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Evidence for Pygmy and Giant Dipole Resonances in 13’Sn and 132Sn
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The dipole strength distribution above the one-neutron separation energy was measured in the unstable
130Sn and the double-magic '32Sn isotopes. The results were deduced from Coulomb dissociation of
secondary Sn beams with energies around 500 MeV /nucleon, produced by in-flight fission of a primary
238 beam. In addition to the giant dipole resonance, a resonancelike structure (‘‘pygmy resonance”) is
observed at a lower excitation energy around 10 MeV exhausting a few percent of the isovector E1 energy-
weighted sum rule. The results are discussed in the context of a predicted new dipole mode of excess
neutrons oscillating out of phase with the core nucleons.
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Studies of the multipole response of atomic nuclei have
been a rich source of information on the variety of nuclear
excitation modes as well as on the nature of the underlying
nuclear interactions (see, e.g., Ref. [1]). With the advent of
the first-generation exotic-beam facilities, it was natural to
raise the question of the multipole response of unstable
nuclei. Restricting the discussion to dipole excitations of
neutron-rich, medium-heavy, and heavy nuclei, it is ex-
pected to find a stronger fragmentation of strength than in
stable nuclei, with significant components located in an
energy domain well below that of the giant dipole reso-
nance (GDR).

The nature of the low-lying excitations is a matter of
ongoing discussion. A concept that attracts most of the
attention is a picture of the excess neutrons at the nuclear
surface (neutron skin) oscillating against the core of the
nucleus—a mode commonly referred to as a “soft” or
“pygmy”’ dipole resonance (PDR). This interpretation was
already discussed in the early 1990s [2,3] and is strongly
supported by recent relativistic RPA calculations [4-6].
Low-lying E1 strength in unstable neutron-rich nuclei is
currently also discussed in the context of the astrophysical
r-process nucleosynthesis [7].

In contrast to the theoretical achievements, not much
experimental data on multipole strength distributions in
unstable nuclei exist at present. In one of the previous
experiments of our collaboration, the E1 strength above
the neutron-emission threshold up to 30 MeV excitation
energy was probed in oxygen isotopes, including nuclei
close to the drip line such as 2220 [8]. A considerable
fraction of strength was detected at energies below the
GDR domain. On theoretical grounds, however, it was

0031-9007/05/95(13)/132501(4)$23.00

132501-1

PACS numbers: 24.30.Cz, 25.60.—t, 25.70.De, 27.60.+j

concluded to be rather due to single-particle transitions
than to a collective soft mode. The E1 strength below the
neutron-separation threshold in 2°0O was measured by an-
other group using the complementary technique of virtual
photon scattering at intermediate energies [9]. Dipole
strength considerably exceeding a shell model prediction
was reported.

For heavier nuclei, the E1 strength was measured up to
date only in stable nuclei with small or medium neutron
excess. Very recently, in a real-photon scattering experi-
ment, a resonancelike concentration of E1 strength has
been observed below the neutron-separation threshold in
semimagic N = 82 stable isotones of mass A = 140 [10]
and around the neutron threshold in 2%Pb [11].

In this Letter, we report on measurements of the dipole
strength in the unstable nuclei '3 !32Sn, performed with the
LAND-FRS facility at GSI, Darmstadt. As an experimental
tool the electromagnetic (““Coulomb’) excitation of a sec-
ondary high-energy beam in a high-Z target was exploited.
In this process, E1 transitions are excited with very high
cross sections while integrated cross sections due to other
multipole excitations are typically on the 10% level. The
dipole strength distribution and the photo-neutron cross
sections, from the neutron-separation threshold up to
25 MeV excitation energy, could be deduced from the
measured electromagnetic dissociation cross sections by
means of the semiclassical method of virtual photons
[12,13].

The beam of '*2Sn and about 20 other isotopes of simi-
lar mass-to-charge (A/Z) ratio were produced by in-
flight fission of a 238U primary beam with an intensity of
1.4 X 10% ions/s incident on a Be target. Isotopes were
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selected according to their magnetic rigidity by the frag-
ment separator FRS [14]. The secondary beams were de-
livered to the experimental setup with energies around
500 MeV /nucleon. For !32Sn, the intensity amounted to
about 10 ions/s on the target. The incoming projectiles
were unambiguously identified event by event by deter-
mining their magnetic rigidity (with a position measure-
ment in the dispersive midfocal plane of the FRS), time of
flight, and energy loss. Projectiles were excited in a sec-
ondary 2%Pb target (468 mg/cm?). Additional measure-
ments were performed with a '>C target (370 mg/cm?)
and without target. The results presented in this Letter
were deduced from the data effectively collected for
4 days of beam time. The experimental setup and a
beam-identification plot are shown in Fig. 1.

The momenta of the neutron(s) emerging after projec-
tile dissociation were measured with the large area neu-
tron detector (LAND) [15] situated about 11 m down-
stream from the target. At 500 MeV neutron energy, the
intrinsic efficiency of LAND for single neutron detection
reaches 0.9. In the case of a two-neutron event, the effi-
ciency of reconstructing both neutrons is about 50% and
drops further for higher multiplicities. The time of flight is
measured with a resolution of o, = 300 ps, the position
with oy, . = 4.4 cm.

Gamma rays following neutron emission were detected
with the 47 Crystal Ball spectrometer surrounding the tar-
get. The high granularity of the array, consisting of 160 Nal
crystals, allows correction of the Doppler shift, which
results in a y-ray full-energy-peak resolution of around
15%. The measurement of the total energy carried away by
v radiation suffered from a background due to radiation of
atomic origin occurring during the passage of the projectile
through the target material. To reduce the uncertainty of
the y-energy measurement, only the forward hemisphere
of the array was used in the off-line analysis. In this way,
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FIG. 1 (color online). Schematic view of the LAND experi-
mental setup. Inset: identification of 28U fission fragments
forming the secondary beam.

the isotropically distributed y background was decreased
by 50% while the total calorimetric efficiency, due to the
Lorentz boost of the radiation emitted from the heavy
fragment, dropped from 70% to 64% only. The y back-
ground was measured independently by selecting events
without nuclear reaction, i.e., by requiring no coincident
neutrons and no change in mass or charge of the projectile
after the target; its mean value of 740 keV (in the forward
hemisphere alone) was subtracted from the measured sum
of 7y radiation energy. The spread of the y-background
distribution (o = 490 keV), however, contributes signifi-
cantly to the detector resolution in excitation energy.

The heavy fragment was identified and momentum an-
alyzed by means of energy-loss and time-of-flight mea-
surements and by tracking in the magnetic field of the
dipole magnet ALADIN. Resolutions of o, = 0.2 e for
the nuclear charge and of o4 = 0.45 u for the nuclear mass
were achieved. By combining the information on fragment
mass and reconstructed neutron multiplicity, a background
of events with wrongly assigned neutron multiplicity could
be kept at a level of 20%.

Finally, the excitation energy E* of the projectiles is
obtained from the invariant mass using the measured four-
momenta of all decay products, i.e., heavy fragment, neu-
tron(s), and <y rays. Taking into account all instrumental
effects, one obtains a non-Gaussian-like detector response,
the central part of which exhibits a resolution ranging from
o =0.7 to 0 = 1.6 MeV over the relevant range of re-
constructed excitation energies.

The electromagnetic cross sections do/dE* deduced
from the measurement with the Pb target are shown in
the left panels of Fig. 2. The data points represent sums of
the cross sections in the 1-neutron to 3-neutron decay
channels. Background due to reactions occurring outside
the target was determined from the measurement without
target and was subtracted. The cross section measured with
the C target essentially arises from nuclear interactions and
was subtracted from that measured with the Pb target after
appropriate scaling following the prescription in [16]. The
subtracted contribution due to nuclear interactions consti-
tutes about 12% of the cross section measured with the Pb
target, both for '*°Sn and '3?Sn. Efficiency corrections
dependent on neutron multiplicity were taken into account.
Distortions due to the detector response were not deconvo-
luted since deconvolution procedures enlarge statistical
fluctuations considerably. Instead, parameterized cross
sections are convoluted with the detector response function
(produced by means of a Monte Carlo simulation) and then
compared to the measurement. Both the experimental
method and the procedure of data analysis are described
in detail in an earlier publication [16] where it was shown
that giant resonance cross sections can be reliably ex-
tracted in the case of heavy stable isotopes.

In the right-hand panels of Fig. 2, photo-neutron cross
sections deduced from the measured Coulomb cross sec-
tions are depicted. Here, contributions of the isoscalar and
isovector giant quadrupole resonances, calculated with a
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FIG. 2 (color online). Left panels: energy differential, with
respect to excitation energy E*, electromagnetic dissociation
cross sections measured in *°Sn and '*2Sn. Arrows indicate
the neutron-separation thresholds. Corresponding right panels:
deduced photo-neutron cross sections. The curves represent
fitted Gaussian (blue dashed line) and Lorentzian (green dash-
dotted line) distributions, assigned to the PDR (centroid indi-
cated by an arrow) and GDR, respectively, and their sum (red
solid line), after folding with the detector response. Top right
panel: photo-neutron cross section in the stable >*Sn isotope
measured in a real-photon absorption experiment; the solid red
line represents a Lorentzian distribution [17].

relativistic Coulomb excitation code and adopting parame-
ters of their strength distribution from data systematics [1],
were subtracted from the Coulomb cross sections prior to
converting into photo-neutron cross sections. In the top
right panel, a photo-neutron spectrum of the heaviest stable
tin isotope, '?*Sn, measured in a real-photon absorption
experiment [17] is shown for comparison. The differences
between stable and radioactive tin isotopes at excitation
energies around 10 MeV are evident.

In order to extract quantitative information, a Lorentzian
distribution of photo-neutron cross section was tentatively
adopted to account for the GDR and a Gaussian (or alter-
natively a Lorentzian) distribution for the apparent low-
lying component; below, for convenience, the latter is
denoted as PDR. The two distributions are then trans-
formed back to the energy-differential Coulomb cross
section, folded with the detector response, and their pa-
rameters are found by y?> minimization against the experi-
mental data. In this way, positions, widths, and integrated
cross sections of both the PDR and GDR peaks are found.
The results of this procedure are shown in Fig. 2. The low-
energy shoulder of the GDR distribution in part arises be-
cause of the rapidly increasing flux of virtual photons to-
wards lower energies, but in part is also of an instrumental
nature due to the limited reconstruction efficiency (see
above) for the two-neutron decay channel; the latter effect

forms about 15% of the cross section observed around the
PDR.

A summary of the deduced PDR and GDR parameters is
given in Table I; data for the most neutron-rich stable tin
isotope, 1248, taken from [18] are added for comparison.
Deduced parameters for the PDR and GDR peaks are
quoted, i.e., peak energy (E,,,), width (FWHM) and the
integral over the photo-neutron cross section ( [ o). The
parameters for the PDR did not change significantly if
adopting either a Gaussian or a Lorentzian distribution.
Because of the finite energy resolution, only an upper limit
for the PDR width could be deduced. The errors as quoted
in Table I include the correlations among all fitted parame-
ters. As far as the giant dipole resonance parameters are
concerned, within error bars no significant deviations from
those known for the stable tin isotopes or stable isotopes in
the same mass region [1,18] are observed. The essential
difference compared to the dipole strength distribution of
the stable isotopes is manifested in the appearance of a
low-lying component as already noticed. The integrated
PDR cross section corresponds to 7(3)% and 4(3)% of the
value of the Thomas-Reiche-Kuhn energy-weighted sum
rule (EWSR) for 13°Sn and !32Sn, respectively. The respec-
tive B(E1) 1 values amount to 3.2 and 1.9 ¢ fm? or to 4.3
and 2.7 Weisskopf units (W.u.), the latter calculated for a
neutron transition (for the definition of W.u. adopted here
see [1]). Having in mind the well-known strong suppres-
sion, compared to the Weisskopf estimate, of E1 single-
particle transitions, such large B(E1) values indicate that
the observed low-lying strength is either composed out of a
large number of single-particle transitions in a rather nar-
row energy interval or involves a coherent superposition of
transitions forming a new collective mode.

It should be remembered that the dipole strength is
measured only above the one-neutron separation threshold,
and thus only part of the low-lying strength may be covered
in the present experiment. In fact, recent real-photon mea-
surements on stable N = 82 isotones [10] revealed a con-
centration of E1 strength in bound states below the neutron
threshold, spread over excitation energies between 5.5 and
8 MeV. The integrated strength exhausts, however, less
than 1% of the EWSR. Real-photon scattering experiments
to bound states of the stable isotopes ''®!2*Sn uncovered a
concentration of E1 strength around 6.5 MeV with B(E1)
values, however, of only 0.20 and 0.35 e fm?, respectively
[19]. The QRPA calculations by Tsoneva et al. [4], which

TABLE I. Summary of the parameters deduced for the PDR
and GDR peaks. The parameters for '2*Sn are from [18].
PDR GDR

Enxe FWHM [0, Enx FWHM [0,

[MeV] [MeV] [mb MeV] [MeV] [MeV] [mb MeV]
1248n s s 153 4.8 2080
130Sn  10.1(7) <3.4  130(55) 159(5) 4.8(1.7) 2680(410)
28n  9.8(7) <25 75(57)  16.1(7) 47(2.1) 2330(590)
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are in agreement with the experimental results for '**Sn
[19], predict a comparable amount of strength concentrated
below the neutron threshold at about 6 MeV excitation en-
ergy, also in the heavier tin isotopes '2°7132Sn. Recently,
the dipole strength distribution in neutron-rich Sn isotopes
was theoretically investigated in relativistic (quasiparticle)
random phase approximation (RRPA) [5,6] and in non-
relativistic (quasiparticle) RPA including phonon coupling
(RPA-PC) [20]. Common to both types of microscopic
calculations is the appearance of low-lying strength in an
excitation energy interval of 6-10 MeV, predominantly
arising from neutron excitations. In the case of ¥2Sn, a
prominent peak is found at 8.6 MeV in the RRPA and at
9.7 MeV in the RPA-PC calculations. In both calculations,
the respective transition densities at the nuclear surface
show a vanishing proton contribution and are only built
from neutron excitations. In the nuclear interior, the RRPA
calculation exhibits protons and neutrons oscillating in
phase, the RPA-PC calculation shows different nodes for
protons and neutrons. The ratio of the integrated low-lying
strength to that of the GDR obtained by the two calcula-
tions is compared to our experimental results for 3%132Sn
in Table II. Both calculations are essentially in accord with
each other and with the data. To some extent, however, the
conclusions drawn from the two calculations are in con-
flict. The RRPA approach identifies transitions, e.g., that at
8.6 MeV in '328n, to which quite a number of particle-hole
configurations contribute coherently (see Table 3 of [6])
and for which the dynamics typical for a pygmy resonance
is claimed, i.e., the vibration of excess neutrons (N > 50)
at the surface with respect to the core. In contrast, the non-
relativistic approach gives no evidence for transitions in-
volving more than one or two particle-hole configurations.

To judge on the collectivity of the PDR strength one
may think of employing so-called dipole cluster sum rules
[21,22]. The ““cluster” sum rules are applicable in the case
of less tightly bound valence nucleons which oscillate
against the remaining ‘“‘core’” nucleons. Strictly speaking,
these sum rules are justified only provided an unambiguous
decoupling of excitations of valence and core nucleons. If
we assume that only neutron excitations contribute to the
PDR, the energy-weighted sum rule measures the number
N, of participating valence neutrons. From our experimen-
tal PDR energy-weighted strength for *%132Sn we would
derive on average value around N, = 10. The non-energy-
weighted cluster sum rule measures the fluctuation (R2) of
the center-of-mass coordinate R, of the participating va-
lence neutrons (neglecting the exchange term) [22]. From
the measured B(E1) value integrated over the PDR, see
above, we would derive a value around /(R2) = 0.8 fm.
This small value seems conceivable if we adopt a picture of
the participating valence neutrons forming a *““skin” in the
nuclear periphery with not too large spatial correlations
among themselves.

In summary, the dipole strength distribution was mea-
sured for the first time in unstable neutron-rich tin isotopes,

TABLE II. Ratio of the photo-neutron cross section of the
PDR to that of the GDR from this experiment in comparison
to the microscopic calculations [5] (RRPA) and [20] (RPA-PC).

This experiment RRPA RPA-PC
1398n 0.05(2) 0.055 .
1328n 0.03(2) 0.05 0.04

the 13°Sn and the doubly magic '3?>Sn nuclei, for excitation
energies from the neutron-separation threshold up to the
giant resonance domain. A sizeable strength concentrated
at energies well below the GDR region is evident; the
observed magnitude of this low-lying strength exceeds
considerably that found earlier in bound states near the
neutron threshold in stable nuclei. Present-day microscopic
calculations agree that the low-lying E1 strength arises
from oscillations of the excess neutrons but it is under
debate to what extent a collective motion is formed.
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