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Figure 1. The change of the mean field potential (top) and density
profiles (bottom) from � stable (a) to neutron-rich nuclei (b) and to
much more neutron-rich nuclei near the neutron-drip line (c) is
schematically shown. The upper panels indicate how the change of
the ratio of proton/neutron numbers can induce a significant
difference of Fermi energies between protons and neutrons as
measured by Sp � Sn. Such a difference causes the formation of a
thick neutron skin as in the bottom panel of (b). When Sn
approaches zero, the neutron halo structure appears as a
consequence of the quantum tunneling.

are the resultant dynamical aspects as revealed, for instance,
in the electric dipole response as discussed here.

The study of the physics of halo nuclei was initiated
in the mid-1980s by Tanihata et al [3, 6, 7] when they
started to apply high-energy fragmentation reactions to
produce very exotic nuclei by using heavy ions at about
800 MeV per nucleon at the Bevalac at LBNL (Lawlence
Berkeley National Laboratory). They measured systematically
the interaction cross sections of light neutron-rich nuclei up
to the neutron-drip line from He to Be isotopes and found
that the most neutron-rich Li isotope, 11Li, exhibits by far a
much larger matter radius as compared to the conventional
r0 A

1/3 systematics [3]. While it was not evident a priori if
the origin would be a strong deformation or a long tail in the
matter distribution [6], additional experimental information
on the magnetic moment obtained at ISOLDE [8] (and later
also of the quadrupole moment [9]) suggested an explanation
as detailed by Hansen and Jonson [4] that the large interaction
radius is related to a long tail of the neutron wave function
due to the small binding, which they named ‘Halo’. In the
same paper, Hansen and Jonson also predicted that, as a
consequence, the Coulomb breakup cross section of such
halo nuclei should be extremely large. Direct experimental
evidence of the halo structure of 11Li, where two valence
neutrons are extended over the densely packed 9Li core,
then came from the observation of the narrow momentum
distribution of 9Li, following the breakup of a 11Li projectile
with a carbon target, by Kobayashi et al [10] (transverse
component of the momentum), and later confirmed by Orr
et al [11] (longitudinal component of the momentum). These
observations directly reflect the small internal momentum
equivalent to the extended density distribution of the two
valence neutrons, which are removed in the reaction. The
third important observation on 11Li was the anomalously large
electromagnetic dissociation (EMD) cross section of close
to one barn by Kobayashi et al [5]. They bombarded the
heavy Pb target with a 11Li beam and observed inclusively
the 9Li fragment [5]. This was interpreted as evidence of
an enhanced electric dipole (E1) response at low excitation

Figure 2. The upper panel shows the vibration of the ‘neutron
fluid’ relative to the ‘saturated core’. The bottom panel shows the
transition probability as a function of excitation energy. The
lower-energy bump corresponds to a ‘new soft-dipole giant
resonance’, whereas the higher-energy bump corresponds to ‘GDR
analogous to the conventional one’. The figure is reprinted with kind
permission from Ikeda [12].

energies, called ‘Soft E1 excitation’ as predicted by Hansen
and Jonson [4]. These three observations, large interaction
cross sections, narrow momentum distribution of the fragment
and the enhanced electric dipole response at low excitation
energies, have been the major signals of any halo system.
The pioneering experiments by Tanihata et al [3], which
led to the discovery of the halo nuclei, constitute the birth
of physics using reactions with radioactive beams. Reaction
experiments with radioactive ion (RI) beams have been
extremely successful over the last two decades; in conjunction
with increased efforts in nuclear theory, they have allowed to
unravel and understand the properties of these exotic nuclear
systems.

In this article, we focus on one observable to investigate
exotic nuclei, that is, the electric dipole (E1) response.
Considering the E1 response of stable nuclei, where the
giant dipole resonance (GDR) around Ex ⇠ 80A

�1/3 MeV
(⇠13–20 MeV) exhausts most of the E1 strength, the
significant E1 strength well below the GDR energy for
neutron halo and neutron-skin nuclei is very unique. Hence,
the E1 response of exotic nuclei, in particular that of
neutron-rich nuclei exhibiting neutron-halo or neutron-skin
structure, has been a major subject of physics of exotic nuclei.
Experimentally, the E1 strength function of exotic nuclei
can be accessed by using heavy-ion-induced electromagnetic
excitation. Most of the experiments discussed here study the
neutron or particle decay after excitation. In this case, the
process is called the Coulomb breakup4.

The mechanism of the enhanced E1 response for halo
nuclei has been a major issue of the physics of halo nuclei.
Hansen and Jonson [4] discussed the possibility of ‘soft
electric dipole mode’ for 11Li, which is considered as having a
non-resonant character, inferred from the analogy of deuteron.
Meanwhile, as shown in figure 2, Ikeda attributed the

4 The term ‘Coulomb breakup’ is equivalent to Coulomb dissociation. The
term EMD implies a possibility of including magnetic excitation, although
otherwise it is equivalent to Coulomb breakup.
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QPM and RQTBA explicitly couple the 1p − 1h configuration with two- or 
three-phonon states. 
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Relativistic Time-Blocking 
Approximation (RTBA) 
based on a particle-hole 
⊗ phonon model space 
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solved for each impact parameter, then Cα(b, t)
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Splitting of the low-lying dipole strength

Eα=136 MeV

This effect has been examined by microscopic calcula-
tions. The (!, !0) cross sections can be directly compared
to calculated nuclear response to the electromagnetic di-
pole operator r Y1. The calculation of the (", "0) cross
sections involves the Coulomb and nucleon-nucleon terms
of the "-particle interaction with the target nucleus. We
have checked that the former term plays a marginal role
(less than 10%) under conditions of the present experi-
ment. Then, accounting for a small q value of the reaction
which is about 0:33 fm!1, the (", "0) cross section is
proportional with a good accuracy to the response to the
isoscalar dipole operator r3 Y1. The spurious center-of-
mass motion has been removed (see, e.g., [33] for details).

The nuclear structure part of these calculations has
been performed within the QPM [34] and the relativistic

quasiparticle time-blocking approximation (RQTBA) [35],
the most representative combination of the microscopic
nuclear structure models beyond quasiparticle random-
phase approximation (QRPA). The QPM wave functions
of nuclear excited states are composed from one-, two-
and three-phonon components. The phonon spectrum is cal-
culated within the QRPA on top of the Woods-Saxon mean
field with single-particle energies corrected to reproduce the
experimentally known single-particle levels in neighboring
odd-mass nuclei. The details of calculations are similar to
the ones in Refs. [3,14,17]. The results are presented in
Fig. 2. Figure 2(d) shows that the electromagnetic strength
is strongly fragmented with two pronounced peaks at about
6.3 and 7.5 MeV, in good agreement with the measured
(!, !0) data. The isoscalar response in Fig. 2(c) reveals the
suppression of the strength in the higher energy part of the
spectrum, in good qualitative agreement with the data.
The RQTBA is based on the covariant energy-density

functional and employs a fully consistent parameter-free
technique (for details seeRef. [35]) to account for nucleonic
configurations beyond the simplest two-quasiparticle
ones. The RQTBA excited states are built of the two-
quasiparticle-phonon (2q " phonon) configurations, so that
themodel space is constructedwith the quasiparticles of the
relativistic mean field and the phonons computed within the
self-consistent relativistic QRPA. Phonons of multipolar-
ities 2þ, 3!, 4þ, 5!, 6þ with energies below 10 MeV are
included in themodel space. The result of these calculations
is shown in Figs. 2(e) and 2(f). Compared to the experi-
mental and to the QPM spectra, the structural features are
shifted by about 600 keV towards higher energies for theE1
electromagnetic strength and even more for the isoscalar
dipole strength. Furthermore, the obtained fragmentation is
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FIG. 3. (a) Differential cross section obtained from the
124Snð";"0!Þ experiment integrated to bins with a width of
100 keV. (b) Energy integrated cross section measured in
124Snð!;!0Þ integrated to bins with a width of 100 keV.
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FIG. 2 (color online). (a) Singles cross section for the excitation of the J# ¼ 1! states in 124Sn obtained in the (", "0!) coincidence
experiment. The solid line shows the energy-dependent experimental sensitivity limit. (b) BðE1Þ " strength distribution measured with
the (!, !0) reaction. The middle column shows the QPM transition probabilities in 124Sn for the isoscalar (c) and electromagnetic
(d) dipole operators. The RQTBA strength functions in 124Sn for the isoscalar and electromagnetic dipole operators are shown in
(e) and (f), respectively.
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The lower lying group of states is excited by both isoscalar and isovector 
probes while the states at higher energy are excited by photons only.
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section  and  Bis(E1) 
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probes while the states at higher energy are excited by photons only.
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The model have been successfully employed in 
several physical problem involving heavy ion 
collisions. 

Calculation of polarisation potential 

Multiphonons excitation in heavy ion 
collisions 

Isoscalar excitation of low-lying dipole 
(PDR) states in exotic and stable nuclei



Summary 

Semiclassical model have been usefully used for calculations 
and interpretations of various nuclear phenomena. 

The use of the semi-classical coupled-channel equations is 
more convenient than the quantum CC because the 

calculations can be guided by a physical insight and the 
number of channels included in the calculations can be 

orders of magnitude larger.  

Combined reactions processes involving the Coulomb and 
nuclear interactions can provide a clue to reveal 
characteristic features of some particular states. 
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From the theoretical point of view the effort 
should be addressed to :

a better knowledge of the “composition” of 
the low-lying dipole states, 

a better description of the response of 
deformed nuclei to isoscalar and isovector 

probes.
improve the calculations of inelastic cross 
section (when isoscalar probes are used).
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