white boxes indicate the radioactive nuclei. Red dots represent the experimental 
reaction cross sections dσ /dE obtained within the LISE acceptance (! 1 degree), compared with the theoretical calculations – NNCLE coupled with the NRV model (dotted 
green lines) [16 ,17 ], DIT model coupled with Gemini++ (continuous blue lines) [18,19 ] (see text). The nuclei adjacent to the orange line on the left have the N/Z ratio 
similar to the 18O + 238U system. The major part of the uncertainty arises from the statistical error of each of the points of the momentum distribution, while the error 
in the momentum acceptance and the angular acceptance of the spectrometer are ≪ 1% and ≈10%, respectively. The 10% uncertainty in the thickness of the 238U and 12C 
targets was also taken in account.

Fig. 3. (Color online) Comparison between the data (red) and the results of calcula-
tions for selected nuclei. The calculated dσ /d" cross sections as a function of angle 
are given in green for the NNCLE + NRV model and in blue for DIT + Gemini++
approach (see text for details).

by integrating the KE distributions of Fig. 2. The results are sum-
marized in Table 1.

Prior to this study, very limited experimental information was 
available in the literature on the production cross sections for frag-
ments formed in DIC processes induced by light-heavy ions (with 
A = 10–24) on medium-mass or heavy targets [10–13]. Neverthe-
less, an extended experimental study of the mechanisms of PLF 
production for low-energy collisions of 14N on 159 Tb is reported 
in Refs. [10,11], indicating that, at low collision energies, a domi-
nant contribution to the yields of PLF heavier than Li is originating 
from DIC. Indeed, the measured energy distributions of PLFs for 
that system demonstrate the typical damped mechanism of their 
formation associated with large dissipation of KE (see the upper 
panel of Fig. 4 in Ref. [10]). These data were successfully repro-
duced by the model of Zagrebaev and Greiner [14] which is based 
on Langevin-type equations of motion. The agreement between 
data and calculations can be viewed as support for the validity 
of this approach for the description of DIC induced by light heavy 
ions.

The experimental results presented here were interpreted on 
the basis of two different models of DIC, while also taking into 
account fragment evaporation from the binary collision products: i)
the recently developed model of Nucleus–Nucleus Collisions based on 
Langevin Equations (NNCLE) [16 ], coupled with the NRV statistical 
code for the description of particle evaporation [17 ], and ii) the 
Deep Inelastic Transport model (DIT) [18], coupled to the Gemini++
statistical evaporation code [19 ].
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Modeling near-barrier collisions of heavy ions based on a Langevin-type approach

A. V. Karpov* and V. V. Saiko
Flerov Laboratory of Nuclear Reactions, JINR, 141980 Dubna, Russia

and Dubna State University, 141982 Dubna, Russia
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Background: Multinucleon transfer in low-energy nucleus-nucleus collisions is proposed as a method of
production of yet-unknown neutron-rich nuclei hardly reachable by other methods.
Purpose: Modeling of dynamics of nuclear reactions induced by heavy ions in their full complexity of competing
reaction channels remains to be a challenging task. The work is aimed at development of such a model and its
application to the analysis of multinucleon transfer in deep inelastic collisions of heavy ions leading, in particular,
to formation of neutron-rich isotopes in the vicinity of the N = 126 shell closure.
Method: Multidimensional dynamical model of nucleus-nucleus collisions based on the Langevin equations
has been proposed. It is combined with a statistical model for simulation of de-excitation of primary reaction
fragments. The model provides a continuous description of the system evolution starting from the well-separated
target and projectile in the entrance channel of the reaction up to the formation of final reaction products.
Results: A rather complete set of experimental data available for reactions 136Xe + 198Pt,208Pb,209Bi was analyzed
within the developed model. The model parameters have been determined. The calculated energy, mass, charge,
and angular distributions of reaction products, their various correlations as well as cross sections for production
of specific isotopes agree well with the data. On this basis, optimal experimental conditions for synthesizing the
neutron-rich nuclei in the vicinity of the N = 126 shell were formulated and the corresponding cross sections
were predicted.
Conclusions: The production yields of neutron-rich nuclei with N = 126 weakly depend on the incident energy.
At the same time, the corresponding angular distributions are strongly energy dependent. They are peaked at
grazing angles for larger energies and extend up to the forward angles at low near-barrier collision energies. The
corresponding cross sections exceed 100 nb for the nuclei located at the border of the known region, which is
nearly five orders of magnitude larger than can be reached in the fragmentation reactions.

DOI: 10.1103/PhysRevC.96.024618

I. MOTIVATION

Production and study of neutron-rich nuclei remains one of
the main trends in nuclear physics. A number of facilities work
on this subject in the world. One of the main interests here is
detailed understanding of the astrophysical r process which
proceeds via neutron-rich nuclei far away from the β-stability
line. Such nuclei located in the vicinity of the closed neutron
shells form the so-called r-process waiting points. Knowing
the properties of these nuclides plays a key role in modeling
of the r process.

One of the least explored neutron-rich regions of the nuclear
chart is that close to the N = 126 shell closure. It is due to
the low values of the fragmentation cross sections–the only
method of production of neutron-rich nuclei in this area used so
far. During the last decade three to four new nuclides have been
added to each of the isotonic chains in the vicinity of N = 126
by 238U and 208Pb fragmentation. The most neutron-enriched
nucleus with N = 126 known at present, 202Os, was produced
[1,2] with the cross section 4.4 ± 2.0 pb [2]. Moreover, only
the lower limit of the 202Os half-life was determined. Since the
fragmentation cross sections decrease rapidly with each step in
the direction on neutron excess, alternative efficient methods
of production of these nuclei should be considered.

*karpov@jinr.ru

Multinucleon transfer in the processes of deep inelastic
(DI) collisions of heavy ions at near-barrier energies has been
considered to be an appropriate method since the discovery
of this type of nuclear reactions in 1966 by Volkov and
collaborators [3]. A few years later, a number of light
neutron-rich nuclei were produced for the first time in DI
collisions of light ions with heavy targets (see, e.g., Ref. [4]
and references therein). An important feature of DI collisions
known as the ground-ground systematics has been revealed
already in the early years of study of the DI reactions. It
justified the decisive role played by the potential energy of a
heavy nuclear system in the dynamics of multinucleon transfer
reactions. The cross sections for production of light nuclei were
found to be exponentially dependent on the Q value for the
ground-state–to–ground-state transfer.

A recently renewed interest in the DI processes is caused,
in part, by a widely discussed possibility of synthesizing the
unknown neutron-rich isotopes of medium-mass, heavy, and
superheavy nuclei [5–10]. A number of experimental studies
have already been performed [11–15] aimed at the validation
of this idea and studying the peculiarities of the multinucleon
transfer reactions in this mass region.

A possibility of synthesis of yet-unknown neutron-rich
nuclides around the N = 126 neutron shell with quite large
cross sections was predicted in Refs. [8,9]. One of the proposed
projectile-target combinations is 136Xe + 208Pb. The Q values
for proton transfer from lead to xenon are quite small for

2469-9985/2017/96(2)/024618(23) 024618-1 ©2017 American Physical Society
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Cross sections and corresponding momentum distributions have been measured for the first time at zero 
degrees for the exotic nuclei obtained from a beam of 18O at 8.5 MeV/A impinging on a 1 mg/cm2 238U 
target. Sizable cross sections were found for the production of exotic species arising from the neutron 
transfer and proton removal from the projectile. Comparisons of experimental results with calculations 
based on deep-inelastic reaction models, taking into account the particle evaporation process, indicate 
that zero degree is a scattering angle at which the differential reaction cross section for production of 
exotic nuclei is at its maximum. This result is important in view of the new generation of zero degrees 
spectrometers under construction, such as the S3 separator at GANIL, for example.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Deep-inelastic processes [1] between complex nuclei were first 
observed in the 1960s [2], but it was not until the early 1970s that 
the importance of such reaction mechanisms was recognized by 
experimental groups and that theoretical concepts were developed 
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(e.g., [3–6,1]) for their description. These processes acquired the 
name deep-inelastic collisions, or damped collisions or multinucleon 
transfer reactions. Characteristic features of deep-inelastic collisions 
(DIC) include: formation of a dinuclear system which rotates al-
most rigidly, exchange of nucleons governed by N/Z equilibration, 
damping of the relative kinetic energy between the reaction part-
ners, transfer of relatively high angular momentum into the intrin-
sic spin of the reaction products, and, eventually, separation into 
two fragments. It has been known for a long time that projectile-
like fragments (PLF) arising from the transfer of a few nucleons 
to or from the target are associated with short interaction times -
they are emitted close to the grazing angle. In contrast, larger net 
nucleon transfers are associated with progressively longer interac-

https://doi.org/10.1016/j.physletb.2018.02.037
0370-2693/© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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Abstract: A model of stochastic transfers, using a Monte Carlo method and accounting for sequential 
evaporation, has been elaborated and applied to reactions in the Fermi energy range: between 27 
and 44 A. MeV. The results are compared to a large set of experimental data: energy spectra, 
correlations between projectile-like and target-like products, isotopic distributions and neutron 
multiplicities. Major features of these reactions are reproduced. Besides this agreement, a 
modification of the transfer mechanism is needed to incorporate pre-equilibrium emission. 

1. Introduction 

For several years peripheral heavy-ion reactions induced by projectiles with 
energies in the vicinity of the Fermi energy (typically from 15 to 40 A - MeV) have 
been analyzed in the framework of the fragmentation process or participant-spectator 
model lm3). Three main arguments lead to this kind of interpretation: 

(i) velocity spectra of projectile-like fragments detected at the grazing angle or 
at smaller angles are peaked at velocities close to that of the projectile. This 
observation has been taken as evidence for the low excitation energy stored in the 
fragments, 

(ii) the yield of fragments heavier than the projectile is suppressed and this has 
been considered as a signature for the disappearance of transfer mechanisms, and 

(iii) isotopic distributions for 40Ar projectiles were found similar to those obtained 
at higher bombarding energies, almost independent of the target. 

We state that the experimental findings listed above, are not strong indications 
either for the onset of a projectile fragmentation or for the disappearance of transfer 
mechanisms, well known in deep inelastic reactions at lower bombarding energies. 

Concerning argument (i), from velocity spectra one can try to extract Q-values 
assuming two-body kinematics. For example, in the case of the 34S nucleus produced 
in the reaction 40Ar + “Ni at 26.5 A . MeV [ref. 4)], one finds a value of Q = -125 MeV 
for the so-called “fragmentation peak”, which does not correspond to a really low 
excitation energy. The paradox originates from the fact that at fixed dissipated 
energy, the higher the incident velocity, the lower the relative shift of the fragment 
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● Selective, and

● Large angular momentum transfer

tively, from a study using the 160Gd(! ,3n) reaction by
Hjorth et al. "13#. In Ref. "14#, the 3/2!"521# band was ex-
tended up to spin 13/2! using inelastic neutron scattering
and in the same work an 11/2! state at 486 keV was ob-
served and interpreted as being based on the 11/2!"505#
neutron orbit.
To study this nucleus, both data sets obtained with the

158Gd and 160Gd targets have been used. As 161Dy is most
strongly populated via the t3n channel in the 7Li"160Gd
reaction $compare Fig. 6 in Ref. "7#%, a && matrix was sorted
from this experiment with the requirement of a triton being
detected in coincidence in the ISIS ball. The strongest con-
taminating channels in this matrix are the even neighbors
162Dy and 160Dy populated via the t2n and t4n channel,
respectively. In order to reduce these contaminations, matri-
ces in coincidence with high energetic deuterons obtained
from both data sets have been subtracted from the triton
gated matrix applying adequate normalization factors. Since
these matrices contain mainly & rays belonging to 162Dy and
160Dy "7#, the result of this procedure is a quite pure 161Dy
matrix.
This matrix was then used to extend considerably the ex-

citation scheme of this nucleus. The known rotational bands
based on the 5/2""642# , 5/2!"523# , and 3/2!"521# neutron
single-particle states were observed in the present work up to
spin 47/2", 49/2!, and 33/2!, respectively. To illustrate the

quality of the data, three coincidence spectra are shown in
Fig. 3. The coincidence spectra with gates on the 331- and
128-keV transitions in Figs. 3$a%and $b%illustrate the exten-
sions of the known 5/2!"523# and 3/2!"521# bands. The
states of both signatures of the 5/2!"523# band decay over a
wide spin range via E1 transitions to the 5/2""642# ground
state band. Moreover, a new band consisting of two se-
quences of E2 and strong interconnecting M1 transitions has
been identified in 161Dy, which is displayed in Fig. 3$c%.
Although no & rays connecting this new structure to the
known part of the level scheme were found, the band can be
unequivocally assigned to 161Dy on the basis of its observa-
tion and nonobservation under different particle conditions
$see above%. The most probable reason for the nonobserva-
tion of & rays from the decay of this band is an isomeric
character of the band head. Taking into account our coinci-
dence time window of about 70 ns, no coincidences between
populating and depopulating transitions are expected to be
observed for state lifetimes above a few hundred nanosec-
onds. Another possible explanation for the nonobservation of
& rays from the decay of this new band is that it decays
directly to the ground state or to one of the low-lying states,
e.g., the ones with excitation energies of 26 and 44 keV, the
decays of which are not observed in the present experiment.
In this case, however, the band should have been found al-
ready in the earlier studies concentrating on the low-spin part

FIG. 2. The level scheme of 159Dy as obtained in the present work.
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034302-3

II. EXPERIMENTS

To populate excited states in the nuclei 159,161,163Dy, the
incomplete fusion reactions 158,160Gd(7Li,(p ,d ,t)xn) at the
beam energy of 56 MeV were employed. The beam was
delivered by the XTU tandem accelerator of the Laboratori
Nazionali di Legnaro and directed onto targets with thick-
nesses of 3.7 mg/cm2 (158Gd) and 3.9 mg/cm2 (160Gd), re-
spectively. The ! radiation was detected in the 40 Compton-
suppressed Ge detectors of the GASP array and the 80-
element BGO inner ball. In addition, charged particles were
detected in the Si ball ISIS consisting of 40 Si "E!E tele-
scopes arranged in the same geometry as the Ge crystals in
GASP, namely in seven rings with #"35°, 59°, 72°,
90°, 108°, 121°, and 145° with respect to the beam. To pro-
tect the Si detectors from damage by scattered beam par-
ticles, an absorber tube consisting of 100-$m Cu and 12-$m
Al was mounted around the beam axis. All events with at
least three coincident ! rays in the Ge detectors or two ! in
the Ge plus one particle detected in the Si ball were recorded
on tape with the additional condition that the ! multiplicity
in the BGO ball was 3 or higher. More details about this
experiment are given in Ref. %7&.

III. DATA ANALYSIS AND RESULTS

In the reactions 158,160Gd(7Li,(p ,d ,t)xn), a number of
Ho and Dy isotopes are produced. Whereas the Ho nuclei are
populated after the emission of 4–7 neutrons, the emission
of a charged particle, i.e., either a proton, a deuteron, or a
triton, goes along with the population of the Dy isotopes. As
discussed in detail in Ref. %7&, the reaction mechanism re-
sponsible for the observed high cross sections for the
charged particle channels is incomplete fusion. One advan-
tage of this type of reaction is that the different final products
are populated with different probabilities via the channels
pxn , d(x!1)n and t(x!2)n . For the lighter isotopes, the
triton channel is most probable whereas for the heavier ones
the proton channel is the most important one. This property
together with the charged particle identification capability of
the ISIS array allowed us to produce rather clean !! matri-
ces for each of the three isotopes 159,161,163Dy under study. In
the following subsections, the data analysis and the resulting
extensions of the level schemes will be discussed for each of
the isotopes separately.

A. Level scheme of 159Dy

Previous work on 159Dy identified three rotational bands
based on the 3/2!%521&, 5/2#%642&, and 11/2!%505& neu-
tron single-particle states, which were observed up to the
21/2!, 45/2#, and 23/2! states, respectively %8–10&. More
recently, using the EUROBALL IV spectrometer and deep-
inelastic reactions, Liang et al. observed the '"#1/2 se-
quence of the 5/2#%642& band up to 61/2# %11&, and Sug-
awara et al. succeeded to extend the 3/2!%521& and the
11/2!%505& bands to spin 57/2! and 29/2!, respectively,
using the 150Nd(13C, 4n) reaction %12&.
In our experiment using a 158Gd target, 159Dy is the sec-

ond strongest Dy isotope produced behind 160Dy. The more

detailed analysis of the reaction mechanism in Ref. %7&has
shown that the 158Gd(7Li,t3n) channel is the dominant one
leading to the production of 159Dy, and the coincidence re-
quirement with a triton detected in ISIS was therefore most
important in preparing the 159Dy data. To further reduce the
main contamination by 160Dy, a !! matrix produced in co-
incidence with high energy tritons was subtracted from a
matrix produced in coincidence with low energy tritons
which led to a rather clean 159Dy matrix. In Fig. 1, two
coincidence spectra produced from this matrix are shown. In
Fig. 1(a), a gate is set on the 163-keV13/2!→11/2! member
of the 11/2!%505&band, and Fig. 1(b)displays a spectrum
with a gate on the 334-keV17/2!→13/2! transition in the
3/2!%521&ground state band. The level scheme obtained in
the present work is shown in Fig. 2. In comparison to Ref.
%12&, we were able to extend the 11/2!%505&band up to the
35/2! state. Moreover, E1 transitions have been observed
over a wide spin range connecting both signatures of the
3/2!%521&band to the 5/2#%642&band. The intensities and
assignments of all ! rays observed in 159Dy are given in
Table I.

B. Level scheme of 161Dy

In 161Dy, three rotational bands based on the 5/2#%642&,
the 5/2!%523&, and the 3/2!%521&neutron single-particle or-
bits were known up to spin 33/2#, 13/2!, and 9/2!, respec-

FIG. 1. !! coincidence spectra in 159Dy with a gate on (a)the
163-keV 13/2!→11/2! member of the 11/2!%505& band and (b)
the 334-keV 17/2!→13/2! transition within the 3/2!%521&band.

ANDREA JUNGCLAUS et al. PHYSICAL REVIEW C 67, 034302 (2003)
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An exploratory experiment performed at REX-ISOLDE to investigate cluster-transfer reactions with radioactive
beams in inverse kinematics is presented. The aim of the experiment was to test the potential of cluster-transfer
reactions at the Coulomb barrier as a mechanism to explore the structure of exotic neutron-rich nuclei. The
reactions 7Li(98Rb,αxn) and 7Li(98Rb,txn) were studied through particle-γ coincidence measurements, and the
results are presented in terms of the observed excitation energies and spins. Moreover, the reaction mechanism
is qualitatively discussed as a transfer of a clusterlike particle within a distorted-wave Born approximation
framework. The results indicate that cluster-transfer reactions can be described well as a direct process and that
they can be an efficient method to investigate the structure of neutron-rich nuclei at medium-high excitation
energies and spins.
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I. INTRODUCTION

At present, there is a rather general consensus that a
deeper understanding of nuclear structure and processes can be
achieved from a focus on phenomena occurring in unexplored
regions of the nuclear landscape. This view is partly based
on the assumption that new observations in exotic parts of
the nuclear chart will provide severe and crucial tests of the
existing theoretical descriptions [1– 4].

*Present address: Physics Division, Argonne National Laboratory,
Argonne, IL 60439, USA.
†Corresponding author: silvia.leoni@mi.infn.it

Published by the American Physical Society under the terms of the
Creative Commons Attribution 3.0 License. Further distribution of
this work must maintain attribution to the author(s) and the published
article’s title, journal citation, and DOI.

In this context, high-spin yrast states in nuclei far from the
valley of stability are of special interest as such excitations
often arise from the maximum spin coupling of the valence
particles and holes. Their wave functions usually involve
mostly one well-defined configuration and are, thus, rather
pure (see Ref. [5] and references therein).

A successful method for investigating the high-spin yrast
structure of exotic neutron-rich nuclei uses deep-inelastic reac-
tions occurring during heavy-ion collisions at beam energies
around 20% above the Coulomb barrier. However, in such
processes, the production yield is spread over many nuclei,
resulting in a rather low intensity for individual species [6– 17].

A more efficient technique to populate yrast states in
neutron-rich nuclei is provided by cluster-transfer reactions.
For example, reactions induced by a 7Li beam have been
exploited extensively for γ -ray spectroscopy studies of states
of relatively high angular momentum in neutron-rich nuclei
which are inaccessible with standard fusion-evaporation reac-
tions involving stable beam-target combinations [18– 23]. In-
deed, with its pronounced alpha (α)−triton (t) cluster structure

0556-2813/2015/92(2)/024322(8) 024322-1 Published by the American Physical Society
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● Products flying forward
→ Doppler correction does not need recoil detection

● Detection of α or t
→ identification of channel
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FIG. 1. (Color online) !E-ET spectrum from the CD detector
enabling the identification of the following charged particles: 7Li
from elastic and inelastic scatterings, 6He from one-proton stripping,
α particles from t transfer as well as 7Li and 6Li breakup, tritons
from α transfer and 7Li breakup, deuterons (d) from 6Li breakup,
and protons (p) from elastic scattering on target contaminants. The
diagonal corresponds to particles which did not punch through the
!E detector, such as elastically and inelastically scattered 19F nuclei.

by ISOLDE in both the ground and the isomeric states [35].
The transitions discussed above could be displayed with higher
statistics by requiring a coincidence with particles with mass
7 and higher, that did not punch through the !E detector
(diagonal of Fig. 1), as shown in the inset of Fig. 2.

This enhancement in the statistics arises from the presence
in the gate of inelastically scattered low-energy 7Li nuclei as
well as of 19F reaction partners from the target contaminant

FIG. 2. (Color online) Doppler-corrected γ -ray spectra mea-
sured in coincidence with identified 7Li ions showing inelastic
excitations of both 98Rb and 98Sr beam components. While the
144-keV line is the 2+ → 0+ transition of 98Sr, the 51-, 95-, and
115-keV γ rays probably belong to 98Rb (see discussion in the text).
Inset: γ rays in coincidence with all detected particles with mass
7 or higher, showing the background which arises mostly from the
inclusion of scattered 19F products which did not punch through the
!E detector.

for which the inelastic cross section is larger. It must be
acknowledged that the 115-keV line was tentatively assigned
to 98Rb in a fission study [36]. In addition, the 51-, 95-,
and 115-keV transitions reported in this paper were recently
observed at ISOLDE in a Coulomb excitation measurement
induced by a 98Sr beam in which 98Rb was present as a
contaminant [37]. It is, thus, very likely that these transitions
belong to 98Rb.

Among events in which a Li product was identified, some
could correspond to the 1n-stripping channel leading to 6Li
as this ion cannot be disentangled from 7Li in the present
measurement. However, the cross section for such a process
is estimated to be on the order of a few millibarn only as it is
hindered by a rather negative Q value and does not appear to
give an appreciable contribution to the spectra of Fig. 2 nor to
the angular distributions of the elastically scattered 7Li nuclei.
One-proton stripping, leading to 6He, is also expected, but
again, with a low cross section of few millibarn as confirmed
in Fig. 1. In this case, the Q value for the transfer to the
ground state Qgg is positive and rather large when compared
to an expected negative optimum Q value Qopt (see Sec. IV
for the definition of Qopt).

Despite the low intensity of the beam, charged particles are
clearly identified, and their spectra are characterized by sizable
statistics. Most of the α and t particles detected correspond to t
and α transfers, the features of which are discussed in Sec. IV.
A fraction of their yield originates, however, directly from
7Li elastic breakup—this contribution was established to be
less than 20% by comparing single-particle spectra and those
measured in coincidence with γ rays. A small percentage of
the α particles comes from 6Li breakup into α and deuteron
(d). The contribution of this channel can be inferred from the
presence of d particles as 6Li produced by 1n stripping can
break up if its excitation energy is above 1.47 MeV.

Finally, elastic scattering on protons (these particles are tar-
get contaminants) was observed. No other channel associated
with the emission of charged particles could be identified. In
particular, there is no evidence for 1p pickup leading to 8Be,
which subsequently would break up into two α particles. Such
a process was found to be quite strong in reactions studied in
Ref. [38] involving stable nuclei. For neutron-rich systems
where Qgg is heavily reduced in magnitude while Qopt is still
expected to be large and positive, the 1p-pickup channel is
hindered. This can be viewed as an example of the evolution
of reaction dynamics when going towards the neutron drip
line.

In the 98Rb + 7Li reaction under investigation, besides
direct channels, fusion-evaporation processes occur with a
rather large cross section. The compound nucleus 105Zr∗ is
produced at an excitation energy of ≈ 40 MeV with a cross
section on the order of 200 mb, according to predictions by
the CASCADE code [39]. The same calculations indicate that 5n
evaporation is the main channel (80% of the total yield) leading
to 100Zr evaporation residues. Production of other Zr residues
(98,99Zr,101Zr) is also expected but with lower probability. By
applying the γ -γ coincidence technique and a proper Doppler
correction, γ rays from a given evaporation residue can be
identified. In Fig. 3, the projection on a single axis of the
prompt (200 ns) γ -γ matrix is plotted. The red spectrum
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FIG. 4. (Color online) Particle-gated γ -ray spectra for cluster-
transfer channels followed by neutron evaporation for reactions on
both 98Rb and 98Sr. (a) α-γ coincidence data corresponding to the
t-transfer channel. For reactions on 98Rb, the 3n channel (98Sr) is
indicated by circles (red), whereas the 2n one (99Sr) is identified by
squares (blue). Transitions corresponding to reactions on 98Sr are
labeled with a star with the 2n channel (99Y) marked by triangles
(green). (b) t-γ coincidence spectra corresponding to the α-transfer
channel. For reactions on 98Rb, the 3n channel (99Y) is indicated by
circles (red) whereas the 2n one (100Y) is identified by squares (blue).
Transitions corresponding to reactions on 98Sr are labeled with a star
with the 2n channel (100Zr) marked by triangles (green).

this accounts for the evaporation of up to three neutrons.
In contrast, for 98Sr, the average excitation energy in 101Y
is 16 MeV and S3n(101Y) = 16.674 MeV. This justifies the
absence of the 3n channel in this case.

Despite the high excitation energy and high angular
momentum of the systems after transfer, yrast states were
observed with spins up to 6! only in the case of t transfer
and up to 4! for α transfer. This is mainly due to the limitation
imposed by the low intensity of the beam as well as by
the beam composition, resulting in insufficient statistics to
observe γ rays from higher-spin and off-yrast levels. The
average expected spins can also be deduced from the measured
distribution of neutron-evaporation channels. The difference
in the observed distribution of residues was investigated by
comparing the measured channel yields with the results of
calculations with the statistical model CASCADE [39]. For this
purpose, the decay of the final nuclei was studied as a function
of entry spin, considering the final systems at their highest
measured excitation energies. The results are presented in

Number of evaporated neutrons 

FIG. 5. (Color online) Experimental yield of neutron evaporation
for both t and α transfers on the 98Rb and 98Sr beam components
compared with CASCADE predictions for different spin distributions.
Panels (a) and (b) show the experimental data corresponding to t
transfer whereas panels (c) and (d) correspond to α-transfer channels
(see text for details). Squares (blue) and triangle (green) symbols
correspond to 2n evaporation whereas dots (red) refer to 3n channels.

Fig. 5 where it is seen that the data are reproduced well by
assuming a spin of 20! for t transfer, whereas 15! is required
to fit α transfer. This observation supports the expectation that
states with medium-high energy and medium-high spin are
populated in t and α cluster-transfer processes. Furthermore,
an analysis of the results of the CASCADE calculations indicates
that, in the case of t transfer on 98Rb, an average excitation
energy of 6 MeV and an average angular momentum of 16!
are predicted for the 2n channel, whereas 2 MeV and 9.5!
are expected for the 3n one. These characteristics indicate that
low-lying states with moderate-to-high spin in exotic nuclei
produced in cluster-transfer processes induced by radioactive
beams should be available for extensive structure studies with
γ -ray spectroscopy techniques.

In order to make more detailed predictions, a better
understanding of the reaction dynamics for cluster-transfer
processes involving neutron-rich nuclei is desirable.

In the present paper, the cluster-transfer mechanism was
studied for the 98Rb + 7Li system through comparisons with
the results of calculations with the code FRESCO [28]. (Note
that calculations for 98Sr + 7Li give similar results [42]). To
do so, the elastic cross section was first investigated in order
to obtain the optical parameters of the scattering potential
in the initial mass partition. Global optical parameters for
7Li elastic scattering were used [43], resulting in a good
fit of the experimental data as demonstrated in the inset of
Fig. 6 where the ratio between the cross sections for elastic
and Rutherford scatterings is presented. As can be seen, the
experimental angular distribution is consistent with essentially
pure Rutherford scattering for nearly all the measured angles,
except perhaps for the largest ones where interference from
the nuclear potential is expected to affect the data. A scaling
of the experimental elastic data to the theoretical distribution
provided the normalization factor required to obtain absolute
experimental cross sections.
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FIG. 3. (Color online) Projection of the prompt (≈200 ns) γ -γ
coincidence matrix with and without Doppler correction (black
and red lines, respectively). In the Doppler-corrected spectrum, the
212-keV 2+ → 0+ transition of 100Zr can be seen, corresponding to
5n evaporation. Inset: projection of the γ -γ coincidence matrix gated
on the 212-keV line showing the relevant coincidence relationships
between yrast transitions of 100Zr (labeled by stars). The last observed
γ ray at 625 keV corresponds to the 8+ → 6+ transition. All other
strong transitions in the spectra were identified but are not labeled for
clarity.

contains events without Doppler-shift correction, whereas the
black one is Doppler corrected using an average recoil velocity
of v/c ≈ 0.075. The 2+ → 0+ transition at 212 keV in 100Zr
can be clearly seen and, in coincidence with it, the yrast band
up to 8! as shown in the inset of the same figure. These results
demonstrate that γ -ray spectroscopy of some neutron-rich
nuclei can be performed by using fusion-evaporation reactions
induced by radioactive beams of low intensity. In the present
measurement aimed at studying products of t and α transfers,
γ rays from evaporation residues do not represent an unwanted
hindrance as the evaporation residues are neutron rich and do
not emit charged particles with sizable cross sections.

IV. CLUSTER TRANSFERS

The aim of the present paper is to investigate in detail t-
and α-transfer channels at the Coulomb barrier for reactions
with a neutron-rich radioactive beam in inverse kinematics.
These channels can be observed when a weakly-bound nucleus
with a prominent cluster structure, such as 7Li in this
experiment, is involved. This process is favored at energies
around the Coulomb barrier, below a critical value of the
angular momentum associated with the relative motion of the
reaction partners such that the final system can survive against
fission [21,40]. The transferred angular momentum is rather
large (≈ tens of !), compared to single-nucleon transfer, owing
to the larger mass of the transferred fragment. The cluster is
transferred at high excitation energy (tens of MeV) as can be
expected based on optimum Q-value considerations. Table I
provides some characteristics of the reaction studied in this
paper for both t and α transfers to 98Rb.

TABLE I. Relevant parameters for both the t- and the α-transfer
channels on 98Rb: The table provides the Q value for the transfer to the
ground state (Qgg), the expected optimum Q value (Qopt) calculated at
leading order according to Ref. [41], and the corresponding excitation
energy (E∗

opt) at which the cross section is thought to be highest. The
last row refers to the t-98Rb and α-98Rb separation energies (S.E.).

(MeV) t transfer α transfer

Qgg 13.6 7.6
Qopt − 5.1 − 10.4
E∗

opt 18.7 18
S.E. 16 10

As can be seen from Table I, these channels are character-
ized by large positive Qgg and negative Qopt values, which
result in high excitation energies peaked where the cross
section is expected to be the highest. Qopt was calculated
according to Ref. [41] using the first-order approximation
expression. These energies are larger than the energy threshold
for fragment-98Rb separation but still well below the fission
barrier such that the final nucleus deexcites initially by neutron
evaporation and, subsequently, by γ emission as will be shown
below. Furthermore, the simple structure of 7Li ensures that
few degrees of freedom are involved in the process so that the
main part of the flux in the outgoing transfer channels is in
cluster transfer.

In this section, the potential for exploiting this mechanism
with radioactive beams in inverse kinematics in order to study
neutron-rich nuclei is presented. The reaction dynamics will
be discussed in the framework of a binary process as a direct
transfer of a clusterlike particle to weakly-bound states located
close to the continuum using a DWBA approximation.

Figure 4 presents γ spectra Doppler corrected on an
event-by-event basis obtained in coincidence with α and t
particles. These correspond to t and α transfers on 98Rb and
populate 101Sr∗ and 102Y∗, respectively, followed by neutron
evaporation. Since the reaction took place on 98Sr as well,
101Y∗ and 102Zr∗ are populated, and transitions from products
after neutron evaporation are also identified and are labeled
appropriately (Fig. 4). Note that the detection of the cluster
in coincidence with γ rays resulted in a clean trigger on
the final channel of interest. Several nuclei were identified:
they correspond to different numbers of evaporated neutrons
depending on the excitation energy of the final systems above
the neutron threshold. It is worth noting that a typical neutron
separation energy for nuclei in this mass region is between 5
and 6 MeV, whereas the excitation energy of the final systems
as measured in this work is between 11 and 23 MeV. For
reactions on 98Rb, both 3n and 2n channels are observed,
whereas in the case of 98Sr, only the 2n channel is present
for both t and α transfers. By comparing the excitation
energy in the projectilelike systems following transfer with
the respective neutron separation energies (Sxn), the difference
between reactions on the 98Rb and 98Sr beam components
in terms of observed final residues can be understood. In
fact, in the case of 98Rb, the average excitation energy of the
101Sr final system is 19 MeV. With S3n(101Sr) = 13.292 MeV,
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FIG. 6. (Color online) Angular distribution for t [dots (red)] and
α [diamonds (blue)] transfers on 98Rb compared with theoretical
calculations (solid lines) as explained in the text. Data were rescaled
with the same normalization factor. Inset: ratio between the elastic
and the Rutherford cross sections as a function of the 7Li scattering
angle. Data were fitted in order to obtain the optical parameters for
elastic scattering.

The transfer cross section data were interpreted by consid-
ering the reaction as a binary process involving the direct
transfer of a clusterlike particle. The scattering potentials
in the final mass partitions were chosen to fit the present
experimental data, starting from optical-model parameters for
heavy-ion scattering described in Ref. [33]. These parameters
are presented in Table II. The 7Li ground-state wave function
was described in the framework of a cluster model, considering
an α(t) core in the case of t(α) transfer [44], resulting in the
t and α particles being in a relative P state. Furthermore,
a Gaussian interaction was used as a binding mean-field
potential Vα-t [45]. The final states accessed by the transfer
were also described within a cluster model using a standard
Woods-Saxon potential. Since the transfer populates states
above the α-98Rb and t-98Rb separation energies, the final
levels were treated within a weakly-bound approximation in
order to take into account their real position in the continuum.
As a matter of fact, their wave functions were constructed
such that a very small binding energy was reproduced and the
dependence of the cross sections on the angular momentum
and the number of nodes was investigated. Finally, the scatter-
ing wave functions were calculated using a one-step DWBA
approach in the so-called post representation of the interaction
Vint without considering the remnant terms: Vpost

int ≈ Vα-t.

Figure 6 displays the angular distributions for t and
α transfers where experimental data were rescaled with
a common factor obtained from the elastic-scattering
data.

To test the ability of model calculations to reproduce the
difference in relative cross sections between the two transfer
channels, theoretical distributions obtained with the FRESCO
code are also given in the figure after normalization to the data
with a single normalization coefficient. It can be seen that the
ratio between the two experimental distributions is reproduced
well by theoretical calculations, provided that: (i) states up
to ℓmax = 3 and ℓmax = 5 are included for t and α transfers,
respectively, and that (ii) the number of nodes in the case of
the α transfer is twice that in the t-transfer channel. The choice
of the angular momenta was driven by the fact that the cross
sections exhibit a maximum at ℓmax for both t and α transfers.
Several states, in steps of 0.5 MeV, were considered for each
ℓ value up to ℓmax. Notably, no dependence of the shape of the
angular distributions on the angular momentum transferred
was observed. The differential cross sections as a function
of the excitation energy of the final systems are presented in
Fig. 7 for both t transfer [panel (a)] and α transfer [panel (b)].
The experimental distributions were reconstructed, assuming
two-body kinematics, by deducing the excitation energies from
the angles and the kinetic energy of the detected t and α
particles. First, it may be noticed that both distributions exhibit
a clear maximum at the energy deduced from the optimum Q
value. This is in line with expectations based on semiclassical
considerations which predict a pronounced peak for the cross
section at high excitation energy. Moreover, the theoretical
calculations performed in this paper can reproduce the shape of
the experimental distributions (Fig. 7). In the case of t transfer,
the cross-section behavior is reproduced better than in the
case of α transfer: This is consistent with the weakly-bound
approximation as the peak of the former distribution is close to
the t-98Rb separation energy, making such an approximation
reliable. On the other hand, the α-transfer distribution is peaked
at 8 MeV above the α-98Rb separation energy, rendering the
weakly-bound assumption less suitable. Also, in this case, it
should be noted that the angular momentum of the final states
has no impact on the peak position. These results demonstrate
that the transfer can be qualitatively described as a direct
process and that such an approach is able to reproduce the
main properties of the reaction. Nevertheless, to achieve a more
quantitative description, the coupling to other channels should
be included, together with a more realistic representation of
the states in the continuum with a proper discretization of the
phase space.

TABLE II. Woods-Saxon optical-model parameters for the incoming channel (7Li + 98Rb) and the outgoing t- and α-transfer channels
(α + 101Sr and t + 102Y). The former are adopted from Ref. [43] and reproduce the elastic scattering well, whereas the latter were obtained by
fitting the present experimental data.

Channel V (MeV) RV (fm) aV (fm) W (MeV) rW (fm) aW (fm) RC (fm)

7Li + 98Rb 114.2 1.286 0.853 15.643 1.739 0.809 5.994
α + 101Sr 140.0 1.200 1.200 10.0 1.200 1.200 6.054
t + 102Y 80.0 1.250 1.500 10.0 1.250 1.500 6.074
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(a) 

(b) 

FIG. 7. (Color online) Top panel: differential cross section as a
function of excitation energy for the t-transfer channel on 98Rb. The
colored area corresponds to the experimental distribution whereas
theoretical calculations are shown as a solid line (see text for details).
The t separation energy is also indicated (St = 16 MeV) as well as the
expected maximum excitation energy (E∗

opt = 18.7 MeV) deduced
from the optimum Q value. Bottom panel: differential cross section
as a function of excitation energy for the α-transfer channel on 98Rb.
The colored area corresponds to the experimental distribution whereas
theoretical calculations are shown as a solid line (see text for details).
The α separation energy is also indicated (Sα = 10 MeV) as well as
the expected maximum excitation energy (E∗

opt = 18 MeV) deduced
from the optimum Q value.

For the sake of completeness, the absolute cross sections
were obtained for both t and α transfers (σt and σα) by
normalizing the data with the scaling factor extracted from
elastic scattering (see above) and integrating the experimental
data over the same solid angle (≈ 10% of 4π ):

σt = 26.6 ± 0.7 mb

σα = 5.3 ± 0.2 mb

Inclusive cross sections cannot be extracted since the angular
distributions are limited by the experimental setup. Neverthe-
less, the values above are comparable in magnitude with those
of previous experiments performed in direct kinematics where
values on the order of 100 and 10 mb were measured for t and
α transfers, respectively [21].

The possibility that part of the measured α and t particles,
interpreted here as originating from direct t- and α-transfer
processes, may come from other reactions, such as incomplete
fusion, cannot be entirely ruled out. It has recently been shown
in a direct kinematics experiment [46] that the measured cross
sections can be reproduced well by considering a two-step
process where 7Li breakup is followed by the fusion of
either fragment. Although it is impossible to disentangle
such two-step processes from the direct reactions used above,
the satisfactory description achieved here argues in favor
of the fact that other reaction mechanisms either only impact
the absolute scale of the cross sections or only contribute little
for systems and energies, such as those considered here.

V. CONCLUSIONS

In this work, an exploratory study of the 98Rb + 7Li
reaction at the Coulomb barrier energy (2.85 MeV/nucleon)
was performed at REX-ISOLDE to investigate cluster-transfer
processes with radioactive beams in inverse kinematics. The
potential of using such cluster-transfer processes to access
yrast and near-yrast states in neutron-rich nuclei was verified.
The results, based on particle-γ coincidences, demonstrate the
suitability of the experimental method to populate medium-
high energy and medium-high spin states with yields sufficient
for γ -ray spectroscopic studies, even with radioactive beams
of relatively low intensity. Furthermore, the reaction dynamics
was studied, and comparisons with theoretical calculations
achieve a satisfactory description of the process in terms of a
direct transfer. Further experimental information is needed to
better understand the process, especially in terms of inclusive
cross sections.

The experimental technique examined here can be readily
exploited to investigate nuclear structure in even more exotic
regions of the nuclide chart, once new radioactive beam
facilities, such as HIE-ISOLDE, SPIRAL2, SPES, ISAC,
FRIB, etc., come on line with beams of higher energy and
higher intensity.
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Fig. 1 (Color online) Two-body breakup modes for the 11Be+A reaction

semiclassical approaches [10,24,39,57]. Recently, it has also become possible to solve the Alt-Grassenberg-
Grandas (AGS) formulation of the Faddeev equations for specific cases [18,19].

A difficulty inherent to the theoretical description of inclusive reactions is that they involve a sum over
all possible final states of the unobserved particle(s). For example, using the notation introduced above, and
assuming that only b is observed, the reaction can be represented as a+ A → b+ X , where X is any possible
configuration of the x + A system. The main contributing processes will be the following:

(i) The elastic breakup process (EBU), in which the three outgoing particles are emitted in their ground
state, i.e., a + A → b + x + Ags.

(ii) Inelastic breakup (INBU), in which the breakup is accompanied by the excitation of some of the frag-
ments. For example, if the target is excited, a+ A → b+ x+ A∗, whereas if the core particle is excited,
a + A → b∗ + x + Ags.

(iii) Particle transfer, leading to bound states of the A + x system, i.e. a + A → b + B (B ≡ A + x).
(iv) Incomplete fusion (ICF), in which the fragment x is absorbed by the target, forming a compound nucleus

C , which will eventually decay by particle or gamma-ray emission: a + A → b + C .
(v) Complete fusion (CF) followed by evaporation. If b is among the evaporation products, it will contribute

also to the inclusive b yield. We include also in this category the preequilibrium (PE) processes.

In Fig. 1, these processes are schematically depicted for a 11Be+A reaction (assuming the two-body
dissociation 11Be →10 Be+ n).

The EBU cross sections [process (i)], can be accurately obtained with the three-body models cited above,
either quantum-mechanical (DWBA, CDCC, AGS/Faddeev) or semiclassical.

The calculation of INBU, process (ii), has been less explored in the literature. In the case of target excitation,
this was done by the Kyushu group in the early days of the CDCC method [63] for the case of deuteron
scattering, with the aim of comparing the relative importance and mutual influence of target-excitation and
deuteron breakup in elastic and inelastic scattering of deuterons. In these calculations, the target excitation was
treated within the vibrational model. Although in the cases investigated by these authors the target excitation
effect was found to be relatively small, it would be of interest to revisit and implement the formalism with the
aim of applying it to the interpretation of new inelastic-scattering measurements induced by weakly-bound
projectiles.

The inclusion of excitations of the projectile constituents (b or x in our case) has not been implemented in
the CDCCmethod until very recently. This has been done using a no-recoil DWBAmodel (XDWBA) [14,44],
and also using an extended version of the CDCC method (XCDCC) [17,54]. It is worth noting that these
core excitations effects will influence both the projectile structure and the reaction dynamics. In the inert-core
picture assumed by standard three-body models, the projectile states are represented by pure single-particle or
cluster states. However, if the core is allowed to excite, the projectile states will contain in general admixtures
of these core excited components. The dynamical effect arises due to the excitations of the b core due to its
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Background: Large α yields have been reported over the years in reactions with 6Li and 7Li projectiles. Previous
theoretical analyses have shown that the elastic breakup (EBU) mechanism (i.e., projectile breakup leaving the
target in its ground state) is able to account only for a small fraction of the total α-inclusive breakup cross
sections, pointing toward the dominance of nonelastic breakup (NEB) mechanisms.
Purpose: We aim to provide a systematic study of the α-inclusive cross sections observed in nuclear reactions
induced by 6Li projectiles. In addition to estimating the total α singles’ cross sections, it is our goal to evaluate
angular and energy distributions of these α particles and compare them with experimental data, when available.
Method: We compute separately the EBU and NEB components of the inclusive breakup cross sections. For
the former, we use the continuum-discretized coupled-channels (CDCC) method, which treats this mechanism
to all orders. For the NEB part, we employ the model proposed by Ichimura et al. [Phys. Rev. C 32, 431 (1985)],
within the distorted-wave Born approximation (DWBA).
Results: Overall, the sum of the computed EBU and NEB cross sections is found to reproduce very well the
measured singles’ cross sections. In all cases analyzed, we find that the inclusive breakup cross section is largely
dominated by the NEB component.
Conclusions: The presented method provides a global and systematic description of inclusive breakup reactions
induced by 6Li projectiles. It provides also a natural explanation of the previously observed underestimation of
the measured α yields by CDCC calculations. The method used here can be extended to other weakly bound
projectiles, including halo nuclei.

DOI: 10.1103/PhysRevC.95.044605

I. INTRODUCTION

Reactions induced by the 6Li nucleus have been extensively
studied, giving rise to a large body of experimental data.
Given its marked α + dstructure, with a separation energy of
1.474 MeV (to be compared with the single-nucleon separation
energy of 5.39 MeV), one may anticipate that the breakup of
this nucleus into α and d is a major reaction channel. In fact,
experimental data show remarkably large yields of α particles
but, contrary to expectations, these yields are typically much
larger than the corresponding dyields. This suggests that the
breakup of the 6Li is not a simple direct breakup mechanism.

From the theoretical point of view, a proper interpretation
of these α yields is still lacking. Continuum-discretized
coupled-channels (CDCC) calculations, which treat the 6Li
breakup as an inelastic excitation to the continuum, reproduce
successfully the coincidence α + dmeasurements [1] but they
largely underestimate the inclusive α cross sections. It is
worthwhile recalling that the CDCC method provides only
the so-called elastic breakup (EBU) component of the total
breakup cross section. For the reaction of a 6Li projectile
impinging on a target A, this corresponds to the processes of
the form 6Li + A → α + d+ Ag.s. in which the two-projectile
clusters survive after the collision and the target remains in

*Present address: Institute of Nuclear and Particle Physics, and
Department of Physics and Astronomy, Ohio University, Athens,
Ohio 45701, USA; jinlei@us.es
†moro@us.es

the ground state.1 Thus, the underestimation of the inclusive
α yields by the CDCC calculations means that there other
mechanisms contributing to the inclusive breakup cross section
other than the EBU. These include the exchange of nucleons
between dand A, the projectile dissociation accompanied by
target excitation, and the fusion of dby A, among others, that
we will globally denote as nonelastic breakup (NEB) channels.
An explicit account of these processes is very challenging due
to the huge number of accessible final states and the variety of
competing different mechanisms.

When one is only interested in the evaluation of the singles’
cross section (for example, the energy or angular distribution
of α particles), rather than on the separate contributing
mechanisms, one may resort to the inclusive breakup models
proposed in the 1980s and recently reexamined by several
groups [2– 6]. In these models, the sum over all the possible
final states through which the unobserved fragment d may
interact with the target is done in a formal way, making use of
the Feshbach projection formalism [7] and closure.

In this work, we will show that inclusive α singles cross
sections from 6Li-induced reactions can be remarkably well
reproduced using the inclusive breakup model proposed by
Ichimura, Austern, Vincent model (IAV) [8]. To our knowl-
edge, this is the first study of this kind providing a systematic
explanation of these data.

1If a three-body description of the 6Li is used, α + p + n, the three-
body breakup mode 6Li + A → α + p + n + Ag.s. would be also part
of the elastic breakup channel. Since we resort here to a two-body
model of 6Li we include this channel in the NEB part.

2469-9985/2017/95(4)/044605(11) 044605-1 ©2017 American Physical Society
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(ii)–(v) as well as the inelastic breakup can be considered as
nonelastic breakup and should be therefore accounted by the
IAV formalism.

Elastic data for this reaction are not available. Thus, the
CDCC calculation is tested against the data for the nearby
system 6Li + 144Sm [25]. The α + 144Sm and d+ 144Sm
optical potentials were taken from Refs. [26] and [21],
respectively. The results are shown in Fig. 3. The optical
model calculation using the potential of Cook [23] (dashed
lines) is also shown. It can be seen that the CDCC result
is similar to the optical model calculation, particularly at
E = 35.1 MeV. At this energy, the calculations reproduce very
well the elastic data. For the lower energy (E = 22.1 MeV),
both calculations underestimate the data at backward angles.
Note that, in contrast to the 6Li + 208Pb case, no apparent
modification of the deuteron potential was required in this
case.

Now the inclusive breakup cross sections 159Tb(6Li,αX)
are discussed. The EBU contribution was obtained from the
CDCC calculations discussed in the previous paragraph. For
the NEB calculation, the same optical potentials α/d+ 159Tb
were used. The Cook potential [23] was used to calculate the
distorted wave of the incoming channel.

In Fig. 4 the calculated and experimental angular distribu-
tions of α particles are compared for several incident energies
of 6Li. The dashed and dotted lines are the EBU (CDCC)
and NEB (IAV model) results. The summed EBU + NEB
cross sections (solid lines) reproduce fairly well the shape
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FIG. 4. Angular distribution of α particle production of the
reaction 6Li + 159Tb at the incident energies indicated by the labels.
The dashed, dotted, and solid lines are EBU calculated with CDCC,
NEB calculated with finite-range DWBA, and their sum (TBU),
respectively. The experimental data are taken from Ref. [24].
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calculation and the optical model calculation with the optical potential
from Ref. [27]. Experimental data are from Ref. [27].

and magnitude of the data, except for a slight overestimation
at some energies. Similarly to the heavy-target systems, i.e.,
6Li + 209Bi [2] and 6Li + 208Pb (Sec. IV A), the NEB is found
to account for most of the inclusive breakup cross section.

C. 118 Sn (6 Li, αX)

Inclusive breakup data for the 118Sn(6Li, αX) reaction are
available in Ref. [27] at energies between 18 and 24 MeV. The
optical model parametrizations of Refs. [26] and [21] are used
for the α-118Sn and d-118Sn systems. For the NEB calculations,
the optical potential of 6Li + 118Sn is taken from Ref. [27].

In Fig. 5 we compare the elastic data with the CDCC (solid
lines) and optical model (dashed lines) calculations. Overall,
both types of calculations reproduce the data well, with small
discrepancies observed at some of the energies.

Figure 6 shows the comparison of the calculated and
experimental angular distributions of α particles produced in
this reaction, for several incident energies. Again, the NEB part
(dotted lines) accounts for most of the inclusive breakup cross
section and the EBU (dashed lines) becomes the dominant
breakup mode for angles smaller than ∼ 50 deg. The summed
EBU + NEB result (solid line) reproduces remarkably well
the shape and magnitude of the data.
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and their sum (TBU). Experimental data are from Ref. [27].

suppressed due to the strong Coulomb interaction between the
deuteron and the target, whereas for light targets this channel
is expected to play a more important role.

This is illustrated in Fig. 12 for two such cases; the
upper panel displays the calculated 208Pb(6Li, αX) NEB cross
sections as a function of d-208Pb relative energy at three
different incident energies, 29, 35, and 39 MeV. The vertical
dotted line indicates the nominal Coulomb barrier for the
d-208Pb system. The black solid curve is the reaction cross
section for the d-208Pb system, arbitrarily normalized to fit
within the same scale. The bottom panel shows similar curves
for the 6Li + 58Ni reaction at 12, 16, and 20 MeV. In both cases,
it can be seen that the NEB is a Trojan horse type process [30],
which means that the 6Li projectile brings the deuteron inside
the Coulomb barrier and lets it interact with the target nucleus,
giving sizable cross sections for deuteron energies for which
the reaction cross section has already become negligibly small.
For the 208Pb target, due to the strong Coulomb repulsion, the
NEB cross section becomes negligible at negative d-208Pb
relative energies and this behavior is independent of the
incoming 6Li energy. In contrast, for the 58Ni target, there

FIG. 12. Top: NEB cross section as a function of the d-208Pb
relative energy in the c.m. frame for the reaction 6Li + 208Pb. The
vertical dotted line indicates the energy of the Coulomb barrier for
the d+ 208Pb reaction. The solid line is the reaction cross section for
d+ 208Pb, arbitrarily normalized. Bottom: same as in top panel but
for the 6Li + 58Ni system.

is a low-energy tail extending to negative deuteron energies
(transfer).

We expect also some correlation between the α-particle
angular and energy distribution. This is shown in Fig. 13 in the
form of contour plots of double differential cross sections and

FIG. 13. Contour plots for the double differential cross section
(upper panels) and the angle-integrated energy differential cross
section as a function of the outgoing α energy in the c.m. frame
(lower panels) for the reactions (a) 6Li + 208Pb, (b) 6Li + 159Tb,
(c) 6Li + 118Sn, and (d) 6Li + 59Co. The vertical lines indicate the
breakup threshold for the d+ target system (Ex = 0).
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The dashed, dotted, and solid lines are, respectively, the EBU, NEB,
and their sum (TBU). Experimental data are from Ref. [27].
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sections as a function of d-208Pb relative energy at three
different incident energies, 29, 35, and 39 MeV. The vertical
dotted line indicates the nominal Coulomb barrier for the
d-208Pb system. The black solid curve is the reaction cross
section for the d-208Pb system, arbitrarily normalized to fit
within the same scale. The bottom panel shows similar curves
for the 6Li + 58Ni reaction at 12, 16, and 20 MeV. In both cases,
it can be seen that the NEB is a Trojan horse type process [30],
which means that the 6Li projectile brings the deuteron inside
the Coulomb barrier and lets it interact with the target nucleus,
giving sizable cross sections for deuteron energies for which
the reaction cross section has already become negligibly small.
For the 208Pb target, due to the strong Coulomb repulsion, the
NEB cross section becomes negligible at negative d-208Pb
relative energies and this behavior is independent of the
incoming 6Li energy. In contrast, for the 58Ni target, there

FIG. 12. Top: NEB cross section as a function of the d-208Pb
relative energy in the c.m. frame for the reaction 6Li + 208Pb. The
vertical dotted line indicates the energy of the Coulomb barrier for
the d+ 208Pb reaction. The solid line is the reaction cross section for
d+ 208Pb, arbitrarily normalized. Bottom: same as in top panel but
for the 6Li + 58Ni system.

is a low-energy tail extending to negative deuteron energies
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angular and energy distribution. This is shown in Fig. 13 in the
form of contour plots of double differential cross sections and

FIG. 13. Contour plots for the double differential cross section
(upper panels) and the angle-integrated energy differential cross
section as a function of the outgoing α energy in the c.m. frame
(lower panels) for the reactions (a) 6Li + 208Pb, (b) 6Li + 159Tb,
(c) 6Li + 118Sn, and (d) 6Li + 59Co. The vertical lines indicate the
breakup threshold for the d+ target system (Ex = 0).
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FIG. 11. Angular distribution of α particles produced in the
reaction 6Li + 58Ni at the incident energies indicated by the labels.
The dashed, dotted, and solid lines are, respectively, the EBU, NEB,
and their sum (TBU). Experimental data are from Ref. [27].

suppressed due to the strong Coulomb interaction between the
deuteron and the target, whereas for light targets this channel
is expected to play a more important role.

This is illustrated in Fig. 12 for two such cases; the
upper panel displays the calculated 208Pb(6Li, αX) NEB cross
sections as a function of d-208Pb relative energy at three
different incident energies, 29, 35, and 39 MeV. The vertical
dotted line indicates the nominal Coulomb barrier for the
d-208Pb system. The black solid curve is the reaction cross
section for the d-208Pb system, arbitrarily normalized to fit
within the same scale. The bottom panel shows similar curves
for the 6Li + 58Ni reaction at 12, 16, and 20 MeV. In both cases,
it can be seen that the NEB is a Trojan horse type process [30],
which means that the 6Li projectile brings the deuteron inside
the Coulomb barrier and lets it interact with the target nucleus,
giving sizable cross sections for deuteron energies for which
the reaction cross section has already become negligibly small.
For the 208Pb target, due to the strong Coulomb repulsion, the
NEB cross section becomes negligible at negative d-208Pb
relative energies and this behavior is independent of the
incoming 6Li energy. In contrast, for the 58Ni target, there

FIG. 12. Top: NEB cross section as a function of the d-208Pb
relative energy in the c.m. frame for the reaction 6Li + 208Pb. The
vertical dotted line indicates the energy of the Coulomb barrier for
the d+ 208Pb reaction. The solid line is the reaction cross section for
d+ 208Pb, arbitrarily normalized. Bottom: same as in top panel but
for the 6Li + 58Ni system.

is a low-energy tail extending to negative deuteron energies
(transfer).

We expect also some correlation between the α-particle
angular and energy distribution. This is shown in Fig. 13 in the
form of contour plots of double differential cross sections and

FIG. 13. Contour plots for the double differential cross section
(upper panels) and the angle-integrated energy differential cross
section as a function of the outgoing α energy in the c.m. frame
(lower panels) for the reactions (a) 6Li + 208Pb, (b) 6Li + 159Tb,
(c) 6Li + 118Sn, and (d) 6Li + 59Co. The vertical lines indicate the
breakup threshold for the d+ target system (Ex = 0).
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● Very good agreement with data
● Prediction of cross sections

in function of E*
Angular distributions
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Introduction 7Li+98Rb α yields Summary

Summary

● Multinucleon transfer reactions:
tool to produce & study nuclei, otherwise difficult to access

● Large angular momentum transfer
→ population of high-spin states

● Cluster-transfer reactions:
- selectivity
- experimentally “easy”

● Cross sections interpreted in the frame of direct transfer
Now with predictive power


