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Fine Structure of the Pygmy Dipole Resonance in 3¢Xe
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The photoresponse of the semimagic N = 82 nucleus '*6Xe was measured up to the neutron separation
energy S, using the (v, y') reaction. A concentration of strong dipole excitations is observed well below
S, showing a fragmented resonancelike structure. Microscopic calculations in the quasiparticle phonon
model including complex configurations of up to three phonons agree well with the experimental data in
the total integrated strength, in the shape and the fragmentation of the resonance, which allows us to draw
conclusions on the damping mechanism of the pygmy dipole resonance.
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Collective excitations are a common phenomenon in
many-body physics. Giant resonances are a classical ex-
ample of collective excitations in atomic nuclei. The theo-
retical description of the damping of these collective
modes within microscopic models is very difficult because
of their high excitation energies and different mechanisms
contributing to the damping width. The so-called pygmy
dipole resonance (PDR), a concentration of electric dipole
strength below the well-known isovector electric giant
dipole resonance (IVGDR), has attracted considerable in-
terest during the past few years. In contrast to the IVGDR,
the PDR is a low-lying mode located below the particle
thresholds. Therefore, coupling to complex configurations
is the only mechanism for the resonance damping. In
addition, the density of complex configurations in the
energy region of the PDR is not too high, allowing one to
account for nearly all of them in a microscopic model.
Therefore, the PDR is a challenge for theory in nuclear
physics because one can expect a good description of the
fragmentation of a collective mode without including any
phenomenological parameters responsible for the reso-
nance width. Thus, the comparison to experimental data
makes it possible to determine whether the damping
mechanism for a collective mode in many-body systems
is well understood.

The first evidence for strong low-lying E1 excitations in
heavy nuclei located in the energy region 5-10 MeV in-
dicating an additional structure beside the IVGDR in the
E1 response of atomic nuclei was found three decades ago
[1-3]. Recently, an experimental survey of the whole mass
region has revealed that the PDR is a common excitation
mode in most atomic nuclei [4,5]. These experimental
efforts are accompanied by intense theoretical investiga-
tions to find a microscopic description of the PDR and its
properties; see, e.g., the review [6] and references therein.
Understanding the nature of the low-lying E1 strength will,
e.g., help to constrain the symmetry energy in atomic
nuclei [7] and has an impact on reaction rates of astro-
physical interest [8,9] as well as on the photodisintegration
of ultrahigh-energy cosmic rays [10].
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An ideal tool to study E1 strength below the neutron
separation energy (S,) is the method of real photon scat-
tering or nuclear resonance fluorescence (NRF) [11,12].
With the advent of new powerful (v, y') setups, detailed
information on the E1 strength distribution up to S, of
various medium-heavy and heavy nuclei could be ob-
tained. The results of systematic surveys in the Ca isotopes
[13], Ge isotopes [14], ®Sr isotope [15], Sn isotopes
[4,16], N = 82 isotones [17], and Pb isotopes [18,19]
have shown a rather smooth variation of the position and
total strength of the PDR. The availability of intense exotic
beams allows one to extend the search for low-energy E1
strength to very neutron rich systems in Coulomb breakup
experiments in inverse kinematics [20]. Using this method,
neutron rich Sn and Sb isotopes have been studied at the
FRS/LAND setup at GSI [21,22].

An enhancement of the integrated strength of the PDR to
higher neutron-to-proton ratios N/Z is predicted in many
microscopic model calculations [23—31]. The low-lying
part of the E1 strength arises in most models from excess
neutrons forming a neutron skin and oscillating against an
isospin saturated core. It has been pointed out that in this
case the total strength located in the PDR is connected to
the thickness of the neutron skin and therefore might
provide an alternative way to determine this nuclear pa-
rameter [7,29].

Up to now, mainly predictions of integral quantities such
as total strengths and centroid energies have been com-
pared to the experimental results. However, the experi-
ments show a strong fragmentation of the observed El
strength, which has two important consequences: First,
the fragmentation will have an impact on integral quanti-
ties, as every experiment has a finite sensitivity limit, and
second, the fragmentation itself provides another important
quantity to compare theory and experiment, as already
mentioned in the first paragraph. This Letter establishes
for the first time a detailed look at the PDR fine struc-
ture and examines the corresponding calculations within
the quasiparticle phonon model (QPM) [32]. In addi-
tion, the results of (7, ') experiments on '3Xe finalizing

© 2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.100.232501

PRL 100, 232501 (2008)

PHYSICAL REVIEW LETTERS

week ending
13 JUNE 2008

the systematics on the stable N = 82 isotones are pre-
sented.

The experiment was performed at the high intensity
photon setup at the superconducting electron linear accel-
erator S-DALINAC at the Technische Universitit
Darmstadt [17]. Bremsstrahlung was produced by stopping
the electron beam in a thick radiator. The high-pressure
136Xe gas target (2.925 g) was sandwiched between two
boron disks for photon flux calibrations. The scattered
photons were detected by three large-volume high-purity
germanium (HPGe) detectors, at 90° and 130° with respect
to the incoming photon beam.

Figure 1 shows the measured photon spectrum of one of
the detectors at 130° normalized to the product of the
photon flux and the absolute photopeak efficiency of the
detector. Therefore, the peak areas in this spectrum are
directly proportional to the integrated cross sections of the
corresponding transitions in the (7, y’) reaction. The spec-
trum shows a concentration of strong peaks in the energy
range between 5.5 and 7.5 MeV. In contrast, only a couple
of small peaks are observed in the region just below the
neutron separation energy S,,.

In NRF experiments, the experimental cross section for
elastic scattering is proportional to I';/T’, with the decay
width to the ground state I') and the total decay width I. In
most cases, no inelastic transitions to excited states are
observed, and I'y/I" = 1 is assumed. However, one should
keep in mind that weak unobserved branchings might
result in a somewhat smaller ratio I'y/I", and therefore
the extracted values for I’y are only a lower limit.

From the angular distribution of the scattered photons,
J = 1 can be assigned to all excited levels, while the parity
was not accessible in this experiment. However, the par-
ities of many bound J = 1 excitations have been measured
in the neighboring isotones '**Ba [33] and *°Ce, and no
positive parity state has been observed. Assuming negative
parity for the observed states in '*°Xe is therefore well
justified. For each state, the B(E1) 1 strength can be calcu-
lated from the deduced I'y values. The observed distribu-
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FIG. 1. Spectrum of one HPGe detector normalized to the
incoming photon flux and the photopeak efficiency.

tion as a function of excitation energy is presented in the
upper part of Fig. 2 (the preliminary results published in
Ref. [12] have to be rectified by the present values). The
sensitivity limit of the experiment (indicated as a dotted
line) is based on the background in the spectrum. This limit
represents the minimum strength of a state that would
result in a peak visible above the background with a con-
fidence limit of at least 30

The B(E1) 1 strength distribution in '3*Xe shows a con-
centration in the energy range between 5.5 and 7.5 MeV. A
comparable resonancelike structure of £1 strength which is
interpreted as the PDR is also observed in all other stable
N = 82 isotones as reported in Ref. [17]. The measured
integrated B(E1) T strengths up to the neutron separation
energy of the PDR in the stable N = 82 isotones are shown
in Fig. 3. The new value for '3Xe confirms the enhance-
ment of the total observed strength for higher neutron-to-
proton ratios N/Z, which is predicted by most microscopic
model calculations. The prediction for '**Xe presented in
Ref. [17] is in excellent agreement with the measured
value.

New calculations within the QPM have been performed.
Excited states of nuclei are treated by this model in terms
of quasiparticle random-phase approximation phonons
which include both collective and almost pure 1plh ex-
citations. In the present calculation for 13°Xe, we have used
the same set of model parameters as in the previous cal-
culations for N = 82 isotones in Ref. [34]. Since the main
goal of the calculation is to consider how well theory is
able to describe the observed fragmentation of the E1
strength, the model space should be as large as possible.
For this reason, the configuration space used in Ref. [34]
has been extended by adding three-phonon (3ph) configu-
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FIG. 2 (color online). Measured and calculated B(E1)1
strength distributions. For details, see the text.
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FIG. 3 (color online). Measured integrated B(E1) T up to
8 MeV in the N = 82 isotones. The new value for '3°Xe confirms
the enhancement for higher neutron-to-proton ratios N/Z.

rations; i.e., our wave function contains 1ph, 2ph, and 3ph
components. It is essential that almost all E1 strength is
carried by 1ph configurations while complex (2ph and 3ph)
configurations participate in the fragmentation. Complex
configurations are constructed from phonons of different
multipolarities from 1= to 9 and with different internal
fermionic structures. They have been truncated at 8.5 MeV,
and Pauli principle corrections are neglected. Altogether,
we have about 1150 configurations below 8.5 MeV and,
accordingly, the same number of excited 1~ states after
diagonalization of the model Hamiltonian. Keeping in
mind that the lowest 4ph 17 configuration in '3®Xe is
expected at 7.2 MeV, our model space is almost complete
below 8.5 MeV.

The results of the QPM calculation are shown in the
middle part of Fig. 2. As in the experiment, a resonancelike
structure of strongly fragmented E1 strength appears in the
energy region between 6.0 and 8.0 MeV. The fact that the
calculation also reproduces the fragmentation of the
strength allows us to consider the finite experimental sen-
sitivity in the comparison to the data and, furthermore, to
compare not only integral quantities but also the fragmen-
tation itself.

In the lower part of Fig. 2, the running sum of the E1
strength is given for the experiment and calculation. For
the calculation, two running sums are presented, one in-
cluding all states (QPM) and one including only states with
strengths above the sensitivity limit of the experiment
(QPM;). Besides a shift of about 500 keV to higher
energies, the shapes of the QPM; sum and the experimen-
tal data are in excellent agreement. The exclusion of states
below the sensitivity limit of the experiment changes the
QPM sum only in the energy region above 7.5 MeV. Up to
the neutron separation energy, the integrated strengths for
the QPM and the QPM; sum are 0.802 and 0.655¢2 fm?,
respectively. On the one hand, the latter value agrees very
well with the experimental result of 0.662(45)e? fm?, and,
on the other hand, it shows that only a smaller fraction of
the total strength is carried by weak excitations up to §,,.

The calculated values of the total B(E1) 1 strength within
the QPM up to 8.02 MeV (S, of 136Xe) for all stable N =
82 isotones are shown in Fig. 3 together with the experi-
mental results. By accounting for the sensitivity limit of the
corresponding (v, y') experiments in the QPM sum
(QPM,), the overall agreement is clearly improved.

To compare the spreading of the E1 strength in 136Xe in
the experiment and the QPM calculation, we determine the
first moment o of the E1 strength distribution:

B(E1),
o= ZIE E, |ZB(E1)

For the experimental data, we obtain oy, = 0.61(2) MeV
and for the full QPM calculations ogpy = 0.53 MeV.
Accounting for the experimental sensitivity limit only
slightly changes the value to ogpy, = 0.52 MeV. Thus,
experiment and theory are in good agreement.

A comparison of the experimental data and the QPM
calculation in light of the distribution and fragmentation of
the observed B(E1) strength is shown in Fig. 4. To focus on
the distribution, the states are grouped in energy bins
250 keV wide on the left-hand side, while the right-hand
side focuses on the fragmentation by grouping the states in
bins of 1 X 1073¢? fm?. The upper row shows the corre-
sponding number of states in the experiment and for the
QPM calculation taking the experimental limit into ac-
count. The lower row compares the experimental data of
the summed B(E1) strength per bin to the QPM calculation
and puts the focus on the effect of the experimental sensi-
tivity limit for the calculation.

Experiment and calculation agree nicely for energies
below about 7 MeV, where the included model space can
be expected to be complete as explained above. Going to
higher energies, the number of levels as well as the
summed B(E1) strength observed in the experiment are
significantly lower than the calculated one even when
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FIG. 4 (color online). Comparison of the experimentally ob-
served and in the QPM calculation predicted E1 strength with
respect to its distribution (left) and fragmentation (right). For
details, see the text.
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taking the sensitivity limit into account. However, the
pattern of the summed B(E1) strength distribution basi-
cally does not change by accounting for the sensitivity
limit in the QPM as can be seen in the lower-left part of
Fig. 4. Compared to the lower part of Fig. 2, it becomes
clear that these experimentally missing states do not carry
much strength as is mirrored in the right part of Fig. 4. Here
experiment and calculation agree well for excitations with
a value of B(E1) =3 X 1073¢? fm? taking into account
the absolute value as well as the shape of both distributions.

Discrepancies occur for excitations with lower B(E1)
values. Both observations are based on the same reasons:
First, at excitation energies above 7 MeV, the model space
in the QPM calculation is not complete any more due to the
occurrence of 4ph configurations. Thus, the calculation
might underestimate the fragmentation which would cause
the strength to split into more states with weaker strengths
so that the states are no longer observable within the
experimental sensitivity limit. Second, the experimental
limit as defined here cannot be expected to be a rigid limit.
As mentioned above, the limit is given by the minimum
strength for an excitation to result in a peak above the
background observed in the spectrum. However, if many
weak unresolved excitations contribute to the continuous
part of the spectrum, this limit no longer represents an
absolute detection limit but provides the amount of
strength an excitation has to exceed the surrounding sea
of weak excitations. Consequently, the number of experi-
mentally detected states decreases for B(El) =
3 X 1073¢? fm? although one expects the increasing be-
havior as seen in the QPM calculations, thus reflecting the
limits of the experimental method. However, the selectivity
of the method to the B(E1) strength ensures the observation
of all states above B(E1) = 3 X 1073¢? fm?. Hence, the
overall agreement of experimental data and QPM calcula-
tions is very good because the resonancelike structure of
the E1 strength as well as the amount of fragmentation is
reproduced in the constraints of the limits of the experi-
mental method and the model space in use.

In conclusion, the photoresponse of the semimagic N =
82 isotone '3®Xe measured in real photon scattering shows
aresonancelike concentration well below the neutron sepa-
ration energy. The total amount, the distribution, and the
fragmentation of the strength is well reproduced in QPM
calculations. This confirms that the damping mechanism of
the PDR is the coupling of a collective mode with complex
configurations. The results show that the fragmentation
provides a deeper test of modern microscopic model
calculations.

However, further observables of the models should be
measured to learn more about the underlying structure of

the E1 strength. Recent experiments on '“°Ce using the
(a, @', y) reaction have revealed a splitting of the PDR into
two parts [35], which points to different structures within
the PDR. The comparison to such data obtained in hadron-
scattering experiments will help to further constrain micro-
scopic models.
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