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Abstract. The electric dipole response of neutron-rich nuclei is discussed from an experimental perspective
using selected examples. After introducing the main experimental method, which is relativistic Coulomb
excitation in conjunction with invariant-mass spectroscopy, the response of neutron-rich nuclei is discussed
separately for light halo nuclei and heavier neutron-rich nuclei. Finally, the perspective for constraining
the equation of state of neutron-rich matter close to saturation density from measurements of the dipole
response of neutron-rich nuclei is discussed.

1 Introduction

The multipole response of nuclei is dominated by collec-
tive excitation modes, the giant resonances [1]. The elec-
tric monopole, dipole, and quadrupole giant resonances
have been studied extensively for stable nuclei. For not
too light nuclei, they exhibit a characteristic Lorentzian-
like shape with smoothly varying parameters as a function
of the mass number A, and exhaust around 100% of the
classical sum rules [2]. The giant dipole resonance (GDR)
is understood as a harmonic vibration of neutrons ver-
sus protons. Indeed, the second phonon of this harmonic
vibration has been found experimentally at an excitation
energy close to twice the excitation energy of the GDR [3].

The question of how the dipole response of a nucleus
changes when going away from the valley of stability has
attracted a lot of interest since the availability of radioac-
tive beams and the discovery of halo nuclei [4, 5]. But
not only for very loosely bound neutron-rich nuclei at the
drip line substantial changes in the dipole response are
expected. The very different filling of nuclear levels leads
to very different Fermi energies for neutrons and protons
which should manifest itself in the excitation spectra. In
general, theoretical investigations suggested a redistribu-
tion of the dipole strength towards lower energy below
the GDR. Microscopic calculations predicted the develop-
ment of a new collective excitation mode for neutron-rich
nuclei at around 8 to 10MeV, the pygmy dipole resonance
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(PDR). An overview on the theoretical efforts to under-
stand this phenomenon can be found in the review article
of Paar et al. [6]. It is expected, that the strength of this
excitation mode increases along isotopic chains with neu-
tron excess [6], and in particular when the binding of the
excess neutrons becomes significantly smaller, e.g., beyond
a closed shell [7].

The existence of a PDR has also been discussed for
stable nuclei with neutron excess but symmetric Fermi
surface and has triggered substantial experimental effort.
So far, however, no clear picture on a systematic behaviour
of the low-lying dipole strength emerged.

In this article, an overview on different aspects of the
electric dipole response of neutron-rich nuclei is given us-
ing selected examples without aiming at providing an ex-
haustive review of the experimental work performed so
far. More complete summaries on the experimental situ-
ation including stable nuclei can be found in the review
articles by Savran et al. [8] and Bracco et al. [9], and with
a focus on neutron-rich unstable nuclei in ref. [10].

Concerning the dipole response of exotic nuclei, the
findings from the existing experimental data can be sum-
marized as follows. It is meanwhile well established that,
in addition to the giant dipole resonance, low-lying dipole
strength develops in neutron-rich nuclei, which is related
to the neutron excess. Tentatively, we may distinguish
three characteristic kinds of the low-lying dipole strength:
1) Threshold dipole strength of weakly bound one-

neutron halo nuclei, which is understood as a non-
resonant transition related to the spatial extension of
the single-particle wave function of the halo neutron.
The shape and magnitude of the strength carries in-
formation on the valence-nucleon shell structure.
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2) Low-lying dipole strength of two-neutron halo nuclei,
which might be of resonant or non-resonant character.
The strength is sensitive to the correlations among the
valence neutrons and the spatial extension of the halo.
This implies also sensitivity to the angular momentum
components of the valence neutron wave function.

3) In case of heavier neutron-rich nuclei, the low-lying
dipole strength is often referred to as “pygmy” res-
onance, which is commonly understood in terms of
the excitation of less-well bound valence neutrons, and
which might be interpreted as a vibration of the neu-
tron skin against the core.

Collective nuclear excitation modes carry also informa-
tion on the properties of nuclear matter. Since collective
dipole modes are related to the separation of neutrons
and protons, they carry information on the symmetry en-
ergy, i.e., the equation of state for asymmetric nuclear
matter. Theoretical studies showed, that in particular the
dipole polarizability of a neutron-rich nucleus can be di-
rectly related to the symmetry energy and its slope, i.e.,
the neutron pressure, close to saturation density [11, 12].
Another nuclear ground-state observable which correlates
well with the symmetry-energy parameters is the neutron-
skin thickness of neutron-rich nuclei. Obtaining experi-
mental constraints on these quantities is of particular in-
terest. Since a large fraction of the volume of a neutron
star has densities around nuclear saturation density, con-
straints obtained from nuclear observables such as the
dipole polarizability translate directly into constraints on
the mass-radius relation of neutron stars.

2 Experimental method

The ideal probe to study the nuclear dipole response is
real-photon absorption and scattering, which is, however,
difficult to apply to short-lived nuclei. Heavy-ion induced
electromagnetic excitation at relativistic beam energies
is an alternative, which has been established as a spec-
troscopic tool over the past 30 years. The rapidly vary-
ing Lorentz-contracted electric field seen by the projec-
tile passing a high-Z target translates into an equivalent
photon spectrum with correspondingly high frequencies.
The excitation-energy window accessible depends on the
beam energy and can be estimated by the adiabatic cut-
off energy Eγ,max = γβh̄c/b, where the Lorentz factor γ
and the impact parameter b enter. For a collision of, e.g.,
132Sn + 208Pb at 800MeV/u at b = 15 fm, the highest
reachable excitation energy lies around 20MeV according
to this estimate, which just covers the GDR region located
at around 15MeV. The cross section σπλ for electromag-
netic excitation is directly related to the photo-absorption
cross section and thus to the matrix element B(πλ) for
transitions of multipolarity πλ, and can be written as a
product of the photo-nuclear cross section σπλ

γ and the
number Nπλ of equivalent photons [13]:

σπλ =
∫ ∞

bmin

P (b) 2πbdb =
∫

Nπλ(E)σπλ
γ (E)

dE

E
, (1)

Fig. 1. E1 virtual-photon spectrum for projectiles at 70, 250
and 800 MeV/u passing a Pb target with impact parameters
b > bmin = 12.3 fm. The figure is taken from ref. [10].

where E denotes the excitation energy and Nπλ(E) the
number of equivalent photons with multipolarity πλ and
energy E. Nπλ(E) results from an integration over b from
a minimum impact parameter bmin which corresponds to
the sum of projectile and target radii below which nuclear
absorption dominates. A more elaborated method is to
calculate the nuclear absorption using the eikonal approx-
imation with realistic density distributions for projectile
and target as an input [14].

The equivalent or virtual photon spectrum Nπλ(E)
depends strongly on the beam energy. Figure 1 shows
as an example the E1 spectrum for a Pb target and
bmin = 12.3 fm for three different beam energies. It is
clearly visible that high beam energies are required in or-
der to extract the full dipole strength of a nucleus up
to 30MeV. It is interesting to note that the three curves
cross each other at around 6 to 7MeV. For low-energy
excitations, lower beam energies might thus be advanta-
geous.

Depending on the case, E1, E2, and M1 transitions
might contribute non-negligibly to the cross section. Equa-
tions for the computation of Nπλ can be found in ref. [13].
The lower the beam energy, E2 (M1) photons become
more (less) abundant compared to E1. In the ultra-
relativistic limit (β = 1, γ → ∞), the virtual-photon spec-
tra of all multipolarities become identical (Nπλ = NE1),
i.e., the generated electromagnetic pulse corresponds to
an incident plane wave as it is the case for a real-photon
beam. In that case, eq. (1) can be used without dis-
tinguishing multipolarities and the Coulomb cross sec-
tion becomes directly proportional to the photo-nuclear
cross section. The formalism also coincides in that limit
with the equivalent-photon method formulated by Fermi,
Weizsäcker, and Williams [15–17].
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Equation (1) holds for small excitation probabilities
P (b) when only one virtual photon is exchanged. For
collisions of heavy projectiles and heavy targets at ener-
gies around 1GeV/u, however, the cross section for GDR
excitation is in the order of a barn, and the excitation
probability at close impact becomes as large as 0.3. The
effect of two-photon exchange can be incorporated in the
formalism, which leads to a slight reduction of the cross
section in the GDR region. The second-order process leads
to the excitation of the two-phonon GDR, which has been
discovered in the beginning of the 1990s and which was
studied by making use of exactly this property of rela-
tivistic Coulomb excitation [3].

Finally, it is worth noting that the equivalent-photon
method as formulated by Bertulani and Baur [13], intro-
ducing different multi-polarities explicitly, is based on the
same theoretical approximations as the theory for rela-
tivistic Coulomb excitation developed by Winther and
Alder [18] and yields the same results for the cross sec-
tions.

In order to extract the dipole-strength distribution
from the measured cross section, the contributions by the
different multipolarities as well as nuclear excitation have
to be separated. In principle, this is possible by making
use of the cross-section dependencies on beam energy, tar-
get, and scattering angle. Since the magnetic dipole is
suppressed compared to real-photon absorption, M1 con-
tributions can be safely neglected in most cases. Electric
quadrupole excitations, however, are enhanced at typical
beam energies used at the fragmentation facilities. The
contribution in the energy region of the giant quadrupole
resonances (GQR) is in the order of 10%. The very differ-
ent energy dependence of the cross sections for E1 and E2
excitation can be used to separate the two contributions.
However, experiments did not make use of this so far. Of-
ten E2 excitations are taken into account in the analysis
by calculating the cross section according to the system-
atics for stable nuclei. Since the contribution is only 10%,
such a correction should be sufficient given the precision
of the existing data.

The nuclear contribution to the cross section is most
often estimated by a measurement with a light target,
where electromagnetic excitation is negligible. The so ob-
tained cross section is usually scaled by an empirical
factor or by a theoretical ratio for nuclear excitation
with both targets before subtracting from the measure-
ment with the Pb target. Possible nuclear-Coulomb in-
terference effects are neglected. An alternative method
is to measure precisely the scattering-angle distribution.
At small scattering angles, the Coulomb cross section is
enhanced compared to the nuclear contribution, which
might then be neglected at small angles. Both meth-
ods are obviously not exact. The next-generation exper-
iments aiming at higher precision have to carefully esti-
mate possible uncertainties. The measurement of a series
of targets can give important additional information to
cross-check the analysis. The electromagnetic cross sec-
tion scales approximately with Z2, while the nuclear cross
section scales only with A1/3 (for peripheral reactions as
relevant here).

Since the equivalent-photon spectrum is continuous,
the excitation energy has to be determined by a kine-
matical complete measurement of the decay products. A
typical setup for such a measurement is shown in fig. 2.
Since most often a radioactive beam is used, the incom-
ing ions have to be identified on an event-by-event ba-
sis and tracked onto the target position. The upper left
inset shows an example where a cocktail beam contain-
ing light neutron-rich nuclei was impinging on the target.
In the example of the GSI setup as shown schematically
in fig. 2, the target is surrounded by a 4π γ calorime-
ter (Crystal Ball) consisting of 160 individual NaI de-
tectors. In the case of heavier nuclei or neutron-rich nu-
clei as discussed here, the excited projectile decays via
neutron and/or photon emission. Photons are detected
in Crystal Ball. A high efficiency is mandatory for the
experiments discussed here, since several photons might
be emitted in the decay. The sum energy of all photons
will be needed for reconstructing the excitation energy.
Neutrons are detected close to zero degree in an angu-
lar range of ±80mrad, which is defined by the detector
size of 2 × 2m2 placed at around 12m distance from the
target, and by the gap of the dipole magnet (ALADIN),
which serves to bend the charged fragments. This rather
limited angular range is sufficient due to the kinematical
forward focussing at the relativistic beam energies used.
Neutrons evaporated after GDR excitation, for instance,
have Maxwellian-like distributed kinetic energies around
few MeV. At 500MeV/u, for instance, the angular accep-
tance of ±80mrad corresponds to a 100% acceptance for
neutrons with kinetic energies up to 4MeV in the projec-
tile frame. The acceptance smoothly decreases for higher
neutron energies, which is taken into account in the data
analysis. The neutron momenta are reconstructed from
position and time-of-flight measurements with 1σ resolu-
tions of 3 cm and 250 ps, respectively. Charged fragments
are deflected by the dipole field and their trajectories are
reconstructed from position measurements (Fiber detec-
tors in fig. 2) and the magnetic rigidity is determined. To-
gether with energy-loss and time-of-flight measurements
(ToF wall) fragments are identified on an event-by-event
basis. The right lower inset of fig. 2 shows an example for
the identification of fragments emerging from reactions of
a 20O beam.

The kinematical complete measurement of the final
state as sketched above provides after identification and
momentum measurement of all decay products the infor-
mation necessary to reconstruct the excitation energy of
the projectile prior to decay by analyzing the invariant
mass M through

M2 =

(∑
i

Pi

)2

= (mP + E)2, (2)

where Pi denote the four-momenta of the dissociation
products, mP the projectile rest mass, and E the excita-
tion energy of the projectile. The residual heavy fragment
is not necessarily in its ground state after neutron emis-
sion, and its remaining excitation energy will be released
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Fig. 2. Schematic drawing of the experimental setup (not to scale) used at GSI for invariant-mass spectroscopy of exotic nuclei.
Incoming beam ions are tracked and identified on an event-by-event basis (upper left frame). The outgoing fragments after the
target are deflected by the large-gap dipole ALADIN and identified in mass and charge through various position-, time-of-flight-,
and energy-loss-measurements (lower right frame). Neutrons are detected with large acceptance of ±80 mrad with the LAND
detector located typically 12 m downstream of the target. Photons emitted by excited fragments are detected by a 4π NaI
scintillator array (160 NaI crystals) which surrounds the target (Crystal Ball). The kinematically complete measurement allows
reconstruction of the excitation energy utilizing the invariant-mass method. The figure is taken from ref. [19].

by (multiple) photon emission. The above relation can be
rewritten as

M =
√∑

j

m2
j +

∑
j �=k

γjγkmjmk(1 − βjβk cos θjk) + EF

(3)
in terms of ground-state masses m, velocities β, and rela-
tive angles θjk between neutrons, and neutrons and frag-
ment. The residual excitation energy EF of the heavy frag-
ment can be determined by evaluating the sum energy
Esum

γ of all emitted γ rays in the rest frame of the pro-
jectile. This requires high efficiency since the decay might
in general involve γ cascades, i.e., a calorimetric measure-
ments is needed.

With the setup shown in fig. 2, the excitation energy
can be deduced with a resolution of around 200 keV close
to the threshold and around 2MeV in the GDR region
(15MeV). The resolution is dominated by the neutron
measurement and the determination of Esum

γ . The lat-
ter measurement introduces in addition a non-trivial en-
ergy response of the apparatus caused by an incomplete
detection of the γ sum energy. Since correcting for this
effect involves assumptions on the decay pattern in the
simulation, the calorimetric property of the detector is of

utmost importance to avoid model dependencies in the
analysis. The distorted spectrum causes also limitations
in the extraction of the dipole polarizabilty, which is ob-
tained from inverse energy-weighted integral of the B(E1)
strength distribution extracted from the Coulomb exci-
tation cross section. To cope with that difficulty, a new
method has been developed recently by Rossi et al. [20] to
de-convolute the measured spectrum before integration.
This will be discussed later in sects. 3.2 and 4.

3 Dipole response of neutron-rich nuclei

3.1 Halo nuclei

Halo nuclei exhibit a very characteristic dipole response
which is directly related to the far extending neutron den-
sity. As an example, we discuss the one-neutron halo nu-
cleus 11Be, which has a neutron separation energy Sn =
0.5MeV, while for 10Be Sn = 6.8MeV. The structure of
11Be can thus be well approximated by a single-particle
model, where the last neutron is bound loosely to the 10Be
core. In contrast to the normal shell ordering, the ground-
state spin of 11Be is found to be Jπ = 1/2+ while the first
excited state at 320 keV is the p-state with Jπ = 1/2−.
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Fig. 3. Dipole-strength distribution of 11Be extracted from
the cross section for Coulomb dissociation (11Be → 10Be + n)
at 520MeV/u [25]. The curves show theoretical calculations
of Hammer and Phillipsen in leading (dashed) and next-to-
leading (solid) order using the Halo-EFT approach [28]. The
dotted curve coinciding with the solid curve displays a theoret-
ical analysis by Typel and Baur in an effective-range approach
scaled with a spectroscopic factor of 0.7 [30]. The figure is taken
from ref. [28].

This so called “parity inversion” is explained theoretically,
for instance, on the basis of a particle-rotational-coupling
model in ref. [21] or a particle-vibration-coupling model in
refs. [22, 23]. The main component of the neutron single-
particle wave function in the 11Be ground state is the
|10Be(0+) ⊗ ν1s1/2〉 configuration with a probability of
around 70 to 80% [24] and a rms radius of 5.7(4) fm [25].
With a probability of ≈ 20%, the neutron couples in a
d-wave |10Be(2+)⊗ν0d5/2〉 to the first excited 2+ state of
10Be at 3.4MeV.

Several experiments have been performed to mea-
sure the differential Coulomb breakup cross section for
11Be [25–27]. An extremely large cross section has been
found peaking at very low excitation energy of around
600 keV above the separation threshold. Figure 3 shows
the B(E1) distribution extracted from the experiment
of ref. [25]. A similar setup as discussed in sect. 2 has
been used. The B(E1) distribution has been extracted
from the cross section after subtracting nuclear contri-
butions and the cross section in coincidence with γ-rays,
i.e., the component yielding 10Be in its first excited 2+

state. The B(E1) distribution reflects thus the ground-
state transitions only, i.e., the breakup related to the
|10Be(0+) ⊗ ν2s1/2〉 halo configuration.

Figure 3 shows a comparison of the experimentally
determined B(E1) distribution to a theoretical calcula-
tion based on halo effective field theory (EFT) [28]. The
characteristic shape of the spectrum is very well repro-
duced by the theory. The normalization is a free param-
eter in the theory since not all coupling constants are
fixed in the next-to-leading order calculation. With the

free parameter adjusted to the B(E1) from the Coulomb
breakup data, the theory predicts a charge rms ra-
dius of 2.42 fm and a neutron rms radius of 5.6(6) fm.
These values are in very good agreement with the opti-
cal measurement for the charge radius by Nörtershäuser
et al. of 2.463(16) fm [29], and the neutron rms radii
of 5.7(4) fm [25] and 5.77(16) fm [27] extracted from
Coulomb breakup data using a single-particle model. The
dotted curve coinciding with the solid curve (representing
the EFT result) displays a theoretical analysis by Typel
and Baur in an effective-range approach, where the nor-
malization of the neutron single-particle wave function has
been scaled to fit the data corresponding to a spectro-
scopic factor of 0.7 [30].

The large dipole transition probability observed in
Coulomb breakup experiments is directly related to the
spatial extension of the halo wave function, as already
predicted in the famous work of Hansen and Jonson [5]
when interpreting the discovery experiment of Tanihata
et al. [4], and coining the name neutron halo. If we con-
sider a one-neutron halo nucleus in the single-particle
core+neutron picture sketched above, and if we consider
dipole transitions leading to a final state |φf (r,q)〉 of the
core in its ground state plus a neutron with relative mo-
mentum q, we expect a dipole-strength distribution of the
form

dB(E1)
dErel

= |〈φf (r,q)| (Ze/A)rY 1|φ(r)〉|2, (4)

where Erel is the relative energy between neutron and core
in the final state. If we further consider for simplicity plane
waves for the final state |φf (r,q)〉 and neglect final-state
interaction, eq. (4) has the form of a Fourier transform of
the single-particle wave function φ weighted through the
dipole operator with the relative coordinate r. The large
radial extension of the halo wave function thus translates
into large E1 transition probabilities for small q (small
Erel) in the final state.

A similar effect is present for the 1− transition to the
first excited and only bound state of 11Be at 320 keV.
Millener et al. measured a lifetime of the 1/2− state of
only 166(15) fs [31], which is the fastest known E1 tran-
sition between bound states. As pointed out by Hansen
et al. [32], this is a clear indication for the halo char-
acter of both 1/2− and 1/2+ states of 11Be due to
the very same reason as explained above for the con-
tinuum transition. The situation is illustrated in fig. 4,
where the radial wave functions of the two states are
shown. Both wave functions exhibit a similar long tail
caused by the weak binding. The somewhat faster de-
cay of the p-wave function despite even lower binding is
due to the centrifugal barrier not present for the s state.
The contribution to the overlap integral between the two
states becomes huge for large values of r, enhanced by
the r weighting for the dipole transition. Nakamura et
al. [33] measured the Coulomb excitation cross section
to the first excited state. The deduced B(E1) value is
in good agreement with the life-time measurement men-
tioned above.
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Fig. 4. Radial wave function χ(r) = rR(r) for the two bound
s (solid curve) and p (dotted curve) states of 11Be correspond-
ing to the states indicated in the level scheme (inset). The
respective rms radii are 6.0 and 5.7 fm, while the core radius
is 2.5 fm. The figure is taken from the review of Hansen, Jensen,
and Jonson [32].

The huge sensitivity of Coulomb breakup to the ex-
tended tail of the wave function makes it a very useful
tool to study the halo property of nuclei. The large cross
section allows experiments even with low beam intensities,
i.e., for the most exotic nuclei produced at the fragmen-
tation facilities. The method has been applied to other
halo nuclei like 15C and 19C as well. A recent experi-
ment extended the halo search to heavier loosely-bound
nuclei. The large cross section observed in an inclusive
Coulomb-breakup measurement of 31Ne clearly indicated
the halo character of 31Ne [34]. From a comparison of the
measurement with predictions by the breakup model dis-
cussed above, Nakamura et al. [34] could conclude that
the ground-state wave function has a strong p-wave in-
truder component which causes in combination with the
low binding energy the halo of 31Ne.

For two-neutron halo nuclei, the situation becomes
more complex because the E1 response will also reflect
correlations among the neutrons in the initial as well as
in the final state. Since the two neutrons are bound only
weakly to the A−2 core, a description of two-neutron halo
nuclei in three-body models seems adequate. A particular
clear example is the borromean nucleus 6He, where the
two neutrons are bound by around 1MeV to the α core
with a particle separation energy and first excited state
at around 20MeV. The α particle can thus be considered
as a good inert core. Moreover, the α − n and n − n sub-
systems are unbound. This is the case also for the bor-
romean nucleus 11Li. Although, the approximation of an
inert core might be less good since 9Li has the first ex-
cited state at 2.7MeV. However, 11Li is even less bound
with S2n = 0.4MeV while the core has a particle sepa-
ration threshold of Sn = 4.1MeV. For both nuclei, the
low-lying dipole strength has been studied experimentally
in exclusive Coulomb-dissociation experiments [35,36].

Fig. 5. Excitation cross section for the two-neutron halo nu-
cleus 11Li. The data were taken with a 70MeV/u beam on
a lead target for small scattering angles below θcut (see in-
set) [36]. The cross section is thus Coulomb dominated reflect-
ing dominantly E1 transitions to the continuum. The figure is
taken from ref. [36].

The differential cross section for Coulomb breakup
measured at RIKEN for 11Li [36] is shown in fig. 5. The
cross section exhibits a very pronounced peak at very low
relative energy Erel of around 0.35MeV with a cross sec-
tion of almost 0.3 b/MeV. This huge cross section consti-
tutes the largest E1 transition strength observed in nu-
clei so far [36] reflecting the pronounced halo structure of
11Li. Besides the very large spatial extension of the halo,
the strength is further enhanced due to n−n correlations
in the 11Li ground-state wave function (see discussion be-
low).

The peak position at around 0.35MeV in relative en-
ergy corresponds to an excitation energy E ≈ 0.75MeV.
This is in remarkable good agreement with the theoreti-
cal work of Barranco and Bortignon et al. [37] predicting
a strong E1 transition to a state located at 0.75MeV. It
should be noted, that the same theory correctly repro-
duces the experimentally found [38] strong mixing of s-
and p-wave configurations in the 11Li ground state with
only very little d admixture.

A low-lying E1 resonance in 11Li has also been re-
ported from a recent experiment performed at TRIUMF
utilising a very different reaction, namely proton inelastic
scattering [39]. The spectrum is shown in fig. 6. A res-
onance energy of 0.80(2)MeV was extracted, very close
to the energy seen in the B(E1) distribution extracted
from the Coulomb-excitation experiment discussed above.
This is an important experimental finding, since it cor-
roborates the resonance character of the E1 transition
strength observed in Coulomb excitation. An explanation
of the large Coulomb cross section peaking at the same
energy but resulting from non-resonant direct breakup
as discussed above for 11Be can be excluded due to the
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Fig. 6. Excitation spectrum of the two-neutron halo nucleus
11Li resulting from nuclear excitation in a (p, p′) scattering at
6 MeV/u and different angular ranges as indicated in the fig-
ure [39]. The angular distribution of the resonance-like struc-
ture indicates a dipole transition at around 0.8 MeV. The figure
is taken from ref. [39].

strong final-state interaction in the presence of a reso-
nance. We cannot follow the arguments of Tanaka et al.
that the resonance seen in (p, p′) is excited most likely by
an isoscalar transition. Firstly, a dipole resonance corre-
sponding to a vibration of the halo neutrons versus the
core should be excited strongly by isovector transitions.
Secondly, even an isoscalar probe would excite such a res-
onance much stronger by an isovector transition compared
to an isoscalar transition since the probing particle inter-
acts much stronger with the neutrons due to the periph-
eral nature of the scattering process. We rather conclude
here that the two experiments see the same state excited
by a l = 1 transition, which corresponds to the theoret-
ically predicted soft dipole resonance, i.e., a vibration of
the two-neutron halo against the core.

In a soft E1 excitation of two-neutron halo nuclei, only
the relative motion of the core and the two neutrons will
be relevant. By separating the strength of the dipole mo-
tion into that of the core, that of the halo nucleons, and
that of the relative motion between core and halo neutrons
one obtains a “cluster” sum rule for the E1 strength. This
sum rule then involves the corresponding mean-square dis-
tances among the clusters, like the average n−n distance
or the relative mean-square distance 〈rc,2n〉 between the
core and the centre-of-mass of the two neutrons. 〈rc,2n〉,
and thus the low-lying dipole strength will depend sensi-
tively on spatial correlations among the two neutrons. In
terms of 〈rc,2n〉, the non-energy weighted cluster sum rule
can be expressed as follows [40]:

B(E1) =
3
4π

(
Ze

A

)2

4〈rc,2n〉. (5)

The extracted B(E1) distribution from the differen-
tial cross section for Coulomb dissociation of 6He at

240MeV/u has been analyzed in that way. From the in-
tegrated E1 strength up to 10MeV of 1.2(2) e2 fm2, a
root-mean square distance rα,2n = 3.36(39) fm between
the α core and the two halo neutrons has been deduced
in ref. [35], which is in good agreement with three-body
models (see the compilation given in table 3 of ref. [41]).
The recoil of the α-particle associated with the n−n cor-
relations contributes (among other effects) to the charge-
radius difference between 4He and 6He. Esbensen et al.
estimate 〈rα,2n〉 = 13.8(5) fm2 [40] from the measured
charge radius of 6He of 2.054(14) fm [42], corresponding
to rα,2n = 3.71(7) fm, which is as well in good agreement
with the experimental value from ref. [35].

The charge radius of 6He was also calculated with the
Gamow shell model by Papadimitriou et al. [43]. From
fig. 4 of ref. [43], we read off a contribution of 1.14 fm
to the charge-radius difference between 6He and 4He re-
lated to the recoil, if we subtract the two values quadrat-
ically. This we can compare to the root-mean square dis-
tance of the α-particle and the center-of-mass of 6He of
1.12(13) fm deduced from the dipole strength in ref. [35],
showing again good agreement. A more precise determina-
tion of the dipole strength would be desirable for a more
stringent comparison with theory and other methods, in
order to enable conclusions on the importance of spatial
n − n correlations in the 6He ground state.

If the same analysis is applied to 11Li, based on the up
to 3MeV integrated B(E1) strength of 1.78(22) fm2 ex-
tracted from the Coulomb-dissociation cross section mea-
surement discussed above, a value rc,2n = 5.01(32) fm
is deduced [36]. Esbensen et al. extracted a value of
rc,2n = 5.97(22) fm [40] based on the charge radii of 11Li
and 9Li. It was discussed in ref. [40], that this 1.5σ dis-
crepancy could well be the result of core polarization, ne-
glected in the 3-body model. It was also pointed out in
ref. [40], that the effect of core polarization is expected to
be much smaller for the α-core (for the reasons discussed
above). So a precise measurement of the B(E1) strength
for 6He would be desirable to check the consistency of the
interpretation of charge radii and Coulomb breakup. Since
the change of the core size in a halo nucleus compared to
the free core nucleus affects the charge radius but not the
dipole strength, the discussed difference could provide di-
rect evidence for the core swelling in 11Li, if the method of
comparison could be benchmarked. A recent experiment
performed at RIBF [44] is expected to extract the dipole
strength of 6He for a large energy region and with high
statistics and improved resolution. It is expected that the
precision of the extracted radius rc,2n for the 6He halo us-
ing above method will be significantly smaller than the dif-
ference found for 11Li as discussed above, which will pro-
vide a precise check of the consistency of the two methods.

3.2 Giant and pygmy dipole resonances in neutron-rich
nuclei

The dipole strength distribution of neutron-rich light nu-
clei, in particular the halo nuclei discussed above, has been
measured so far only in the low-energy region related to
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Fig. 7. Photo-absorption cross section of 22O calculated in the
coupled-cluster approach and using the Lorentz integral trans-
form method. The theoretical curve (grey) has been shifted to
the experimental neutron threshold (blue curve) and is com-
pared to the photo-neutron cross section deduced from a mea-
surement of electromagnetic dissociation at 600MeV/u [46].
The figure is taken from the work of Bacca et al. [49].

the response of the halo. The same holds for some mea-
surements for heavier nuclei like 26Ne [45], where only the
low-energy part of the strength has been covered. The
much higher-lying giant resonance could so far never be
reached experimentally for a halo nucleus. We would ex-
pect well separated regions in the dipole response related
to halo excitations and the giant resonance. It would be
exciting to compare a giant dipole resonance in a halo
nucleus to the one of the free core. Since the GDR is lo-
cated at rather high energy in light nuclei, such a mea-
surement using electromagnetic excitation requires rather
high beam energies as discussed in sect. 2. An attempt in
this direction is planned at GSI for 6He at 1GeV/u using
the R3B setup at GSI.

The experimental studies of the dipole response in a
wide-enough energy region to cover both PDR and GDR
excitation has been restricted to few nuclei only, so far.
These are measurements for the oxygen isotopes [46],
68Ni [20], and few nuclei around 132Sn [47,48]. We restrict
the discussion here to these results.

The most neutron-rich nucleus reached experimentally
in the above mentioned GSI experiment was 22O. The
photo-neutron cross section extracted from the measure-
ment of the neutron-decay part of the Coulomb disso-
ciation cross section is shown in fig. 7. The experimen-
tal technique including the setup and analysis method
used is described in sect. 2. The data show significant
dipole strength below the GDR region, exhibiting a peak
structure at around 9MeV, which could be related to a
pygmy resonance appearing in this neutron-rich nucleus.
The data are compared to a theoretical ab initio calcu-
lation of the photo-absorption cross section of Bacca et
al. [49]. After shifting the theoretical distribution to fit
the experimental separation energy (blue band), the low-
energy peak at 9MeV is very well reproduced by the the-
ory. The discrepancy in the GDR region might partly be

16

6

Fig. 8. Dipole response of 130,132Sn. The left panels show
the differential cross section for electromagnetic excitation and
neutron decay of Sn projectiles at 500 MeV/u on a Pb target.
Arrows indicate the neutron-separation thresholds. The right
frames show the corresponding deduced (γ, n) photo-nuclear
cross sections σγ . The spectra have been fitted by a Lorentzian
for the GDR (green dash-dotted line) and a Gaussian for the
low-energy PDR peak (blue dashed line). The solid line corre-
sponds to the sum of the two components. The figure is taken
from Adrich et al. [47].

attributed to the open proton channel not covered by the
experiment. But clearly, more precise data are desirable
to conclude on the GDR part of the dipole response.

For heavier neutron-rich nuclei, the development of
a collective low-energy dipole resonance has been pre-
dicted [6] showing the characteristics of a vibration of the
excess neutrons against the core, a picture usually pre-
supposed when using the term pygmy dipole resonance.
The first experimental evidence providing support for this
prediction resulted from a Coulomb excitation experiment
performed at GSI using radioactive beams of neutron-rich
nuclei around 132Sn at beam energies around 500MeV/u.
The results obtained by Adrich et al. [47] for 130Sn and
132Sn are shown in fig. 8. The left part displays the dif-
ferential cross section for electromagnetic excitation and
neutron decay for up to three neutrons. The right part
shows the deduced photo-neutron cross sections from the
same data. The pronounced difference in the shape of the
two spectra is caused by the virtual-photon spectrum dis-
cussed in sect. 2, which enhances the low-energy part of
the dipole response.

A peak structure at around 10MeV is visible for both
nuclei, close to the theoretical prediction of the PDR [6].
The solid curves show fits to the experimental cross sec-
tions assuming a Lorentzian shape for the GDR, and a
Gaussian shape for the low-energy peak. The experimen-
tal response resulting from a complete simulation of the
experiment, including the simulation of the decay pattern,
is taken into account in the fitting procedure. The result-
ing strength for the low-energy pygmy peak amounts to
5(2)% and 3(2)% of the energy-weighted dipole sum rule
for the two isotopes 130Sn and 132Sn, respectively, which
is also in good agreement with the theoretical relativistic
mean field prediction.
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Fig. 9. E1 strength distribution above neutron threshold de-
duced from the electromagnetic dissociation cross section for
68Ni measured at 503 MeV/u with a Pb target. The curves
show fits to the data and a Lorentzian with parameters from
the GDR systematics for stable nuclei for comparison. The fig-
ure is taken from ref. [20].

The relatively large uncertainty is dominated by the
experimental response as discussed in sect. 2. The main
contribution to this response stems from an incomplete de-
tection of the residual excitation energy of the fragment,
which is determined in the experiment by the total en-
ergy released by γ-rays detected in the Crystal Ball de-
tector (see sect. 2). Incomplete detection of this energy
due to inefficiency will shift strength towards lower ex-
citation energy. The effect is displayed in fig. 8 by the
green dash-dotted curve, which exhibits a shoulder at low
energy resulting from the simulation of the Lorentzian-
distributed strength for the GDR. This causes a correla-
tion of the fit parameters for the PDR and GDR strength,
resulting in the relatively large uncertainty. Since this sys-
tematic uncertainty is close to be the same for the two
measurements, an averaging of the sum-rule exhaustion
for the two isotopes will not reduce the experimental un-
certainty. Clearly, improvements on the experimental ap-
paratus are called for. The future R3B setup will include a
new calorimeter for photon detection with high granular-
ity and better resolution. The high granularity will besides
enabling a more precise Doppler correction also allow for
a better suppression of background in the γ detector orig-
inating from Bremsstrahlung produced by δ-electrons.

For the analysis of the Coulomb excitation of 68Ni,
a new procedure has been developed by Rossi et al. [20]
to “unfold” the measured spectrum taking into account
the above discussed response of the apparatus. Here, the
fitting parameters are the cross sections in pre-defined en-
ergy bins. The fit is performed to best describe simulta-
neously the measured quantities like neutron-energy spec-
tra, detected γ energy, etc., and their correlations. The
result is shown in fig. 9 by the filled circles. The error bars
include now the uncertainties introduced by correlations
between different energy regions caused by the response
discussed above, and are thus not only of statistical na-
ture. The widths of the bins is adjusted to be larger than
the overall resolution to avoid additional correlations of

Fig. 10. Cross section for γ decay after Coulomb excitation
of 68Ni at 600 MeV/u on a Au target. The curves represent
statistical-model calculations for target and projectile excita-
tion. The inset shows a comparison of the data with a GEANT
simulation for a γ-transition at 11 MeV. The figure is taken
from ref. [50].

neighbouring energy intervals in order to stabilize the fit.
(This results in a varying bin width related to the resolu-
tion at the corresponding energy.) The advantage of this
procedure is that the extracted spectrum is effectively un-
folded from the instrumental response, and does not need
a pre-defined shape of the fit function. The resolution is
included in the bin width. A direct comparison with the-
ory is thus much better possible.

The experimental result for the B(E1) strength distri-
bution extracted using above described procedure is com-
pared in fig. 9 with a Lorentzian-shaped strength distri-
bution adopting parameters from the systematics for sta-
ble nuclei (dotted curve), which shows good agreement
with the data. A free fit of a Lorentz curve (blue dashed
curve), however, results in a peak energy slightly below
the systematics for stable nuclei. A more systematic ex-
perimental investigation is called for to clarify if the GDR
in neutron-rich nuclei exhibits significant differences com-
pared to stable nuclei.

The dipole-strength distribution deduced experimen-
tally for 68Ni as displayed in fig. 9, exhibits a cross sec-
tion enhancement at around 9MeV excitation energy,
which is identified as the PDR. A fit to the data (red
solid curve) results in a position at 9.55(17)MeV and a
strength exhausting 2.8(5)% of the energy-weighted dipole
sum rule. Another experiment performed by Wieland et
al. [50] measured the γ decay after Coulomb excitation
of 68Ni at a beam energy of 600MeV/u. The spectrum
displayed in fig. 10 exhibits a clear peak structure at
11MeV, significantly higher than observed in the neu-
tron decay. The reason for this discrepancy is not under-
stood. A high-statistics experiment preferentially measur-
ing both neutron and γ decay in the same experiment
would be desirable to illuminate this puzzle. The method
of virtual-photon scattering has been recently applied also
to a measurement of 70Ni [51], showing an enhancement
of E1 strength around 10.5MeV.
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4 Dipole response and the symmetry energy

The nuclear symmetry energy S(ρ) describes the differ-
ence between the equation of state (EoS) for symmetric
nuclear matter and for neutron matter as a function of
density ρ = ρp + ρn. Properties of nuclei are governed by
the EoS around saturation density ρ0 including the depen-
dence on isospin asymmetry δ = ρn−ρp

ρn+ρp
. To characterise

the properties of the EoS with few parameters an expan-
sion around ρ0 and asymmetry δ is useful:

E(ρ, δ) = E(ρ, 0) + S(ρ)δ2 + O[δ4], (6)

where E(ρ, 0) describes the EoS of symmetric matter, and
the symmetry energy S(ρ) ≡ ∂E(ρ,δ)

∂δ |δ=0 the dependence
on asymmetry, which are expanded around ρ0:

E(ρ, 0) = E(ρ0, 0) +
1
2
K0

(
ρ − ρ0

3ρ0

)2

+O[(ρ − ρ0)3], (7)

S(ρ, 0) = J + L
ρ − ρ0

3ρ0
+

1
2
Ksym

(
ρ − ρ0

3ρ0

)2

+O[(ρ − ρ0)3], (8)

where K0≡9ρ2
0

∂2E(ρ,0)
∂ρ2 |ρ=ρ0 gives the incompressibility of

symmetric nuclear matter and Ksym≡9ρ2
0

∂2S(ρ)
∂ρ2 |ρ=ρ0 the

incompressibility of the symmetry energy. J is defined as
the symmetry energy at saturation density, and L corre-
sponds to its slope L≡3ρ0

∂S(ρ)
∂ρ |ρ=ρ0 at saturation density.

The parameters of the EoS can be experimentally con-
straint by bulk properties of heavier nuclei, where the
surface terms are less important. In order to describe
properties of nuclei and nuclear matter on the same foot-
ing, energy density functionals (EDF) derived from self-
consistent mean-field models (SCMF) are utilized. The pa-
rameters of the different effective interactions used in the
different SCMF models are determined by a fit to prop-
erties of nuclei. Most interactions are derived from a fit
to masses and radii, which provides already constraints
to the EoS parameters. Further constraints are provided,
e.g., by also taking into account properties of the collec-
tive response like the excitation frequency of the giant
monopole resonance, from which the incompressibility K0

has been inferred [12]. An elaborated overview and discus-
sion of the connection between nuclear observables and the
EoS can be found in the recent review of Roca-Maza and
Paar [12].

Modern EDF theories are able to describe nuclear
properties of stable nuclei rather accurately. However, the
different underlying EDFs still may result in rather differ-
ent parameters J and L describing the asymmetry depen-
dence of the EoS. Other observables, not used for deriv-
ing the EDF, are needed to provide complementary con-
straints. Two in this respect very promising properties are
the neutron-skin thickness Δrnp and the dipole polariz-
ability αD of heavy neutron-rich nuclei [12,52]. This con-
clusion is drawn by comparing the different predicted val-
ues for Δrnp and αD from different EDFs with the corre-
sponding symmetry-energy parameters J and L from the

same theories. For both observables, correlations with J
and L are found, implying that an accurate measurement
of these quantities will provide constraints on J and/or L.
To determine such properties experimentally for neutron-
rich exotic nuclei is of particular importance, because the
changes of these quantities with respect to symmetric nu-
clei is most pronounced, and which would allow a system-
atic study as a function of neutron excess.

The dipole polarizability αD can be obtained from
the inverse energy-weighted sum of the dipole strength,
and thus from the 1/E2-weighted integral of the photo-
absorption cross section σγ , where E refers to the photon
energy or excitation energy of the nucleus:

αD =
h̄c

2π2

∫ ∞

0

σγ(E)
E2

dE. (9)

The integral in eq. (9) is evaluated with a typical upper
value of 30MeV. This covers the energy region relevant
for collective excitations. At higher excitation energies, the
photo-absorption cross section is dominated by n−p corre-
lations, the so-called “quasi-deuteron” effect. This process
is not taken into account in the theoretical calculations of
the response, and thus should not be included in the ex-
perimental determination for the comparison we discuss
here. Small contributions from GDR excitation extending
in that region can be approximated by extrapolating the
Lorentzian-shaped GDR. However, the experimental de-
termination of αD requires the measurement of the full
response below and above threshold up to around 30MeV
excitation energy.

The first and so far only measurement of αD for an
unstable neutron-rich nucleus is based on the Coulomb-
excitation measurement of 68Ni from GSI [20] discussed in
the previous section. Figure 11 shows the inverse-energy
weighted dipole strength derived from the experimental
data (black dots with error bars) compared to theoretical
predictions by Piekarewicz [53] based on a relativistic
mean field (RMF) model. The different curves result from
three different RMF calculations using FSUGold effective
interactions with different symmetry-energy slope L.
This results in different predictions for the neutron-skin
thickness of 68Ni as indicated in the figure. But also the
predicted dipole response changes dramatically. While
the neutron-skin thickness increases for larger L values,
the dipole response becomes softer, leading to larger
values of the dipole polarizability. This can be seen in
the inset, where the cumulated sum of the experimental
dipole polarizability is compared to the corresponding
RMF calculations.

The experimental result for the dipole polarizability
for 68Ni is αD = 3.40(23) fm3 [20], when integrating over
the data points. This value is corrected by extrapolating
to the not covered excitation-energy regions below thresh-
old and above 28MeV (see fig. 11) by using a Lorentzian-
shaped distribution with parameters adjusted to the data
resulting in αD = 3.9(3) fm3, taking into account a conser-
vative estimate of the systematic uncertainty introduced
by the extrapolation. This value together with other mea-
surements was used by Roca-Maza et al. [54] to derive



Eur. Phys. J. A (2019) 55: 234 Page 11 of 14

E [MeV]

5 10 15 20 25 30 35

/M
eV

]
3

 [f
m

2
E(E

)
σ

2 π2
c

h

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

E [MeV]
10 20 30

]3
 d

E
’ [

fm
2

E
’(E
’)

σ

0E ∫2 π2c
h

0

2

4 = 0.286 fmn,pRΔ
 = 0.235 fmn,pRΔ
 = 0.176 fmn,pRΔ

GDR (systemat.)

Fig. 11. Left: Inverse energy-weighted dipole strength for 68Ni
obtained experimentally (black dots) and theoretically using
three different FSUGold interactions with different slope pa-
rameters L for the symmetry energy [53] (curves). The inset
shows the cumulated sum of the dipole polarizability. The fig-
ure is taken from ref. [20].

Fig. 12. Correlation of the dipole polarizabity αD of 68Ni
with αD of 208Pb calculated with different density functionals
(symbols). The yellow bands indicate the experimental values
for the two nuclei. The figure is taken from ref. [54].

constraints on the symmetry-energy parameters. Figure 12
shows the correlation of calculated values of αD for 68Ni
and 208Pb using many different DFTs with correspond-
ingly different values for J and L. The yellow bands indi-
cate the experimental values for the two nuclei. The ex-
perimental value for 208Pb was obtained by an analysis
of Tamii et al. using the world data on photo-absorption
including their new data obtained from a (p, p′) Coulomb-
excitation measurement [55]. Both data overlap with the
theoretical calculation and select a range of DFTs predict-
ing αD correctly for both nuclei. Also the third data point
for 120Sn [56] included in this analysis provides a consis-
tent selection, from which a range of allowed values of
J = 30–35MeV, and L = 20–66MeV was derived [54].

A similar analysis performed in refs. [48, 57] based on
only the low-energy pygmy peak in the spectrum arrived
at somewhat tighter constraints. The restriction of such
an analysis to only part of the dipole strength, however,
makes the approach rather model dependent. The defini-
tion of pygmy strength in experiment and theory which are
compared, for instance, might not be unequivocal. It has
been pointed out by Reinhard and Nazarewicz [11] that
a better correlated and more robust observable would be
the polarizability of the nucleus.

The allowed values for J and L after taking into ac-
count the experimental constraints cover still a rather wide
range. More precise data on different observables are de-
manded to come closer to the theoretical limit inherent
to the method of ±10MeV for L, given by the scatter
of theoretical predictions in the correlation analysis [12].
The experimental uncertainty for the determination of αD

using Coulomb excitation of radioactive beams are domi-
nated by the effects due to the experimental response as
discussed in the previous section. For measurements at the
future R3B setup, an accuracy of 5% for the determination
of αD is anticipated. The measurement of the neutron-skin
thickness for neutron-rich unstable nuclei is challenging.
A promising new method has been recently proposed [58],
which is based on a measurement of total neutron-removal
cross sections. This cross section exhibits a similar corre-
lation with L as the neutron-skin thickness [58].

5 Conclusion

Our understanding of the electric dipole response of exotic
nuclei, in particular neutron-rich nuclei, has made sub-
stantial progress over the past about three decades since
the first kinematically complete measurements of electro-
magnetic excitation at high beam energies have been per-
formed. The second-generation experiments provided data
with better statistics, in particular for halo nuclei. The
characteristic low-energy response of one-neutron halo nu-
clei is meanwhile well understood and is used as a spectro-
scopic tool. The large cross section for Coulomb breakup
and its extreme sensitivity to the halo effect provides an
ideal tool also for exploratory studies of the most exotic
systems produced only with very low beam intensities.
Even the measurement of inclusive cross sections yields
important information on the halo character and its struc-
ture, as recently demonstrated with the discovery of the
heaviest halo nucleus 31Ne in the region of the island of
inversion. The first precise data for the dipole response
of a two-neutron halo nucleus have been provided for 11Li
giving new insight into the response of barely bound three-
body systems, and provide evidence for pronounced spa-
tial neutron-neutron correlations in the ground-state of
11Li, as predicted by several three-body and other micro-
scopic models. With the new next-generation experimen-
tal instruments like SAMURAI, already in operation at
the RIBF at RIKEN, and R3B starting operation at GSI,
we can expect data with much improved precision, which
will enable stringent tests of modern nuclear theories.
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Measurements of the electric dipole response of
neutron-rich non-halo nuclei, and in particular of heav-
ier nuclei, are still rather scarce. A general finding is a
softening of the dipole response for neutron-rich nuclei.
Resonance-like structures in the dipole response at around
9 to 10MeV have been observed for several nuclei, which
are identified with the predicted low-energy pygmy res-
onance and understood as a dipole vibration of excess
neutrons versus a core. But we are far away from a sys-
tematic investigation or understanding of the dipole re-
sponse of neutron-rich nuclei. The next-generation exper-
iments mentioned above have the potential for providing
not only a systematic study but also much better preci-
sion of the extracted dipole-strength distributions. FAIR
will extend the region of accessible nuclei substantially in-
cluding heavy neutron-rich nuclei up to the lead region.
Such measurements, covering the full energy range of the
dipole response for heavier nuclei, will also extract the
dipole polarizability of neutron-rich nuclei with good pre-
cision, which will provide important constraints on the
equation of state of neutron-rich matter.
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Eur. Phys. J. A (2019) 55: 234 Page 13 of 14

Neugart, R. Sanchez, F. Schmidt-Kaler, Z.-C. Yan, D.T.
Yordanov, C. Zimmermann, Phys. Rev. Lett. 102, 062503
(2009).

30. S. Typel, G. Baur, Phys. Rev. Lett. 93, 142502 (2004).

31. D.J. Millener, J.W. Olness, E.K. Warburton, S.S. Hanna,
Phys. Rev. C 28, 497 (1983).

32. P.G. Hansen, A.S. Jensen, B. Jonson, Annu. Rev. Nucl.
Part. Sci. 45, 591 (1995).

33. T. Nakamura, T. Motobayashi, Y. Ando, A. Mengoni, T.
Nishio, H. Sakurai, S. Shimoura, T. Teranishi, Y. Yanagi-
sawa, M. Ishihara, Phys. Lett. B 394, 11 (1997).

34. T. Nakamura, N. Kobayashi, Y. Kondo, Y. Satou, N. Aoi,
H. Baba, S. Deguchi, N. Fukuda, J. Gibelin, N. Inabe, M.
Ishihara, D. Kameda, Y. Kawada, T. Kubo, K. Kusaka,
A. Mengoni, T. Motobayashi, T. Ohnishi, M. Ohtake,
N.A. Orr, H. Otsu, T. Otsuka, A. Saito, H. Sakurai, S.
Shimoura, T. Sumikama, H. Takeda, E. Takeshita, M.
Takechi, S. Takeuchi, K. Tanaka, K.N. Tanaka, N. Tanaka,
Y. Togano, Y. Utsuno, K. Yoneda, A. Yoshida, K. Yoshida,
Phys. Rev. Lett. 103, 262501 (2009).

35. T. Aumann, D. Aleksandrov, L. Axelsson, T. Baumann,
M.J.G. Borge, L.V. Chulkov, J. Cub, W. Dostal, B. Eber-
lein, Th.W. Elze, H. Emling, H. Geissel, V.Z. Goldberg,
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Richter, K. Riisager, C. Scheidenberger, G. Schrieder, W.
Schwab, H. Simon, M.H. Smedberg, M. Steiner, J. Stroth,
A. Surowiec, T. Suzuki, O. Tengblad M.V. Zhukov, Phys.
Rev. C 59, 1252 (1999).

36. T. Nakamura, A.M. Vinodkumar, T. Sugimoto, N. Aoi,
H. Baba, D. Bazin, N. Fukuda, T. Gomi, H. Hasegawa,
N. Imai, M. Ishihara, T. Kobayashi, Y. Kondo, T. Kubo,
M. Miura, T. Motobayashi, H. Otsu, A. Saito, H. Sakurai,
S. Shimoura, K. Watanabe, Y.X. Watanabe, T. Yakushiji,
Y. Yanagisawa, K. Yoneda, Phys. Rev. Lett. 96, 252502
(2006).

37. F. Barranco, P.F. Bortignon, R.A. Broglia, G. Colo, E.
Vigezzi, Eur. Phys. J. A 11, 85 (2001).

38. H. Simon, D. Aleksandrov, T. Aumann, L. Axelsson, T.
Baumann, M.J.G. Borge, L.V. Chulkov, R. Collatz, J. Cub,
W. Dostal, B. Eberlein, Th.W. Elze, H. Emling, H. Geissel,
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Emling, H. Geissel, A. Grünschloß, M. Hellström, R. Holz-
mann, S. Ilievski, N. Iwasa, M. Kaspar, A. Kleinböhl,
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