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Recent experimental findings and theoretical approaches to the electric
dipole (E1) strength distribution below the particle emission threshold at
shell closures are revisited. Results from photon scattering experiments
are discussed and compared to predictions within the quasiparticle-phonon
nuclear model. An analysis of the fine structure of the E1 strength is
presented. Recent studies of the E1 response of light exotic nuclei are also
discussed.

PACS numbers: 23.20.Lv, 24.30.—v, 24.60.Lz, 25.20.—x

1. Introduction

The electric dipole (E1) response below the particle separation energy
has been subject of many investigations. More than thirty years ago, an
accumulation of E1 strength around 5-7 MeV was detected in neutron cap-
ture reactions [1] and has been dubbed “pygmy dipole resonance” (PDR) in
comparison to the “giant” resonance (GDR) that dominates the E1 response
and exhausts the Thomas—Reiche-Kuhn oscillator sum rule. The origin of
the low-lying strength has been discussed within several models. For an
overview over the various approaches we refer to [2] and Refs listed therein.
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In recent years, it has become possible to significantly increase the sensi-
tivity in photon scattering experiments due to the advent of new accelerators
and more efficient detection systems. Additionally, new facilities studying
exotic ions far from stability have revealed evidence for a “soft” E1 resonance
which might be related to the number of valence neutrons. Experimental
and theoretical analysis is needed to pin down the structure of the PDR in
a consistent way, i.e., to elucidate if the low-lying E1 strength is found to
originate from one mechanism throughout the nuclear chart. One proposed
motion underlying the PDR is an out-of-phase oscillation of the excess neu-
trons with respect to an N &~ Z core in comparison to the GDR where all

protons and neutrons oscillate out of phase. Such a mode was first suggested
by Mohan et al. [3].

2. Experimental techniques

2.1. Real photon scattering

The resonant scattering of real photons or nuclear resonance fluorescence
(NRF) is an established tool for measuring low-multipolarity excitations of
bound states [4]. It allows one to determine angular momenta, excitation en-
ergies, and transition strengths. In recent years, NRF experiments have been
performed with unpolarized bremsstrahlung at the continuous electron ac-
celerators in Darmstadt (S-DALINAC [5]) and Stuttgart (Dynamitron [4]).
Polarized electrons in the entrance channel have been used at the former
bremsstrahlung facility in Ghent [6] and are planned for the new supercon-
ducting ELBE accelerator [7] in Rossendorf near Dresden. Laser Compton
backscattering facilities in the low MeV range have become available recently.
Here, full linear polarization can be achieved, and the photon spectrum is
limited to a narrow region which is determined by the laser energy, the
electron energy and the opening angle of the scattered radiation. High-
est fluences have been achieved at the Duke high-intensity gamma source
HI~S [8] through intra-cavity backscattering of a free-electron laser beam at
a storage ring.

Most of the experiments described below have been performed at the
S-DALINAC with unpolarized photon scattering. The bremsstrahlung is
produced from electron beams with energies variable between 3 and 10 MeV
that have average currents of up to 60 uA. A copper collimator cuts out the
central part of the bremsstrahlung cone. Two actively shielded high-purity
germanium detectors with an efficiency of 100% relative to a 3" x3" Nal(T1l)
crystal at 1.33 MeV are used for the detection of the scattered photons.
Recently, a third detector of the same type has been added to this setup
and will be used for future experiments.
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2.2. Coulomb excitation and breakup

While real photon scattering — at least up to now — is only possible on
stable targets with target masses in excess of a few hundred mg, short-lived
radioactive nuclei can be studied in Coulomb excitation [9] if one uses inverse
kinematics [10]. To study the EI1 response up to the particle threshold,
intermediate-energy to relativistic beams are used. At these velocities, the
emitted v rays are forward-focused, and their energy in the laboratory frame
depends on the emission angle due to the Doppler effect. Recent examples
of E2 excitations are presented in these proceedings. For excitations above
the particle threshold, neutrons are emitted which are also forward-focused
and can be measured near 0° with coverage of the full solid angle in the
center-of-mass system.

3. Quadrupole-octupole two-phonon E1 excitations

Two-phonon excitations are a well-known phenomenon in vibrational
nuclei [11]. If one couples an elementary quadrupole vibration to an oc-
tupole vibrational mode, one ends up with a quintuplet of states with
JT = 17...57; its 17 member can be excited from the ground state by
an E1 transition. These two-phonon 1~ states can be used to study anhar-
monicities in the coupling of two different phonons and the strength of its
coupling to the isovector GDR. One can investigate their isospin structure
and identify the structure of the two-phonon wavefunction by measuring the
decay pattern. The latter has been pioneered by a group from Cologne in
(p,p'v) reactions [12].

Candidates for such two-phonon states have been found at the shell clo-
sures Z = 20 [13,14], N = 28 [15], N = 50 [16], Z = 50 [17,18] and
N = 82 [4]. Further evidence was found in many open-shell nuclei [19]. In
rotational nuclei, the first 1~ state becomes the head of the octupole vibra-
tional band with K™ = 07; results of a survey have been compiled, e.g., by
Fransen and co-workers [20].

4. ‘Pygmy’ dipole resonance

4.1. Coulomb excitation and breakup of light exotic oxygen isotopes

Pioneering experiments at the Cyclotron Laboratory at Michigan State
University and at the ALADIN/LAND setup at the GSI have studied the
Coulomb excitation and Coulomb breakup, respectively, of stable and neu-
tron-rich oxygen isotopes. Tryggestad and co-workers [21] have studied the
E1 response of 2°0 in comparison to 180 with Coulomb excitation up to the
particle threshold. They found an increase in the detected E1 strength in the
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more neutron-rich isotope. Leistenschneider et al. [22] measured the pho-
toneutron yield from the particle threshold up to about 30 MeV in 17220. In
the interval up to 15 MeV — where the GDR in the “core” nucleus 60 sets
in — about 50-70% of the cluster sum rule and 5-10% of the E1 strength is
spread out over a wider energy interval in the neutron-rich systems compared
to the 10 “core”.

4.2. The calcium isotopes

The E1 strength distribution in the two doubly magic nuclei 4>*8Ca has
been studied in photon scattering at the S-DALINAC up to an energy of
10 MeV by Hartmann et al. [13]. The data demonstrate that the summed
low-lying strength in the neutron-rich (N/Z = 1.4) **Ca is more than a
factor of 10 larger than in the N = Z nucleus %°Ca. Qualitatively, this
is what is expected from a ‘neutron-skin” vibration, but predictions within
density functional theory [23| cannot quantitatively describe the measured
values. Earlier attempts to extract the K1 strength from inelastic heavy-
ion scattering [24] suffer from a model dependence and disagree with the
high-resolution photon scattering data.

Recent experiments [25] on #1Ca detected an E1 strength up to 10 MeV
that is even larger than in *Ca. Attempts to reproduce this finding and the
40.48Ca data within the extended theory of finite Fermi systems [26] have
been performed successfully and qualitatively describe the data [25].

4.8. The N = 50 isotones

At the N = 50 shell closure, unpublished data from the Ghent group
exist for %Mo as well as data on ®¥Sr measured at the S-DALINAC [27].
Recently, the new NRF facility at Rossendorf has started to map the El
strength in nuclei in this region.

4.4. The tin isotopes

A study of the Sn isotopes 16124Sn has been performed at the Ghent
linac nearly a decade ago [6]. Govaert and co-workers have found appreciable
E1 strength below the neutron separation energy in both nuclei, with the
value for 1?4Sn being significantly larger than the one observed for the less
neutron-rich isotope with mass 116. This finding could not be reproduced
by quasiparticle-phonon model (QPM) calculations which expect the pygmy
El strength to be maximal at mass 120, whereas for 16:124Sn comparable
summed E1 strengths are expected. However, in the QPM calculations the
mean-field parameters are not varied between the different isotopes, and the
interactions are chosen to reproduce collective low-lying modes. To shed
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further light on this discrepancy between theory and experiment, a photon
scattering experiment on the most proton-rich stable isotope '?Sn has been
performed at the S-DALINAC. Data analysis is in progress [28].

4.5. The N = 82 isotones

The N = 82 isotones 38Ba, 0Ce, and '4Sm have been subject of
recent studies at the S-DALINAC and have been published by Zilges et
al. [29]. In the more neutron-rich nucleus *®Ba, more E1 strength was
found than in the other isotones. In the recently measured #2Nd [30], the
detected E1 strength is about as low as in '4°Ce and '**Sm. The observed
variation of the total E1 strength is not reproduced by the QPM which
expects constant summed E1 strengths in all nuclei. Figure 1 summarizes
the experimental data as well as the QPM predictions for the four isotones.
The lowest E1 excitation populates the two-phonon quadrupole—octupole 1~
state discussed in the preceding section. From laser Compton backscattering
it is known that strong dipole excitations observed in this energy region
exhibit electric character [31].
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Fig. 1. Left: Experimental E1 strength distributions up to 8.5 MeV in 3®Ba, 140Ce,
142Nd, and **Sm from photon scattering [29,30]. Right: Electric dipole strength
distributions as calculated from the QPM. While the overall fragmentation process
due to coupling to complex configurations is adequately described by the QPM, the
model predictions show only little variation of the summed E1 strength in contrast
to experiment.
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It is suggestive to assume a dependence of the summed E1 strength on
macroscopic quantities, such as the difference between proton and neutron
radii, |ry, — rp|. Measurements from antiproton capture and annihilation
reactions [32] indicate that |r,—r,| is minimal in **2Nd for even-A nuclei with
N = 82, whereas for the proton-deficient '3®Ba indications for a neutron-
rich periphery are observed. A photon scattering experiment on 26Xe —
where the neutron excess is even larger — could help clarify this situation.
The experimental feasibility of NRF experiments with high-pressure Xe gas
targets has been demonstrated recently at the Stuttgart Dynamitron [33].

4.6. The lead isotopes

A concentration of low-lying E1 strength in 296:207:208p}, is known from
early NRF experiments, see, e.g., the survey by Chapuran et al. [34]. Re-
cently, a precise data set for these nuclei has been obtained which extended
the systematics for the first time to the neutron-deficient 2**Pb [2,35] up to
6.7 MeV. A strong fragmentation of the low-lying E1 strength is observed
with the opening of the N = 126 neutron shell which is well reproduced by
the quasiparticle-phonon model.

It is instructive to compare the measured E1 strength distribution with
an extrapolation of the isovector GDR to study if the low-lying strength
might simply be a part of the giant resonance. Figure 2(a) shows this com-
parison for 204.206.208p},  The hatched histograms show the experimental
data extracted by binning the measured E1 strength. The solid curve shows
an extrapolation of the GDR assuming a constant width. From neutron cap-
ture reactions and other measurements of gamma strength functions close
to the particle threshold it is known that such an extrapolation of the GDR
Lorentzian overestimates the actual E1 strength in nuclei at or near closed
shells. Kopecky and Uhl [36] thus suggested to use a Lorentzian with an
energy-dependent width which is shown as dotted line in Fig. 2(a). A very
similar result [dashed line in Fig. 2(a)] is obtained by introducing a dipole-
quadrupole interaction term as suggested by Mughabghab and Dunford [37]
that effectively includes dynamical deformations. In any case, a realistic
extrapolation of the GDR fails to account for the detected E1 strength and
its concentration between 5 and 6 MeV.

The doubly magic nucleus 2°®Pb has been studied using an even higher
endpoint energy of 9.0 MeV by Ryezayeva et al. [38], and a considerable num-
ber of states was detected even beyond the neutron separation energy. The
E1 excitation strength was extracted from the photon scattering data using
known neutron decay widths. It is well reproduced within the QPM. Due
to the good agreement between theory and experiment, one may ask about
the structure that the model predicts for the low-lying states. Analyzing
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Fig.2. (a) Comparison of experimentally determined E1 strength distributions
(histograms) with extrapolations of the giant dipole resonance (GDR). The solid
curves display the extrapolation with a constant width of the GDR, the dotted
curves assume an energy-dependent width, and the dashed curve includes dynami-
cal deformations according to Mughabghab and Dunford [37]. (b) Calculated aver-
age charge transition density distributions for 204:206:208p} from the quasiparticle—
phonon model for energies up to 8 MeV. The solid curves display the neutron
densities, the proton densities are shown by the dashed curve. In all three nuclei,
an out-of-phase oscillation of the outer neutrons with respect to a neutron—proton
fluid is visible.

the average charge transition density distributions for states below 8 MeV,
one finds a distinct pattern in which the outer neutrons oscillate against a
combination of protons and neutrons. This is displayed for 204:206:208py, i
Fig. 2(b) where the solid lines depict the neutron and the dashed lines proton
densities. In addition, the average current distribution shows the presence
of a toroidal mode in the same energy region. While the “neutron skin”
vibration seen in the transition densities dominates the B(E1) strength, the
toroidal mode can be prepared out, e.g., in backward-angle electron scatter-
ing. Such experiments with detailed form-factor measurements are planned
at the S-DALINAC in the future.
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5. Statistical analysis of the fine structure of the pygmy resonance

As has been shown in the previous section, detailed information about
the fine structure of the pygmy E1 mode has been obtained from NRF exper-
iments. The statistical properties of the fine structure contain information
about the underlying dynamics: Whereas for low-spin states at high exci-
tation energies (around the particle separation threshold) the level spacing
shows strong correlations and is in agreement with the expectations of ran-
dom matrix theory [39], low-lying modes in deformed nuclei have been found
to exhibit more regular features with random level spacings [40]. A particu-
larly interesting example in this respect is the collective scissors mode where
a random nearest-neighbor spacing distribution (NND) has been found [41].

184 states with J™ = 17 in the four N = 82 isotones '38Ba, 40Ce,
M2Nd, and '*4Sm have been combined to form a common data ensemble
after unfolding the energy dependencies of the level density for the differ-
ent nuclei individually. Figure 3 displays that intermediate behavior be-
tween the extremal cases of correlated (Wigner, dash-dotted) and random
(Poisson, dashed) distributions is found [42]. For the interpretation of this
result it is important to point out that a large fraction of the expected states
is not detected experimentally due to a finite detection threshold. Cutting
out states based on their excitation strength, i.e., randomly with respect to
their excitation energy, leads gradually to a random NND even if the full
level sequence was correlated, as lately discussed in [43,44]. The experimen-
tal finding of an intermediate NND can be explained only if one assumes
that the level spacings distribution of the underlying complete spectrum ex-
hibits strong spectral correlations. This can be ascribed to the rather high
level density and is rather independent from the underlying non-collective
or collective structure of the excitation mode.
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Fig.3. Nearest-neighbor spacing distribution for an ensemble of 184 J™ = 1
states in the N = 82 isotones (solid histogram). For comparison, the random
Poissonian distribution (dashed) and the correlated Wigner distribution (dash-
dotted) are shown.
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6. Astrophysical impact

The dipole strength distribution at the particle separation energies might
affect reaction rates in astrophysical scenarios where photodisintegration
reactions are important, 7.e., in hot stars and stellar explosions. In recent
years, pioneering experiments have been carried out at the S-DALINAC to
study photoactivation of heavy nuclei in order to elucidate their production
mechanisms in p- and s-process sites [45,46]. Measuring the activation yields
at different endpoint energies of the bremsstrahlung yields a determination
of the reaction rate that is largely independent from details of the threshold
behavior of the photoneutron cross sections.

While the activation experiments using bremsstrahlung can probe cold
nuclei only, nuclei in the stellar environment will be thermally excited. Thus,
the extracted data can only be compared with the predictions from statistical
model calculations for this single channel, but they provide for a test of the
input data for astrophysical network calculations.

7. Conclusion

An overview over recent experiments studying electric dipole strength
excited by nuclear resonance fluorescence and Coulomb excitation from the
ground state in semi and doubly magic nuclei has been presented. One finds
that in neutron-rich systems the low-lying E1 strength is enhanced. Mi-
croscopic quasiparticle-phonon model calculations facilitate a good overall
description of the experimental data in heavy nuclei. The general agreement
between theory and experiment allows one to extract nuclear structure prop-
erties from the model which also points to an out-of-phase oscillation of the
outer neutrons with respect to a joint motion of protons and neutrons in
the nuclear interior. The calculations furthermore indicate the presence of
a toroidal, transversal E1 mode centered at about 1Aw.

The statistical properties of the fine structure of the pygmy resonance in
the N = 82 isotones have been analyzed, and in light of the large number
of missing levels, indications for strong correlations have been found. The
level density in the investigated energy region at the shell closure is already
sufficiently high to infer spectral correlations. The knowledge about the level
spacing distribution might in turn be used to extract level densities in the
PDR region by means of a fluctuation analysis [47,48|.

It has been pointed out that the knowledge about the E1 strength func-
tion close to the threshold has important implications on astrophysical re-
action rates in nuclei where photodissociation reactions are important. The
cross section starting from the ground state measured in NRF and photo-
activation represents an important test of nuclear structure and reaction
models used in nucleosynthesis network calculations.
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Several open questions about the origin of the low-lying E1 strength
remain, e.g. about its isospin character. This will be studied in alpha scat-
tering reactions at KVI Groningen in the near future. A detailed analysis
of the E1 form factors as well as an attempt to prepare out components of
the toroidal mode in the transverse response will be undertaken in electron
scattering [49]. The available data on low-energy E1 strength in nuclei far
from stability are very scarce, and more systematic studies are needed. One
example for such an experiment is the proposed investigation of E1 strength
below the particle threshold in 8Zn to be measured with the RISING setup
at the GSI.
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