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E1 strength in 28Pb within the shell model
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The dipole response of the doubly magic nuclide 2®Pb was studied in photon-scattering experiments at the
electron linear accelerator ELBE with bremsstrahlung produced at kinetic electron energies of 9.0 and 15.0 MeV.
The present (y,y’) data combined with (y,n) data from the literature are compared with results of shell-model
calculations and calculations using a quasiparticle random-phase approximation. The shell-model calculations
including (2p-2h) excitations describe the experimental E'1 strength well and reproduce the spreading of the giant
dipole resonance by applying a small smearing width only.
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I. INTRODUCTION

The low-lying dipole strength as well as the isovector
giant dipole resonance (GDR) in nuclei have attracted interest
already for a long time. The dipole strength distribution and the
related photoabsorption cross section o, determine the reac-
tion rates of photonuclear reactions such as photodisintegration
reactions and the inverse reactions, for example, neutron
capture. These reactions play an important role in specific pro-
cesses of nucleosynthesis. Moreover, an improved experimen-
tal and theoretical description of neutron-capture reactions is of
growing importance for next-generation nuclear technologies.

The GDR has been described by phenomenological ap-
proximations such as a Lorentz curve [1], later on extended by
including an energy-dependent width [2,3] and phenomeno-
logical corrections for nuclear temperature [2-4] and for
nuclear deformation [2,5]. These analytical approaches are
currently available in databases for nuclear reactions [6] and
are used in codes based on statistical reaction models [7,8]. A
recent parametrization of the GDR by a combination of three
Lorentzians with centroid energies according to a triaxially
deformed oscillator [9] achieved an improved description of
the GDR in deformed nuclei by using a spreading width
depending only on the resonance energy as deduced from
thermodynamical considerations [10].

Microscopic descriptions of the GDR are mainly based on
the quasiparticle random-phase approximation (QRPA) that
describes the coupling of two-quasiparticle (2gp) excitations
and the formation of one-phonon modes. A problem of this
approach is the strong fluctuations of the calculated electric
dipole (E1) strength function that are at variance with the
rather smooth behavior of the experimental data for the GDR.
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The observed spreading of the GDR has been explained as
a collisional damping caused by higher order particle-hole
excitations [11]. To simulate this spreading, an additional
smearing is applied by folding the QRPA solutions with
Lorentz curves of widths of about 3—4 MeV. Several attempts
to improve the description have been made until now. An
overview about these is given, for instance, in Ref. [12].
The residual couplings of quasiparticles to phonons neglected
in the usual QRPA have been included, for example, in
the quasiparticle-phonon model (QPM), applied to describe
the low-lying strength below about 10 MeV so far [13],
in the quasiparticle time-blocking approximation (QTBA) [14]
or in the second random-phase approximation (SRPA) [15].
These models still require additional smearing to describe the
spreading of the GDR. The extended theory of finite Fermi
systems (ETFFS) based on QTBA calculations [16] provides
an improved description of the spreading of the GDR. More-
over, the relativistic quasiparticle time-blocking approxima-
tion (RQTBA) [12,17], including spreading effects on the 4¢gp
level in the fully consistent calculation scheme, reproduces
the smooth behavior of the experimental data fairly well by
applying small smearing widths of less than 500 ke V. Because
of the large numerical efforts, the preceding extensions of the
QRPA models are restricted to spherical nuclei. Deformed
nuclei were recently studied in a self-consistent QRPA with
Skyrme interactions [18] and in a QRPA on the basis of a
Woods-Saxon potential [19,20]. The latter has been extended
by taking into account fluctuating shapes in slightly deformed
transitional nuclei. This instantaneous-shape sampling [21] has
improved the description of the experimental E1 strength but
still requires additional smearing.

The E1 strength in the GDR region of the doubly magic
208Pb has been used as a test for nearly all the approaches just
mentioned. Calculations for 2*Pb are presented, for example,
in Refs. [14,17,22-27]. In the present work, we test the
predictions of the shell model for the E1 strength in 28Pb.
For this purpose, we revisit the low-lying dipole strength in
208Ph by means of photon scattering and combine the present
(y,y’) data with (y,n) data from literature. For comparison,
results of a QRPA calculation are also presented.
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II. EXPERIMENTAL METHODS AND RESULTS

We studied 2®Pb in a photon-scattering experiment using
the bremsstrahlung facility [28] at the superconducting elec-
tron accelerator ELBE of the Forschungszentrum Dresden-
Rossendorf. Bremsstrahlung was produced using electron
beams of kinetic energies of 9.0 and 15.0 MeV with average
currents of about 500 pA. The electron beams hit a radiator
consisting of a niobium foil with a thickness of 7 pm.

The target was a disk with a diameter of 20 mm tilted by
45° on a horizontal axis perpendicular to the beam. The target
mass was 2066.4 mg, enriched to 98.6% in 2%®Pb. The lead
disk was combined with 339.5 mg of 1B enriched to 99.5%,
that was also shaped to a disk of 20 mm diameter to determine
the photon flux from known scattering cross sections of levels
in ''B.

Scattered photons were measured with four high-purity
germanium (HPGe) detectors of 100% efficiency relative to a
3in. x 3 in. Nal detector. All HPGe detectors were surrounded
by escape-suppression shields made of bismuth germanate
(BGO) scintillation detectors. Two prevent y rays scattered
from surrounding materials from hitting the detectors, lead
collimators of 10 cm thickness were placed in front of the
detectors, and the BGO detectors were encased in cylindrically
shaped lead layers of 2 cm thickness. Two HPGe detectors were
placed vertically at 90° relative to the photon-beam direction at
adistance of 28 cm from the target, resulting in opening angles
of 16°. The other two HPGe detectors were positioned in a
horizontal plane at 127° to the beam at a distance of 32 cm from
the target with opening angles of 14°. The ratios of the y-ray
intensities measured at 90° and 127° were used to distinguish
between dipole and quadrupole radiation. Absorbers of 20 mm
Pb plus 3 mm Cu and of 8 mm Pb plus 3 mm Cu were placed
in front of the detectors at 90° and 127°, respectively. Spectra
of scattered photons were measured for 36 hours. Part of a
spectrum including events measured at EX" = 15.0 MeV with
the two detectors placed at 127° relative to the beam is shown
in Fig. 1.

In photon-scattering experiments, the energy-integrated
scattering cross section of an excited state can be deduced
from the measured intensity of the respective transition to the
ground state. The determination of the integrated scattering
cross sections relative to the ones of states in !'B has the
advantage that the efficiencies of the detectors and the photon
flux are needed in relative units only. We calculated the energy-
dependent efficiencies for the four detectors by using GEANT4
[29]. The simulated efficiency curves were checked by using
experimental efficiencies obtained from measurements with
22Na, 90Co, '3 Ba, and '*7Cs standard calibration sources. The
bremsstrahlung spectrum was calculated by using a code [30]
based on the approximation given in Ref. [31] and including
a screening correction according to Ref. [32]. The calculated
curve of the photon flux fits the experimental values derived
from measured intensities, known integrated scattering cross
sections [33,34] and angular distributions [35] of transitions in
!B, For the calculated photon flux, we assumed an uncertainty
of 6%, as obtained for the experimental relative flux derived
from the 8913 keV transition in ''B. Further details of the
applied techniques are given in Refs. [36—40].
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FIG. 1. Part of a spectrum of photons scattered from 2°*Pb com-
bined with "B, measured during the irradiation with bremsstrahlung
produced by electrons of EX" = 15.0 MeV. This spectrum is the sum
of the spectra measured with the two detectors placed at 127° relative
to the beam. The most prominent peaks assigned to ground-state
transitions from states in 2%®Pb are marked with their energies in keV.

J =1 states in 2®8Pb with excitation energies from 4.8 to
8.0 MeV observed in each of the two experiments at EX" =
9.0 MeV and EN" = 15.0 MeV are presented in Table I.
The given quantities were deduced from the experiment at
15.0 MeV and are consistent with the ones obtained at
9.0 MeV, which proves that the listed states are affected neither
by feeding nor by neutron-induced reactions in the experiment
at 15.0 MeV. In addition to the quantities deduced from
the present experiments, we include the results of an earlier
experiment with polarized photons at ELBE that is described
in Ref. [28]. The relative nuclear self-absorption R in the target
was determined according to Eq. (8.27) in Ref. [41]. The source
energy spectrum N(E) was assumed to be constant in the
energy region around the resonance, as suggested in Ref. [41].
The areal density of nuclei deduced from target mass and
geometry just described is n4ds = 26.559 x 107° fm~2. The
effective temperature T, = 302 K was determined according
to Eq. (8.19) in Ref. [41] by using the Debye temperature § =
88 K. Considering the target acting as absorber and as scatterer
with on average equal contributions, half of the target thickness
was used in the calculations, which corresponds to a first-order
Taylor expansion of an exponential attenuation. The second
order influences the result in the last digit only. For small partial
level widths of I'y < 1 €V, the calculated values of R come
close to the ones obtained from the approximation of R given
in Eq. (8.28) of Ref. [41] for the case ') < Ey\/szeff/Mcz,
where k is Boltzmann’s constant and Mc? is the rest energy of
the 2°Pb nucleus. In addition to the nuclear self-absorption,
an electronic attenuation of 2% was taken into account. The
resulting correction factors Cs, = 1 — R are given in Table L.
These correction factors and the partial level widths listed
in Table I were iteratively determined such that the partial
level widths determined directly from measured intensities
are reproduced after applying the given correction factors.
Resonant self-absorption in the lead absorbers in front of the
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TABLE L J = 1 states from 4.8 to 7.6 MeV in ***Pb.

1,(90°) 1 i—lyic

E* (keV) 7, (127°) Ty ¥yt Jre L (eVb) o' (eV) Caa®
4841.2(1) 0.90(8) —0.33(3) 1~ 2174(250) 4.42(51) 0.81
5292.1(1) 0.75(6) —0.33(3) 1~ 2382(273) 5.79(66) 0.83
5511.9(1) 0.79(7) —0.32(2) 1- 8455(979) 22.28(258) 0.88
5843.9(3) 1.3(3) +0.18(10) 1 367(68) 1.09(20) 0.93
5947.6(4) 1.5(5) 1~ 226(57) 0.69(17) 0.95
6263.2(3) 0.72(8) —0.23(8) 1- 841(104) 2.86(36) 0.90
6312.9(1) 0.67(7) —0.21(11) 1- 1199(143) 4.14(49) 0.89
6362.7(3) 0.66(11) —0.33(14) 1~ 430(60) 1.51(21) 0.93
6719.8(2) 0.75(7) —0.22(3) 1- 2746(317) 10.75(124) 0.88
7063.4(2) 0.78(7) —0.22(2) 1~ 4373(509) 18.92(220) 0.90
7083.4(3) 0.70(7) —0.19(3) 1~ 2476(296) 10.78(129) 0.89
7178.7(5) 1.3(3) 1 197(47) 0.88(21) 0.96
7206.1(5) 0.94(18) 1 114(36) 0.51(16) 0.96
7244.3(4) 0.83(18) " 405(150) 1.84(68) 0.94
7280.5(6)' 0.6(3) 1+ 267(105) 1.23(48) 0.97
7332.6(2) 0.74(6) —0.20(3) 1~ 7196(820) 33.56(383) 0.93
7549.6(3) 1.5(4) 1~ 196(41) 0.97(20) 0.96

2Excitation energy. The number in parentheses is the uncertainty in units of the last digit. This value was deduced from the y-ray energy
measured at 127° by including a recoil and Doppler-shift correction.

PRatio of the intensities measured at angles of 90° and 127°. The expected values for an elastic pure dipole transition (spin sequence 0 — 1 — 0)
and for an elastic quadrupole transition (spin sequence 0 — 2 — 0) are 0.74 and 2.15, respectively.

¢Azimuthal asymmetry of the intensities deduced from the scattering of polarized photons. The values were taken from Ref. [28]. A negative
value indicates E'1 radiation; a positive value indicates M 1 or E2 radiation.

4Spin and parity deduced from angular correlation and azimuthal asymmetry, respectively, of the ground-state transition. The values are
consistent with the ones listed in Ref. [50] unless noted otherwise. The values in Ref. [50] were adopted if no or indefinite values were deduced
from the present experiment, namely, for the states at 5843.9, 5947.6, 7178.7, and 7549.6 keV.

°Energy-integrated scattering cross section deduced from intensities measured at 127° and corrected for self-absorption (see text).

fPartial level width for the ground-state transition I'y. The branching ratio was assumed to be I'y/ " = 1 according to Refs. [49,50]. The
partial level width correlates with the integrated scattering cross section given in column 5 via the relation I, = g(wfic/E,)*T'2/ T’ with
g=QJ + /I + D).

£Correction factor for self-absorption (see text). The values of the integrated cross section and partial level width deduced from the measured

intensity are reproduced when applying this factor to the respective values given in this table.

"In Ref. [50], the assignment 1~ is given for a state at 7240 keV found in (d, p) experiments.

iTn Ref. [50], the assignment 17 is given for a state at 7278.7(2) keV. Angular correlation, integrated cross section, and partial level width were
deduced from the experiment at EX" = 9.0 MeV, in which the target was not combined with ''B.

detectors was neglected because the energies of the emitted
y rays are lowered due to recoil and Doppler shift by about
0.1-0.2 keV, whereas the level widths are smaller than about
0.02 keV.

The levels listed in Table I have been known from several
earlier experiments [42-50]. However, the partial level widths
of ground-state transitions given in those publications scatter
over wide ranges, the largest values being by about 50%
greater than the smallest ones for a given level. Moreover,
most of the experiments do not cover the full energy range
(see the compilations in Refs. [49,50]). The present work
delivers partial level widths over the whole energy range
up to the neutron-separation energy that have in several
cases smaller uncertainties than those in previous work,
and it confirms spin-parity assignments for several levels
in an independent measurement. The level widths given in
Table I may increase the confidence level of adopted values as
generated in Ref. [50] from various experiments. We could not

confirm the levels at 7415, 7631, 7685, 7723, and 7913 keV
given in Refs. [48,50]. We observed transitions at 7415, 7631,
7646, 7723, and 7914 in the experiment at EX" = 15.0 MeV
but not at EX" = 9.0 MeV, which may indicate their origin
from neutron-induced reactions. Indeed, the doublet at 7631
and 7646 keV is known from the 3*Fe(n, y) reaction [51].
The integrated scattering cross sections including the
correction factors for self-absorption as given in Table I were
used to derive absorption cross sections for energy bins of
200 keV. Our previous studies of dipole strength distributions
in Mo isotopes and in N = 50 isotones have shown that up to
about 70% of the dipole strength appear in a quasicontinuum of
unresolved levels that is caused by the high level density at high
excitation energy [20,36—39]. The comparison of the measured
spectrum of 2%®Pb with the simulated background caused by
atomic processes in the lead target shows that only about 10%
of the total strength in the energy range from 4.5 to 7.5 MeV can
be ascribed to the quasicontinuum, which has been neglected.
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The small contribution of the quasicontinuum in 2%Pb can
be understood by considering level densities. The density of
levels with spin J = 1 including both parities in the doubly
magic nuclide 208pph amounts to 28 /MeV at E, =7 MeV, for
example, compared with 130/MeV in *>Mo or 3290/MeV in
100Mo according to the back-shifted Fermi gas model using the
parameters given in Ref. [52]. In the following, we combine
the photoabsorption cross sections derived from the present
(y.y’) data with cross sections of (y,n) experiments covering
the energy region of the GDR and compare them with the
predictions of the shell model and also of QRPA calculations.

III. SHELL-MODEL CALCULATION
OF THE E1 STRENGTH

The shell-model calculations for the E1 strength distribu-
tion in 2%8Pb are based on the work in Ref. [53] for the double-
octupole states in 2*®Pb. The model space involves protons
in the major shells A = (1g7/2, 2d5/2, 2d3/2, 3S1/2, lhll/z) and
B = (1/’!9/2, 2f7/2, 2f5/2, 3[)3/2, 3]71/2, 1i13/2), and neutrons in
the major shells C = (1ho)2, 2 f1/2, 2 f5/2, 3p3/2, 3P1/2, 1i13)2)
and D = (liy1y2, 2892, 2872, 3ds)2, 3d3/2, 4512, 1j15/2).

The simplest calculations assume a closed-shell (Op-Oh)
configuration for 2Pb where the orbits in the A and C major
shell are filled and those in the B and D major shells are
empty. The 24 states involving the single-particle and the
single-hole states in the surrounding nuclei (**’Pb, 2%Pb,
20771, and 209Bi) were then calculated and were used to set the
single-particle energies of the Hamiltonian to those given in
Fig. 1 of Ref. [54], which are based on the observed energies
of the single-particle states in these nuclei. The energies of
the unperturbed particle-hole energies and the corresponding
B(E1) values are those for pure proton or neutron excitations
(with no center-of-mass correction for the E1 operator and
spurious states not removed), shown for protons and neutrons
in Fig. 2(a) and Fig. 2(b), respectively. The overall lower
energy of neutron excitations reflects the smaller shell gap
for neutrons compared to protons.

In the next step, the mixed (1p-1h) states in 2**Pb were
calculated. [Note that these (1p-1h) states correspond to the
elementary 2¢g p excitations in the QRPA and, accordingly, (2p-
2h) states to 4¢g p excitations, etc.] The M3Y potential [55] was
used for the particle-hole interactions. The two-body matrix
elements (TBME) for the M3Y potential were calculated with
harmonic-oscillator radial wave functions (hw = 6.88 MeV).
A center-of-mass Hamiltonian was employed to move the
energy of the spurious 1~ state [a linear combination of (1p-1h)
states] to a high excitation energy. This gave a low-lying
collective 3~ state as well as many rather pure (1p-1h) states
whose energies agree with those discussed in Ref. [54] to
within an rms deviation of about 100 keV and whose domi-
nating components also agree with the results of the reaction
data discussed in Ref. [54]. In addition, the M3Y potential
gives the collective M1 and E'1 states at about their observed
energies [56,57]. The B(E1) distribution of the transitions
from the (Op-Oh) ground state to (1p-1h) states is shown in
Figs. 2(c) and 2(d). The total B(E1) strength is 99 e*fm?. For
the B(E1) values, no effective charges were used. When the
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isoscalar spurious state is removed, all the £'1 matrix elements
are purely isovector. In particular we note that most of the
unperturbed single-particle strength that is clustered from 6 to
8 MeV is moved to a single state near 12 MeV (the isovector
E 1 resonance). In addition, we note that a few states are moved
to a lower energy region around 4.5 MeV.

Our model space does not contain the highest energy part
of the E'1 strength distribution associated with the excitation
of protons from the 14y, orbit to the 1711/, and 2g9/, orbits
and neutrons from the 1ij3,, orbit to the 1j3,2 and 2k
orbits. Thus, above 12 MeV, one should expect about 20%
more E1 strength. This may also reduce the E1 strength at
low energy.

The next step is to calculate the (2p-2h) states on top of
and mixing with the (1p-1h) states. This was done starting
with the M3Y interaction supplemented with the Kuo-Herrling
renormalized G matrix [58] for the two-particle interaction
involving the B and D major shells and the two-hole
interaction involving the A and C major shells. In addition,
the TBME for the Coulomb potential was calculated for
the two proton major shells A and B. The single-particle
energies were then readjusted to reproduce the energies given
in Fig. 1 of Ref. [54] when the neighboring odd-even nuclei are
calculated in a model space that includes an additional (1p-1h)
excitation. For example, the model space for 2°’Pb was 14 plus
(1p-2h). All (2p-2h) states were shifted downward by 2.1 MeV
to bring the energy of the monopole pairing vibration state
close to its well-known experimental value of 4.86 MeV [59].
The justification for this shift in terms of the model-space
truncation is discussed in Ref. [53].

The (Op-Oh) — (1p-1h) + (2p-2h) E'1 strength distribution
is shown in Fig. 2(e). In comparison with the upper panels, one
observes that the B(E1) values and the level density below
8 MeV are dominated by the (1p-1h) spectrum. Above 8§ MeV,
there is a strong fragmentation of the strength into the (2p-2h)
states. The total strength in this spectrum is the same as that in
the (Op-Oh) to (1p-1h) calculation (99 e? fm?).

The (2p-2h) admixture in the ground state results in a
ground-state wave function that includes only 66% of the
closed-shell configuration. This describes the breaking of the
closed shell in 2%8Pb that is similar in size to that of nuclei
such as '°0 [60] and °Ni [61] when considered in similar
size model spaces. The ground-state energy is shifted down
by about 11 MeV when (2p-2h) excitations are added. The E'1
strength obtained in the model (Op-Oh) + (2p-2h) — (1p-1h)
+ (2p-2h) (A) is shown in Fig. 2(f). The total strength in
this calculation is reduced to 57 ¢? fm? due to the (2p-2h)
ground-state correlations.

The (2p-2h) ground-state components can give additional
strength going to (3p-3h) states that are not included in the
present calculations. There are several aspects to consider. The
full calculations would contain (Op-Oh) + (2p-2h) — (1p-1h)
+ (2p-2h) + (3p-3h) (B). The (3p-3h) admixture into states that
are predominantly (1p-1h) will reduce the (Op-Oh) — (1p-1h)
contribution in (B) compared to (A), but this reduction will be
compensated by the additional (2p-2h) — (3p-3h) terms. The
relatively pure (3p-3h) states start at about 15 MeV, with their
collective strength pushed up to 20-30 MeV. These states can
be reached from the (2p-2h) component of the ground state,

054315-4



E1 STRENGTH IN 2%Pb WITHIN THE SHELL MODEL

PHYSICAL REVIEW C 81, 054315 (2010)

90 T T T T T 2.5 T T T T T
801 (a) SM ] (d) SM
70 (1p-1h) 20 (1p=1h) ]
— 60} protons 1
£ £ 15/ ]
N'-o— 50 L 4 Nu—
QL o
—~ 40 | < —
oo, | o 1.0 f 1
@ @
20 ¢ 1 05 t 1
10 ¢ 1
0 | H‘l A‘ | | | 0.0 i l‘ ” | | |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
E (MeV) E,(MeV)
90 T T T T T 0.9 T T T T T
80 + (b) SM 1 0.8
70 t (1p-1h) 1 0.7 |
« 60 neutrons 1 o~ 06F
e e
50 ¢ {1 & o05¢
2 2
—~ 40 g —~ 04
L Ll
~ 30 R ~—~ 03 |
@ @
20 + R 0.2
10 + ‘ R 0.1 r
0 G ‘ L L L L 0.0
0 5 10 15 20 25 30 0
E (MeV)
90 T T T T T 0.9 T T T T T
81 (0 SM 1 08 1 ) SM 1
70 | (1p-1h) 1 07 | (1p-1h) 1
« 60 1 — 06F + (2p-2h) |
= e + gs(2p-2h
&= 50 f I E o5l gs(2p-2h)
QL QL
—~ 40 | < —~ 04} .
L L
o 30 + 1 o 0.3 1
20 + R 0.2 R
10 t 1 01 1
0 e x‘ . . . 0.0 | J\ I
0 5 10 15 20 25 30 0 5 10 15 20 25 30
E (MeV) E (MeV)

FIG. 2. Reduced E1 strengths for 0+ — 1~ transitions in 2®Pb resulting from the present shell-model calculations. (a, b) Pure (unmixed)
(1p-1h) strengths for protons and neutrons, respectively. (c, d) Mixed (1p-1h) strength in different scales. Note that the dominating bars at about
11 and 12 MeV are cut in (d). (e) The (Op-Oh) to (1p-1h) + (2p-2h) strengths. (f) Includes (2p-2h) admixtures to the ground state.

and this would give additional E'1 strength above 15 MeV. The Hamiltonian with separable dipole-plus-octupole interactions.
addition of (3p-3h) should be considered in future calculations. The quasiparticle Hamiltonian consists of a Woods-Saxon

IV. QRPA CALCULATION OF THE E1 STRENGTH

mean field plus monopole pairing potential. The interaction
terms comprise the isoscalar and isovector parts of the
dipole-dipole and octupole-octupole interactions. The strength

The general outline of the standard QRPA is presented in ~ parameters of the repulsive isovector interaction were adjusted
Refs. [62,63]. The present approach is based on an empirical such that they reproduce the experimental maximum of the

054315-5



R. SCHWENGNER et al.

401 (a QRPA ]
« 30 b
£
o
2
= 20 ]
y
@

1.0 B

0.0 L vl NI L L

0 5 10 15 20 25 30
E, (MeV)
(b)

0.2 | B
£
o
2
@ 0.1 r R
]

0.0 L m l‘ Llﬂhxu 11 N “J‘Ml“ﬂ‘

0 5 10 15 20 25 30
E.(MeV)

FIG. 3. Reduced E1 strengths for 0© — 1~ transitions in 2Pb
resulting from the present QRPA calculations. (a, b) Strengths in
different scales. Note that the dominating bars between 10 and
15 MeV are cut in (b).

5T | 2;.)8 | |
Pb

SM
ié\ 10 | )

> E (vY) T

= 1
~» 5L 4
LI

5 6 7
E (MeV)

FIG. 4. (Color online) Experimental integrated scattering cross
sections deduced from the present (y,y’) experiments (red circles)
compared with the ones deduced from the calculated E1 strengths
shown in Fig. 2(f) (black bars).
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FIG. 5. (Color online) Experimental photoabsorption cross sec-
tions deduced from the present (y,y’) experiments (red circles)
and from (y,n) experiments [67] (green squares) compared with
the solutions of the shell-model calculations (black) and the QRPA
calculations (blue), as shown in Figs. 2(f) and 3, respectively, but
folded with Lorentz curves with a width of I' = 0.5 MeV. (a) Energy
region up to 22 MeV. (b) Zooms in on the low-energy part below
10 MeV. The neutron-separation energy of 7.4 MeV is marked S,.

GDR. The suppression method described in Ref. [64] was
applied to remove the effects of the spurious center-of-mass
motion that may contaminate the calculated E1 strength. This
method allowed us also to calculate the transition strengths
without assuming any effective charge for the neutrons and
using directly the bare proton charge e, in the E1 transition
operator. This model is described in detail in Ref. [19] and was
applied in our recent studies of the M1 strength [65] and the
E1 strength [20] in the series of even-mass Mo isotopes with
A = 92-100 that imply spherical as well as deformed nuclear
shapes. Besides, it was applied to describe the E1 strength
in the nondeformed N = 50 isotones 38Sr, #Y, and *°Zr [39].
The B(E1) strength in 2%Pb predicted by the present QRPA
calculations is shown in Fig. 3.
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V. COMPARISON OF MODEL PREDICTIONS WITH
EXPERIMENTAL DATA

The experimental integrated cross sections given in Table I
are compared with the ones predicted by the shell model
in Fig. 4. The latter were deduced from the B(E1) values
shown in Fig. 2(f) according to the relation I; = f oyydE =
4.03E,B(E1,0" = 17) MeV mb, with E, in MeV and
B(E1)in €% fm? [66]. As can be seen, the shell model predicts
two states with strong cross sections at about 5.3 MeV and one
state at about 7.5 MeV that are close to the strong experimental
ones. These states include almost all strength in this energy
region, whereas the experimental strength is somewhat more
fragmented.

Absorption cross sections were deduced from the integrated
scattering cross sections listed in Table I for energy bins of
200 keV width. These data from the present (y,y’) ex-
periment are combined with data from earlier (y,n) ex-
periments and are compared with the predictions of the
shell-model calculations and the QRPA calculations in
Fig. 5. The (y,n) data were taken from Ref. [67] and
scaled with a factor of 0.93 according to the findings of
Ref. [68] for '°7 Au and 2°®Pb, which were recently confirmed
in a photoactivation experiment for the case of '°7 Au [69]. The
solutions of the calculations were folded with Lorentz curves
of widths of I' = 0.5 MeV.

In the region of the GDR, the QRPA calculations show
strong fluctuations and a large peak that exceeds the exper-
imental maximum of the GDR by almost a factor 3. The
folding with Lorentz curves of 0.5 MeV width is too small to
smoothen the strengths of the few states visible in Fig. 3 such
that they approach the experimental data. To smoothen these
fluctuations sufficiently, greater widths of the Lorentz curves
of about 3 MeV or more are needed. The curve resulting from
the shell-model calculations is more smooth than the curve
resulting from the QRPA calculations and hence is in much

PHYSICAL REVIEW C 81, 054315 (2010)

better agreement with the experimental data. The reason is
that in contrast to the QRPA calculations, the shell-model
calculations also include (2p-2h) excitations that lead to a
strong fragmentation of the strength, in particular in the GDR
region, as is seen already in Fig. 2(f).

We note that a good description of the spreading of the
GDR is also achieved with RQTBA calculations accounting
for (2p-2h) excitations [12,17]. This reflects that excitations of
higher order than (1p-1h) are indeed the main mechanism for
the spreading of the GDR, and their inclusion makes additional
smearing superfluous.

VI. SUMMARY

We have revisited the low-lying E'1 strength in the doubly
magic nuclide 2°8Pb in a photon-scattering experiment at the
electron accelerator ELBE. The combination of these (y,y’)
data with (y,n) data is compared with the predictions of
the shell model and of QRPA. Whereas the QRPA cross
sections still show large fluctuations when folding the solutions
with Lorentz curves of a relatively small width of 0.5 MeV,
the cross sections obtained from the shell model describe
the behavior of the experimental values well. This is based
on the inclusion of (2p-2h) excitations that cause a strong
fragmentation of the strength and hence a spreading of the
GDR.
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