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Abstract. Present days’ nuclear physics has focused on exploring fundamental nuclear matter under ex-
treme conditions, which can be created in modern accelerator laboratories. The opportunities offered by
beams of exotic nuclei for a research in the areas of nuclear-structure physics, nucleosynthesis and nuclear
astrophysics are exciting, and the large worldwide activity in the construction of radioactive-beam facilities
reflects the strong scientific interest in the physics that can be probed with such beams. On the neutron-
rich side of stability radioactive beams have already led to the discovery of halos in nuclei with nucleonic
distributions extending to large distances. Light nuclei constitute so far the part of the nuclear landscape
where the neutron dripline has been reached. Subsequent developments have deepened and enriched the
picture of halos as a pure quantum mechanics phenomenon, where particles can be found far from each
other in classically forbidden regions. Few-body dynamics plays a crucial role in every adequate descrip-
tion of the discovered halo properties and just few-body methods lead at the early stage to self-consistent
explanations of most of the experimental findings in halo physics. We discuss experiments that probe a
halo structure through studying different reactions with halo nuclei. We discuss also theoretical methods
and models based on few-body approaches, which allow to extract an accurate spectroscopic information
from experiments and make predictions for future experiments.

PACS. 25.60.-t Reactions induced by unstable nuclei – 21.45.+v Few-body systems

1 Introduction

Current nuclear physics has focused on exploring funda-
mental nuclear matter under extreme conditions, which
can be created in modern accelerator laboratories. The
large worldwide activity in the construction of radioactive-
beam facilities demonstrates the strong scientific interest
in the physics that can be probed with beams of exotic
nuclei. These beams provide exciting opportunities for a
research in the areas of nuclear-structure physics, nucle-
osynthesis and nuclear astrophysics. The study of unsta-
ble (but still stable against particle decay) nuclei embraces
many new aspects of nucleonic matter. It focuses on ex-
otic properties of loosely bound quantum systems, often
with new geometries, such as nuclei with giant halos or
skins of neutron matter with extremely low density. With
access to exotic nuclei the very limits of nuclear existence,
that is, the edges of the nuclear landscape can be fully
explored.

The structural features of the nuclei near driplines
change compared to nuclei closer to the beta-stability
line. Recent examples are the disappearance of the normal
nuclear-shell closures and the introduction of new magic
numbers. This is demonstrated by the observations of the
breakdown of the N = 8 shell closure for 12Be [1,2] and
the new magic number N = 16 [3].

Light nuclei constitute so far the part of the nuclear
landscape where the neutron dripline has been reached.
Triggered by the discovery [4] of abnormally spatially ex-
tended nuclei (6He, 11Li, 11Be) at the vicinity of the neu-
tron dripline, the initial idea of (binary) halos was sug-
gested in [5]. A nuclear halo state is a threshold phe-
nomenon with extreme clusterization into an ordinary core
nucleus and veil of halo nucleons. Since then, the halo
phenomenon has been studied very intensively, both ex-
perimentally and theoretically, and it is now a well-known
structural feature of many light dripline nuclei [6–8]. Few-
body dynamics plays a crucial role in every adequate de-
scription of the discovered halo properties and just few-
body methods lead at the early stage to self-consistent
explanations of most of the experimental findings in halo
physics such as large sizes, narrow momentum distribu-
tions of fragmentation products and huge Coulomb disso-
ciation cross-sections.

In this paper we discuss experiments that probe a halo
structure through studying different reactions with halo
nuclei. We discuss also theoretical methods and models
based on few-body approaches, which allow to extract an
accurate spectroscopic information from experiments and
make predictions for future experiments. Recent achieve-
ments, challenges and perspectives of few-body dynamics
in modern halo physics will also be discussed.
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Fig. 1. The lower part of the nuclear chart.

2 Experimental and theoretical studies of
halo nuclei

To start the discussion we show in fig. 1 the lower part
of the nuclear chart where light nuclei are situated and
where both (the proton and the neutron) driplines are
well known. Some interesting features are seen in this fig-
ure. First of all only a relatively small number of nuclei,
shown in black, are stable. The rest of nuclei decay. The
closer the nucleus to the dripline, the shorter the lifetime
of the nucleus is. This short lifetime prevents, in general,
the production of targets from nuclei for investigations of
their properties by most of the traditional nuclear-physics
methods. That is why little was known about the structure
of nuclei in the vicinity of driplines. The beams of radioac-
tive nuclei, which are now available at leading facilities in
the world, have changed the situation drastically and have
allowed intensive experimental studies of dripline nuclei.

There is another property which is also easily seen in
fig. 1. If one starts from a stable nucleus and tries to add
more and more neutrons (one by one) then, sooner or later,
one comes to the situation when the system cannot keep
the last neutron. Still if one adds one more neutron, the
system becomes bound once again. Such nuclei (with small
separation energy of the last two neutrons) are shown by a
special Borromean symbol [6] in fig. 1. They have very pe-
culiar properties and can be considered as genuinely new
three-body nuclear systems (a tightly bound core plus two
valence neutrons), where other intrinsic degrees of freedom
are essentially unimportant. Sometimes such a system is
able to keep two more neutrons (but not one), leading to
the very neutron-rich systems like 8He and 19B. There are
two more interesting nuclei at the neutron-rich side of the
nuclear chart (fig. 1). These are 11Be and 19C nuclei which
can be considered as two-body nuclear systems (a core
plus a valence neutron). Modern experiments show that
all these systems possess a neutron halo in their ground
states. At the proton-rich side of the nuclear chart (fig. 1)
there are at least two nuclei which have to be mentioned.
The first one is 8B, which plays a very important role

Fig. 2. Correlation density for 8B. X is the relative 4He-3He
distance and Y is the distance between a valence proton and
the CM of 7Be (the 4He-3He subsystem).

in our understanding of the nucleosynthesis and the solar
boron neutrino problem. Recent experimental and theo-
retical studies of 8B [9,10] allow to speculate about a pro-
ton halo in 8B. Figure 2 shows the correlation density for
8B, calculated as a three-body system (4He-3He-p) in [10].
The long tail of the valence proton distribution is clearly
seen in fig. 2. The second nucleus is 17Ne which has the
Borromean property and which might be considered as a
candidate for two-proton halo or a skin [11].

The first experiments with radioactive-beams mea-
sured the interaction cross-sections or reaction cross-
sections for light neutron dripline nuclei [4]. These exper-
iments revealed abnormally large cross-sections for some
light neutron-rich nuclei and provided important informa-
tion on the nuclear sizes. The data demonstrated a large
increase of the radii for 6He, 11Li, 11Be, 14Be, 17B com-
pared to the corresponding previous particle-stable iso-
topes. Later theoretical studies [12,13] indicated that the
sizes of some of these systems can be larger than the ones
extracted from the first experiments. For example, the 11Li
radius can be as large as 3.55 fm [12] making 11Li compa-
rable in size with stable nuclei having approximately four
times more nucleons. This finding can be understood as
follows [5,6]: the low separation energy (0.3 MeV) of two
valence neutrons combined with the short-range nuclear
forces, allow them to tunnel out into the classically for-
bidden space outside the nuclear core (9Li). This means
that two valence neutrons approximately decouple from
the core, and have a large spacial extension. So, a veil of
a very dilute neutron matter is thus surrounding the core,
and creates a halo.

2.1 One-neutron halo nuclei

As shown in [14] two-body nuclear halos are essentially
limited to weakly bound neutron-core systems in rela-
tive s or p states. The known examples are in the region
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where the first s and p states appear at the dripline with
small energies. As we have already mentioned the 11Be
nucleus is the best-known case of a one-neutron halo nu-
cleus which has the ground-state angular momentum and
parity Jπ = 1/2+. It has the excited (1/2−) bound state
which can be a halo state. It should be noted that quantum
numbers Jπ = 1/2+ of the 11Be ground state contradict
the expectations Jπ = 1/2− from the traditional shell
model. This is an important fact, which shows that we
have to deal with an intruder state coming down from the
s-d shell. The ground state of another one-neutron halo
nucleus 19C has presumably quantum numbers 1/2+ [15].
These states are simple illustrations both of the halo struc-
ture and the coupling to more complicated states. The
10Be core has an excited 2+ state which by coupling to
the single-particle 0d5/2 state produces a significant com-
ponent ∼ 16% (determined from the analysis of a (p,d)
reaction with a 11Be beam [16] and from the recent mea-
surement of the 11Be nuclear magnetic moment [17]) in
addition to the single-particle 1s1/2 state coupled to the
ground state of 10Be, which is the main component of the
ground state of 11Be. This coupling can be responsible for
the inversion of s and p states in 11Be [18].

The 18C core has also an excited 2+ state. Two dif-
ferent states of 19C can then be constructed, i.e. one pre-
cisely, as for 11Be, resulting in 1/2+ and another 5/2+

state by coherently adding a single-particle 0d5/2 state
coupled to the 18C core ground state and the 5/2+ state
resulting from coupling of the 2+ excited state and the
1s1/2 state. These two different structures are rather sim-
ilar as they both contain 1s1/2 and 0d5/2 single-particle
components. The potentially pronounced halo structures
are reduced due to the 0d5/2 contribution [19]. Their en-
ergy sequence is not established although some evidence
points to 1/2+ as the ground state [15].

Recently new experiments, measuring longitudinal mo-
mentum distributions of the heavy fragment (the 10Be-
core) from the one-neutron removal channel for 11Be
projectile, have been performed. The γ-rays from de-
excitation of the heavy fragment were also measured in
coincidence with the fragment [20]. This allows to sepa-
rate and to evaluate the contributions of core fragments
in various excited states and to extract momentum distri-
butions which correspond to the neutron removal from in-
dividual core states. These data provided important spec-
troscopic information about this halo nucleus. The theo-
retical analysis [20–22] of the experimental data on the
reaction 9Be(11Be, 10Be + γ) with 60 MeV/N 11Be beam
is consistent with the experimental finding [20] that about
22% of the one-neutron removal cross-section corresponds
to the production of 10Be in low-lying excited states.

There is one more candidate for one-neutron halo
among light nuclei, namely 15C(1/2+), which has a one-
neutron separation energy of 1.2 MeV, a narrow core (14C)
momentum distribution and a large (∼0.88) spectroscopic
factor for the s1/2 neutron coupled to the ground state of
the 14C(0+) core. This nucleus is under active investiga-
tion now [19,22–24].

2.2 Two-neutron halo nuclei

The two-neutron halo nuclei have received most atten-
tion among the halo systems. This is connected with their
Borromean character [6], where the three-body system
is bound and its all binary subsystems are unbound. It
should be mentioned that all known light two-neutron
halo nuclei have this property (see fig. 1). The most stud-
ied Borromean systems are 6He, 11Li and 14Be. As it was
mentioned the essential part of the experimental informa-
tion about the structure of these nuclei has been obtained
through studies of the reactions induced by halo projec-
tiles with targets consisting of stable nuclei.

The largest breakup cross-sections for light targets are
related to one neutron and the core in the final state [25,
26]. This is a reason why the neutron and the core momen-
tum distributions were investigated at the first stage both
experimentally and theoretically. One can expect that in
the simplest approximation, the transparent limit of the
Glauber model, these momentum distributions are con-
nected with the Fourier transform of the initial three-body
wave function [27]. It appeared, however, that the Fourier
transform of the three-body wave function gave larger
momentum widths compared with experimental widths.
Two important lessons have been learnt from studies of
momentum widths. The sizes of all particles (including
the target) are important and this effect leads to smaller
widths [28,29]. The final-state interaction between the
projectile fragments is also very important and it makes
the widths narrower [30–32]. During the last decade, few-
body theoretical methods for calculations of reactions
with two-neutron halo nuclei, have been developed [33–
36]. These methods are able to reproduce well, not only
the fragment momentum distributions, but also the ex-
perimental cross-sections (including heavy targets [35,36],
where the Coulomb interaction is very important).

During the last few years new experiments on three-
body halo systems were performed. In these experiments
the core and one of the halo neutrons (or both neu-
trons) from breakup reactions were detected in coinci-
dence. These experiments allow to extract correlation ob-
servables which give the insight to the internal structure
of the halo and allow a comparison with theoretical pre-
dictions.

The technique of intensity interferometry was used
in [37] to probe the spatial configuration of the Bor-
romean three-body halo nuclei. The n-n momentum distri-
bution from the dissociation of the two-neutron halo nuclei
6He, 11Li and 14Be on a carbon target at incident ener-
gies 30–50 MeV/N, were measured and the corresponding
n-n correlation functions were extracted (see, fig. 3 taken
from [37]). The r0-values were obtained (see the inserts
in fig. 3). These values are connected by a simple formula
with r.m.s. n-n separations in the Borromean halo nuclei
rrms
nn =

√
6r0. As a result, the rrms

nn = 5.9 ± 1.2, 6.6 ± 1.5
and 5.4 ± 1.0 fm were obtained for three Borromean nu-
clei 6He, 11Li and 14Be, respectively. These results are in
agreement with those predicted from three-body models
[6,27,38].
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Fig. 3. Correlation functions (right-hand panels) constructed
for the three nuclei. The solid lines correspond to the fit using
a Gaussian source. On the left, the measured n-n momentum
distributions (symbols) are shown. The insets display the evo-
lution of r0 (in fm) with the number of iterations.

The three-body breakup 6He →4 He + n + n was stud-
ied in [25], using a secondary 6He ion beam of 240 MeV/N
incident on carbon and lead targets. In particular, differen-
tial cross-sections dσ/dE∗ for inelastic excitations into the
6He continuum (the 4He + n + n channel) were measured
for both targets. The results showed that for a lead target
the three-body breakup of 6He was dominated by the elec-
tromagnetic dissociation. This fact allowed to extract the
E1 strength function dB(E1)/dE∗ for 6He, presented in
fig. 4. This strength function is of great interest from the
theoretical point of view, because the knowledge of this
function simplifies essentially a comparison with calcula-
tions and it allows the use of cluster sum rules to extract
information about the geometry of the 6He ground-state
wave function.

The experimental strength function in fig. 4 demon-
strates clearly large E1 strength at low energies which
leads to a very big electromagnetic cross-section in the or-
der of 500 mb. The three-body calculations [39,40] shown
in fig. 4, also predict a concentration of the strength at
low energy. However, these calculations give E1 strength
functions with maxima and more concentration at low
energies than experimentally found. This fact has to be

Fig. 4. The experimentally derived E1 strength distribution
(for 6He) and the errors are given by the solid line and the
shaded band. Theoretical distributions are from [39] (dotted
curve) and from [40] (dashed curve).

understood and some improvements in these calculations
are needed. The non-energy-weighted E1 cluster sum
rule reads SNEW

clus = 3
4π Z2

c e2〈r2
c 〉, where rc is the dis-

tance between the core (the α-particle) and the center
of mass of the whole 6He nucleus. Using experimental
dB(E1)/dE∗ shown in fig. 4 the root-mean-square dis-
tance rc = 1.12±0.13 (for 6He) was obtained in [25]. This
distance is in a good agreement with results obtained from
three-body models [6] and it gives a complementary infor-
mation about the structure of the 6He halo nucleus.

It should be mentioned that the 6He halo nucleus is the
theoretically most studied case among all Borromean nu-
clei. The reason for this is very simple and it is connected
to fact that the binary α-n and n-n interactions are well
known allowing three-body calculations practically with-
out free parameters. The results of different three-body
calculations for the ground state of 6He generally agree
with each other and demonstrate strong correlations in
the 6He ground-state wave function (see, for example, [6]).
The correlation density plot for 6He exhibits two promi-
nent peaks (see, fig. 4 in [6]), a di-neutron peak with
the two valence neutrons located close to each other and
far from the α-particle core, and a cigar-like peak with
the valence neutrons positioned on opposite sides of the
α-particle. However, it is not a simple task to find ex-
perimental evidences for the existence of the di-neutron
and cigar-like correlations in 6He. One of the possibilities
is to study the beta-decay of 6He. A new branch of the
6He beta-decay was found about 10 years ago [41]. In this
paper the authors found the beta-delayed deuteron emis-
sion from 6He. This decay seems to take place directly
to the α-d continuum without going through resonance
states in the daughter nucleus (6Li). Subsequent theoreti-
cal studies [42,43] of this beta-decay, gave evidences that
the di-neutron configuration in the 6He ground-state wave
function was mainly responsible for this process.



M.V. Zhukov (with RNBT Collaboration): Perspectives of few-body approaches to dripline nuclei 31

Fig. 5. 6He +4 He elastic scattering at Elab = 151 MeV
from [44]. The thin curves show the potential scattering. The
thick solid line corresponds to the 2n exchange process, whereas
the dashed and the dotted lines show the contributions of
the di-neutron and cigar-like configurations of 6He to the 2n-
transfer process.

Recently the elastic scattering of 6He + 4He at the
beam energy of 151 MeV has been measured [44]. Impor-
tant peculiarity of this experiment is that elastic scatter-
ing cross-sections have been obtained in the broad center-
of-mass angular region, including backward angles. These
data are shown in fig. 5. One can see the increase of
the cross-section at backward angles. Detailed theoretical
treatment of the obtained data has been performed in [45].
It appears that at the backward angular range the experi-
mental elastic scattering cross-sections is about 3 order of
magnitude larger than that calculated with standard op-
tical model code, shown by the thin curves in fig. 5. This
comparison has lead the authors to the conclusion that the
6He elastic-scattering events observed in the backward an-
gular region are in fact the result of two-neutron exchange
with the 4He target nucleus. The calculated two-neutron
transfer cross-sections, shown by the thick solid line in
fig. 5, are in a good agreement with the experimental data.
Moreover, the authors [45] have calculated separately the
contributions of di-neutron and cigar-like configurations
of 6He to the two-neutron exchange (dashed and dotted
lines in fig. 5). The contributions of the two components
are quite different. At backward angles the di-neutron con-
figuration of 6He determines the two-neutron transfer re-
action. One more important conclusion from these studies
is that the three-body α-n-n configuration of the 6He nu-
cleus has a weight close to unity, i.e., the spectroscopic
factor S(2n)α(6He) ≈ 1.

Experiments on three-body halo systems at high en-
ergies on light targets, where the core and one of the va-
lence neutrons are detected, provide the opportunity to

get the information about angular momentum structure of
the halo. A correlation observable measured in such one-
neutron knock-out (or stripping) reactions is the angular
distribution of the relative momentum between two halo
particles in the final state exhibited in a coordinate sys-
tem with the z-axis along the center-of-mass momentum
of the two-body system. This distribution is symmetric
when either s2 or p2 states constitute the substructure
in the three-body system. On the other hand, an equal
mixture will produce a highly asymmetric distribution.
Thus, this angular correlation highlights specific angular
momentum properties of the initial three-body structure.

In a one-neutron stripping experiment with a 240
MeV/N 6He ion beam [46] a large spin alignment of the
5He fragment has been observed. The angular distribu-
tion of the pα-n vector relative to the direction of the
p5He is symmetric and shows an anisotropy, which can be
described by a small admixture of the (0p1/2)2 configu-
ration [47] to the dominant (0p3/2)2 configuration in the
6He ground-state wave function. For 11Li, a similar one-
neutron stripping experiment [48] gives a skew angular
distribution of the p9Li-n vector relative to the direction
of the p10Li. This is a model-independent way to demon-
strate the mixing of s and p states in the 11Li ground-state
wave function, which has been, for rather long time, dis-
cussed in the literature (see, for example, [49]).

2.3 Borromean continuum

In contrast to the bound state the three-body continuum
structure of Borromean nuclei is far from established and
it is under active investigation now. Theoretical methods
are available, but not systematically applied to halo nuclei.
Note that the attractive potentials binding the three-body
system are also able to produce resonances or at least non-
uniform continuum structures. The difficulties are related
to the spatial extension and the continuum structure of the
subsystems being much more important for these excited
structures.

Borromean continuum wave functions are solutions of
the three-body (3→3) scattering problem. Thus, three-
body dynamical equations should be solved with correct
boundary conditions. For Borromean systems, where there
is no binary bound state for any pair, there are true three-
body asymptotics by Merkuriev [50] which are most nat-
urally expressed via the rotational and permutational in-
variant hyperradius ρ [6] as ρ−5/2 exp(±kρ) describing the
out- and in-going three-body spherical waves.

Several few-body methods have been applied to search
for resonances in 6He: the hyperspherical harmonics
method [40] where properties of the (3→3) scattering
S matrix are investigated at real energies, the coordinate
space Faddeev equations [39] with search for complex en-
ergy poles of the (3→3) scattering matrix, the complex
scaling method [51], where the problem of resonant states
is reduced to that of the bound states and the quantum
Monte Carlo method [52], where the six-body problem
has been solved with bound-state boundary conditions.
The results of these investigations show that, except for
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the known 0+
1 and 2+

1 states, one can expect additional
three-body resonances 2+

2 ,1+ in the low-lying continuum
of 6He.

Very recently the results of investigations of the
6Li(7Li, 7Be)6He [53] and 6Li(3H, 3He)6He [54] charge ex-
change reactions, were reported. In both cases a broad
structure in 6He around Ex ∼ 4–5 MeV has been ob-
served. The angular distributions of this structure show
the dominance of a ∆L = 1 transition, indicating the ex-
istence of low-lying dipole states in 6He. It is important to
note that in all calculations mentioned above, there were
no clear evidence found for a soft dipole 1− resonance at
these excitation energies. More calculations and experi-
ments are definitely needed to clarify this situation and
to find a pronounced difference between the three-body
continuum state and the three-body resonance.

3 Conclusion

In this paper we have discussed some examples of recent
results obtained from experimental and theoretical stud-
ies of halo nuclei. We have concentrated on one- and two-
neutron halos where few-body methods and techniques are
very appropriate and play indispensable role in every ad-
equate description of the discovered halo properties. The
quantities discussed in the paper are chosen as the best
illustrations of the dominating few-body features of struc-
ture and reactions. However, many other properties, re-
lated to two- and three-body halos, have been studied over
the last decade, which we have not discussed in this pa-
per and which are making the whole picture of halo nuclei
essentially richer.
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