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Dipole and quadrupole strength distribution of 204Pb was investigated via a nuclear resonance fluorescence
experiment using bremsstrahlung produced using an electron beam at a kinetic energy of 10.5 MeV at the linear
accelerator ELBE. We identified 136 states resonantly excited at energies from 3.6 to 8.4 MeV. Spins of the
excited states were deduced by angular distribution ratios of γ rays observed at scattering angles of 90◦ and 127◦

with respect to the incident γ beam. The analysis of the measured γ -ray spectra includes the quasicontinuum
of levels at high energy. Monte Carlo simulation of γ -ray cascades were performed to obtain the intensities of
inelastic transitions and branching ratios of the ground-state transitions. The present experimental results were
used to investigate the electric dipole (E1) strengths by comparison with predictions from the quasiparticle-
phonon model with the self-consistent energy density functional.
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I. INTRODUCTION

Low-lying electric dipole (E1) excitation in atomic nuclei
has attracted considerable interest during the past decades,
caused by significant progress in experimental and theoretical
studies of its properties [1,2]. It has been observed as a local
accumulation of the E1 strength at the low-energy tail of the
giant dipole resonance (GDR) in both stable and unstable
nuclei over a broad range of nuclei [3–12]. This structure is
commonly denoted as the pygmy dipole resonance (PDR),
because the E1 strength is weak relative to that of the GDR,
which exhausts almost all the E1 strength predicted by the
Thomas-Reiche-Kuhn (TRK) sum rule [13].

The geometric picture of the PDR is an out-of-phase oscil-
lation of excess neutrons against an almost isospin-saturated
(N ≈ Z ) core [14–16]. Microscopically, the PDR is explained
as a sequence of excited one-particle-one-hole excitations
(1p-1h), which act coherently and therefore cause an in-
creased transition strength [17,18]. Since the PDR strength is
correlated with the neutron skin thickness [19,20] which is re-
lated to nuclear symmetry energy [21,22] and the equation of
state of the neutron-rich matter [23], the investigation of the
PDR may provide useful information on the properties of the
neutron stars [24].

Another interesting aspect of low-energy excitations, and
in particular of the PDR, is that they involve interactions
resulting from binding of complex configurations and the
GDR related to nuclear polarization effects. A quasiparticle-
random-phase-approximation (QRPA), taking into account

only coherence superpositions of two-quasiparticle excita-
tions is not enough to explain in detail the structure of nuclear
excited states in the PDR region. Rather, an expanded ap-
proach is needed which explicitly takes into account the
interactions between multi-quasi-particle configurations.

Furthermore, recent studies of nuclear reactions of astro-
physical interest show that the reaction cross sections strongly
depend on the low-energy part of the electromagnetic dipole
strength function and the PDR [12,25,26]. Such enhancement
can have a strong impact on nucleosynthesis of heavier ele-
ments in stellar environments [12,26]. It is known that lead
isotopes may play important role in the s-process of nucle-
osynthesis. From our previous studies in the semimagic 206Pb
nucleus we found that the presence of a PDR mode can affect
the 205Pb radiative neutron capture cross section, a reaction of
relevance to the destruction of 205Pb during the s-process [12].

The stable lead isotopes including 204Pb are suitable for
studying the PDR since they exhibit an appreciable amount
of low-lying dipole strength [4,12,27]. So far, the low-
lying dipole distribution below 6.75 MeV in 204Pb has been
measured in nuclear resonance fluorescence (NRF) experi-
ments with bremsstrahlung [27]. In the present work, the
information was extended up to the neutron separation en-
ergy of 8.395 MeV by using higher-energy bremsstrahlung.
The experimental results are compared with predictions
from the self-consistent energy density-functional (EDF)
theory and the three-phonon quasiparticle-phonon model
(QPM) [15,17,18].
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II. EXPERIMENTAL PROCEDURE

The present NRF measurement on 204Pb was carried out
at the bremsstrahlung facility γ ELBE [28] of the Helmholtz-
Zentrum Dresden-Rossendorf. Bremsstrahlung was produced
using an electron beam at a kinetic energy of 10.5 MeV with
an average beam current of 620 μA at a micropulse repetition
rate of 13 MHz. The electron beam hit a radiator consisting of
a niobium foil with a thickness of 7 μm. The electron energy
was chosen as the flux was sufficiently high up to the neutron
separation energy. The bremsstrahlung was collimated by an
Al collimator with a length of 2.6 m and an opening angle of
5 mrad. A cylindrical Al absorber with a length of 10 cm was
placed between the radiator and the collimator to reduce the
low-energy bremsstrahlung.

The target consisted of a metallic disk of 204Pb with a diam-
eter of 20 mm tilted by 45◦ about a vertical axis perpendicular
to the beam. The target mass was 1.9 g, enriched to 99.94%
in 204Pb. The lead disk was combined with 300 mg of boron,
enriched to 99.5% in 11B, that was also shaped to a disk of
20 mm diameter to determine the photon flux from known
scattering cross sections of levels in 11B.

Scattered photons were measured with four high-purity
germanium (HPGe) detectors with relative efficiencies of
100%. All HPGe detectors were surrounded by escape-
suppression shields made of bismuth germanate (BGO)
scintillation detectors. Two HPGe detectors were placed hor-
izontally at 90◦ relative to the photon beam direction at a
distance of 28 cm from the target. The other two HPGe detec-
tors were placed vertically at 127◦ to the beam at a distance
of 32 cm from the target. The ratios of the γ -ray intensities
measured at 90◦ and 127◦ are used to distinguish between
dipole and quadrupole radiation. To reduce the contribution
of low-energy photons, absorbers of 8-mm Pb plus 3-mm Cu
were placed in front of the detectors at 90◦, and 3-mm Pb
plus 3-mm Cu were used for the detectors at 127◦. Spectra of
scattered photons were measured for 132 h. Part of a spectrum
including events measured with the two detectors at 127◦
relative to the beam is shown in Fig. 1. Further details of the
measurement techniques are given in Refs. [29,30].

III. RESULTS

A. Integrated scattering cross sections

In photon scattering experiments, the energy-integrated
scattering cross section Is of an excited state at the energy
of Ex can be deduced from the measured intensity of the
respective transitions to the ground state (g.s.) [31]. It can be
determined relative to the known integrated scattering cross
sections Is(EB

x ) of states in 11B [32]:

Is(Ex )

Is(EB
x )

=
[

Iγ (Eγ , θ )

W (Eγ , θ )�γ (Ex )NNλ

]

×
[

Iγ (EB
γ , θ )

W (EB
γ , θ )�γ (EB

x )NB
N λB

]−1

. (1)

Here Iγ (Eγ , θ ) and Iγ (EB
γ , θ ) denote efficiency-corrected

intensities of a ground-state transition at Eγ and of a ground-
state transition in 11B at EB

γ , respectively, observed at a
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FIG. 1. Part of a spectrum of photons scattered from 204Pb com-
bined with 11B, measured during the irradiation with bremsstrahlung
produced by electrons at the kinetic energy of 10.5 MeV. This spec-
trum is the sum of the spectra measured with the two detectors at
127◦ relative to the beam.

scattering angle θ to the beam. W (Eγ , θ ) and W (EB
γ , θ ) rep-

resent the angular correlations of γ rays in these transitions.
The quantities �γ (Ex ) and �γ (EB

x ) are the photon fluxes at
the energy of the considered level and at the energy of a level
in 11B, respectively. The quantities NN and NB

N stand for the
numbers of nuclei in the 204Pb and 11B targets, respectively.
The quantities λ and λB are the correction factors of atomic
and self-absorption for the levels at Ex in 204Pb and at EB

x in
11B, respectively. These correction factors were determined
according to Eq. (19) in Ref. [33]. The determination of the
integrated cross sections relative to the ones of states in 11B
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 HPGe detec-
tors by using GEANT4 [34]. The simulated efficiency curves
were checked by using efficiencies measured with a 226Ra
calibration source. The photon-flux spectrum was calculated
using a bremsstrahlung computer code [35] based on the Born
approximation with Coulomb correction [36] and including an
atomic screening correction [37]. The calculated curve of the
photon flux fits the experimental value derived from measured
intensities, known integrated cross sections [32] and angular
distributions [38] of transitions in 11B.

The integrated scattering cross section Is is related to the
partial decay width �0 to the ground state and the total decay
width � according to

Is =
∫

σγγ dE = 2Jx + 1

2J0 + 1

(
π h̄c

Ex

)2
�2

0

�
, (2)

where σγγ is the elastic-scattering cross section, J0 and Jx

denote the spins of the ground state and the excited state,
respectively.

Spins of the excited states were deduced by com-
paring the ratios of γ -ray intensities measured with the
HPGe detectors at two different angles with theoretical
predictions. The optimum combination is angles of 90◦
and 127◦ because the ratios for the respective spin se-
quences 0−1−0 and 0−2−0 differ most at these angles.
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FIG. 2. Integrated scattering cross sections deduced from the
present experiment. The detection limits for Is are shown with a red
line.

The expected values are W (90◦)/W (127◦)0−1−0 = 0.74 and
W (90◦)/W (127◦)0−2−0 = 2.18, taking into account the finite
solid angle of the detectors.

The deduced values for excitation energies, angular dis-
tribution ratios, spin assignments, the ratios �2

0/�, and
branching ratios into the ground state are listed in Table I.
Figure 2 shows the integrated cross sections deduced from the
present experimental data. We observed 134 states with J = 1
and 2 states with J = 2 below the neutron separation energy,
including 95 states newly identified in this work. A compar-
ison of the �2

0/� ratios obtained in the present experiment
with previous work [27] is also shown in Table I. The present
results are generally in good agreement with those previously
published. Spins of 14 states known in previous work were
newly determined. The present J = 1 spin assignment for
the 3893-keV level is not consistent with the previous J = 2
assignment [27]. In addition, the resonance states at 5610 and
6420 keV reported previously [27] could not be confirmed.
Compared to the previous measurement [27], the present
�2

0/� values are systematically larger for excitation energies
up to about 5.5 MeV. Considering the higher bremsstrahlung
endpoint energy used in the present measurement, this is most
likely the results of feeding. Similar effects of the feeding are
observed in 90Zr where levels in the range of Ex ≈ 4 to 6 MeV
are mainly fed by levels above Ex ≈ 6 MeV [8].

The detection limit for a 95% confidence level is defined
as ADL = 2.8

√
2B [39], where B is the integral over a back-

ground interval of full width at half maximum of a nearby
peak, which has been applied in similar experiments [40,41].
The detection limits converted to Is is shown with a red line
in Fig. 2. The state with the smallest Is is the one at 6194 keV
with 19(6) eV b. At this peak, we obtain APEAK/ADL = 1.4(4)
from the 127◦ spectra. Toward high energy, the background
decreases rapidly, while the background integral increases.
For the highest peak given in Fig. 2 at 8327 keV, we obtain
APEAK/ADL = 3.8(5).

The reduced electric dipole transition probabilities B(E1)↑
can be extracted from �0 using the following relationship:

B(E1)↑= 2.865
�0

E3
γ

× 10−3 e2 fm2, (3)

TABLE I. Results of the 204Pb(γ , γ ′) measurements. The excita-
tion energies Ex , the angular distribution ratios W (90◦)/W (127◦), the
spin assignments J , the ratios �2

0/�, and the branching ratios �0/�

are given. The values of �2
0/� known from previous measurements

are also listed for comparison.

Ex
a W (90◦)/ �2

0/�
b �2

0/�
c

(keV) W (127◦) J (eV) �0/� (eV)

3656.5(1) 0.80(11) 1 0.194(16) 1.0 0.12(1)
3892.7(5) 1.2(4) 1 0.071(14) 1.0 0.03(1)
4379.6(2) 2.44(29) 2 0.149(16) 1.0 0.11(1)
4413.9(3) 2.2(4) 2 0.099(14) 1.0
4596.3(3) 0.84(15) 1 0.111(12) 1.0 0.09(2)
4804.0(4) 0.59(14) 1 0.100(12) 1.0
4860.4(3) 1.10(19) 1 0.099(11) 1.0
4922.5(2) 0.62(10) 1 0.36(4) 1.0 0.18(4)
4932.6(3) 0.68(18) 1 0.180(23) 1.0 0.09(4)
4948.4(6) 0.80(28) 1 0.121(25) 1.0
4960.3(2) 0.68(17) 1 0.178(21) 1.0
4979.9(1) 0.75(5) 1 1.00(7) 1.0 0.79(26)
5011.8(1) 0.77(7) 1 0.87(6) 1.0 0.54(6)
5059.4(3) 0.83(21) 1 0.085(15) 1.0
5206.9(2) 0.82(13) 1 0.246(24) 1.0
5224.9(4) 0.72(17) 1 0.114(24) 1.0
5282.7(2) 0.70(14) 1 0.222(24) 1.0 0.16(12)
5316.0(3) 0.76(16) 1 0.125(21) 1.0
5358.9(5) 1.1(3) 1 0.063(17) 1.0
5365.8(6) 0.88(25) 1 0.049(18) 1.0 0.08(6)
5398.1(3) 0.69(15) 1 0.234(26) 1.0 0.16(4)
5431.9(6) 0.65(17) 1 0.24(3) 1.0
5464.7(4) 0.56(16) 1 0.38(4) 1.0
5601.2(3) 1.06(22) 1 0.184(24) 1.0
5635.5(3) 1.1(4) 1 0.060(18) 1.0
5674.2(3) 0.86(17) 1 0.212(27) 1.0 0.22(4)
5694.7(4) 1.01(25) 1 0.161(25) 1.0
5734.0(1) 0.72(5) 1 1.24(9) 1.0
5776.3(2) 0.90(8) 1 0.73(5) 1.0 0.91(13)
5792.4(4) 0.78(20) 1 0.27(4) 1.0 0.33(7)
5812.3(3) 0.83(18) 1 0.25(3) 1.0 0.17(14)
5827.5(1) 0.76(8) 1 0.80(6) 1.0 0.8(10)
5837.0(2) 0.80(17) 1 0.28(4) 1.0 0.37(6)
5852.6(4) 1.0(4) 1 0.172(22) 1.0
5878.1(2) 0.76(12) 1 0.26(3) 1.0 0.28(6)
5890.1(1) 0.77(10) 1 0.38(4) 1.0 0.35(6)
5908.8(3) 0.83(17) 1 0.25(3) 1.0
5918.4(5) 1.03(27) 1 0.122(18) 1.0
5940.4(1) 0.76(6) 1 0.94(7) 0.84(4) 0.82(30)
5966.9(1) 0.75(8) 1 0.61(5) 1.0 0.58(8)
5980.3(1) 0.77(7) 1 0.99(8) 1.0 1.11(14)
5995.9(7) 0.62(23) 1 0.16(4) 1.0 0.18(12)
6008.9(3) 0.75(14) 1 0.35(4) 1.0 0.32(6)
6019.4(3) 0.86(13) 1 0.231(24) 1.0 0.46(23)
6055.9(2) 0.93(10) 1 0.241(21) 1.0 0.24(7)
6064.9(3) 0.81(12) 1 0.270(28) 1.0 0.31(8)
6078.8(6) 0.90(19) 1 0.176(29) 1.0 0.28(8)
6084.1(4) 0.83(15) 1 0.217(29) 1.0 0.30(8)
6108.2(3) 1.10(14) 1 0.47(5) 1.0 0.20(14)
6147.9(3) 0.98(12) 1 0.57(5) 1.0 0.49(12)
6159.1(5) 0.50(9) 1 0.43(5) 0.65(9) 0.43(12)
6193.8(3) 0.8(3) 1 0.062(20) 1.0 0.27(16)
6211.0(3) 0.87(16) 1 0.21(3) 1.0 0.28(17)
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TABLE I. (Continued.)

Ex
a W (90◦)/ �2

0/�
b �2

0/�
c

(keV) W (127◦) J (eV) �0/� (eV)

6229.1(3)d 1.1(3) 1 0.144(25) 1.0 0.32(9)
6252.7(2) 0.62(15) 1 0.23(3) 1.0 0.46(10)
6276.1(4) 1.04(21) 1 0.114(16) 1.0 0.35(11)
6293.3(4) 0.77(15) 1 0.143(17) 1.0
6308.0(2) 0.74(10) 1 0.41(4) 1.0
6322.8(2) 1.01(13) 1 0.38(4) 1.0 0.96(23)
6360.4(3) 0.57(11) 1 0.22(3) 1.0
6410.2(2) 0.86(9) 1 0.328(27) 1.0 0.48(21)
6456.8(2) 0.83(10) 1 0.31(4) 1.0 0.41(17)
6468.1(4)e 0.68(12) 1 0.24(3) 1.0 0.38(20)
6492.5(3) 1.05(14) 1 0.202(21) 1.0
6501.9(2) 0.75(9) 1 0.274(25) 1.0
6546.4(3) 0.91(12) 1 0.215(22) 1.0
6568.5(3) 1.04(13) 1 0.189(21) 1.0
6627.9(1) 0.81(10) 1 0.54(5) 1.0
6681.9(2) 0.83(10) 1 0.63(5) 1.0
6705.8(3) 0.79(11) 1 0.37(3) 1.0
6721.4(1) 0.81(7) 1 1.16(9) 1.0
6765.0(3) 0.70(12) 1 0.65(7) 1.0
6793.8(4) 1.13(26) 1 0.16(4) 1.0
6820.4(3) 0.70(12) 1 0.52(6) 1.0
6851.3(3) 0.88(16) 1 0.36(5) 1.0
6872.9(4) 0.53(20) 1 0.24(4) 1.0
6900.6(3) 0.76(10) 1 0.36(4) 1.0
6911.6(5) 0.94(18) 1 0.201(29) 1.0
6969.1(2) 0.73(6) 1 0.91(8) 0.63(4)
6991.8(5) 0.8(4) 1 0.11(3) 1.0
7013.3(2) 0.85(8) 1 0.52(4) 1.0
7025.2(2) 0.74(6) 1 0.87(6) 1.0
7038.8(4) 0.76(13) 1 0.229(28) 1.0
7064.2(4) 1.02(12) 1 0.33(3) 1.0
7079.3(3) 1.03(10) 1 0.44(4) 1.0
7097.9(3) 0.67(10) 1 0.35(3) 1.0
7118.5(1) 0.75(5) 1 1.23(9) 1.0
7128.7(2) 0.78(7) 1 0.78(6) 1.0f

7141.0(3) 0.71(9) 1 0.42(4) 1.0
7155.1(4) 0.54(10) 1 0.31(3) 1.0
7223.5(3) 0.90(8) 1 0.67(5) 1.0
7233.7(3) 1.05(10) 1 0.57(5) 1.0
7270.3(2) 0.91(7) 1 0.99(8) 1.0
7279.7(1) 0.81(5) 1 2.78(19) 0.90(3)
7304.1(2) 0.81(7) 1 0.77(6) 1.0
7327.3(2) 0.89(7) 1 0.93(7) 1.0
7353.8(4) 0.95(12) 1 0.33(3) 1.0
7367.7(5) 0.91(14) 1 0.29(3) 1.0g

7398.4(2) 0.86(7) 1 0.90(7) 1.0
7409.8(5) 1.18(15) 1 0.31(3) 1.0
7430.2(2) 0.87(7) 1 0.79(6) 0.60(3)
7455.2(3) 0.87(8) 1 0.59(5) 1.0
7535.6(2) 0.72(6) 1 0.93(7) 1.0
7551.6(3) 0.68(9) 1 0.47(4) 0.34(3)
7569.3(3) 0.63(8) 1 0.51(4) 1.0
7660.1(4) 0.64(11) 1 0.34(4) 1.0
7679.2(5) 0.72(13) 1 0.30(4) 0.36(5)
7706.8(3) 0.86(9) 1 0.60(5) 1.0
7721.4(2) 0.60(6) 1 0.71(6) 1.0
7743.3(3) 0.59(8) 1 0.50(4) 1.0

TABLE I. (Continued.)

Ex
a W (90◦)/ �2

0/�
b �2

0/�
c

(keV) W (127◦) J (eV) �0/� (eV)

7760.9(4) 0.64(9) 1 0.42(4) 0.65(7)
7778.0(2) 0.69(6) 1 0.93(7) 1.0
7794.7(5) 0.85(14) 1 0.27(3) 1.0
7830.5(4) 0.67(9) 1 0.34(3) 1.0
7841.0(5) 0.83(11) 1 0.40(4) 0.51(5)
7853.0(5) 0.68(11) 1 0.32(4) 1.0
7883.0(5) 0.63(11) 1 0.33(4) 1.0
7894.8(7) 0.84(17) 1 0.23(3) 1.0
7909.4(4) 0.63(9) 1 0.40(4) 1.0
7951.5(3) 0.78(9) 1 0.52(5) 0.44(3)
7970.6(4) 0.98(13) 1 0.35(4) 1.0
7988.9(4) 0.63(10) 1 0.37(4) 1.0
8033.2(4) 0.80(11) 1 0.34(4) 1.0
8060.8(3) 0.94(10) 1 0.47(4) 1.0
8087.6(3) 0.70(7) 1 0.61(5) 0.31(2)
8113.0(5) 0.50(9) 1 0.32(3) 1.0
8125.4(4) 0.59(9) 1 0.39(4) 1.0
8145.7(4) 0.48(9) 1 0.35(4) 1.0
8161.0(3) 0.77(9) 1 0.51(4) 1.0
8177.1(5) 0.50(10) 1 0.34(4) 1.0
8189.1(4) 0.66(9) 1 0.40(4) 1.0
8255.5(4) 0.73(12) 1 0.32(3) 1.0
8277.0(4) 0.53(8) 1 0.42(4) 1.0
8304.0(3) 0.79(9) 1 0.49(4) 1.0
8316.6(4) 0.78(9) 1 0.54(5) 1.0
8327.3(7) 0.90(16) 1 0.24(3) 1.0

aThe peak fitting error in parenthesis is given in units of the last digit.
This energy was deduced from the γ -ray energy measured at 127◦ to
the beam.
bThis work. The statistical and systematic uncertainties (associated
with strength normalization, photon flux, and efficiency) are reflected
in the errors. Although levels up to Ex ≈ 5.5 MeV are possibly fed
by higher-energy levels, the effect of the feeding is not considered.
cValues taken from [27].
dThis transition is known from previous work [27] and coincides with
a possible branch of the state at 7129 keV.
eThis transition is known from previous work [27] and coincides with
a possible branch of the state at 7368 keV.
fPossible branch to the 2+

1 state coincides with the transition at 6229
keV.
gPossible branch to the 2+

1 state coincides with the transition at 6468
keV.

where �0 is given in units of meV and Eγ in units of MeV.
From the present work, the total E1 strength of 	B(E1)↑=
0.613(6) e2 fm2 below Ex = 8.327 MeV was obtained assum-
ing E1 nature for the observed dipole transitions. If one would
assume M1 strengths in 204Pb comparable to 206Pb [12] and
208Pb [42], then the results on the total E1 strength would
change by at most 10%. Therefore, it would not affect the con-
clusion on the gross properties of the E1 strength distribution
discussed below. The present total E1 strength corresponds to
0.546(6)% of the energy-weighted TRK sum rule value, which
can be compared to the values of 0.79(1)% for 206Pb [43],
0.35(2)% for 207Pb [44], and 1.01(6)% for 208Pb [42].
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FIG. 3. Spectrum of the two detectors at 127◦, corrected for de-
tector response (blue), and simulated spectrum of photons scattered
from the target to the detectors by atomic processes (black).

B. Determination of the dipole-strength distribution

The determination of the dipole-strength distribution
and the related photoabsorption cross section requires the
knowledge of the intensity distribution of the ground-state
transitions and their branching ratios. As these cannot be
derived directly from the measured spectra, we applied sta-
tistical methods to discriminate between γ rays from nuclear
excitations and photons scattered by atomic processes and to
disentangle the intensity distributions of elastic and inelastic
transitions in the quasicontinuum of nuclear levels.

First, a spectrum of the ambient background adjusted to
the intensities of the transitions from 40K and 208Tl decay
in the in-beam spectrum was subtracted from the measured
spectrum. To correct the measured spectrum for the detector
response, spectra of monoenergetic γ rays were calculated in
steps of 10 keV by using the simulation code GEANT4. Start-
ing from the high-energy end of the experimental spectrum,
the simulated spectra were subtracted sequentially (spectrum-
stripping method [45]).

The background radiation produced by atomic processes
in the 204Pb target was obtained from a GEANT4 simulation.
The simulation contains the detector crystals and housings,
the BGO shields, the beam tube, and detector shielding. As
it is not included other components such as detector stands,
cooling systems, etc., one cannot expect a perfect description,
in particular not at low energies in the intense region of
backscattering and annihilation peaks. This is, however, not
critical for the determination of the cross sections at higher
energy as described in the following. The calculated atomic
background is compared with the response-corrected spec-
trum in Fig. 3. The atomic background amounts in average
to only a few percentages of the intensity in the spectrum
and approaches it above the neutron threshold, which cor-
responds to the behavior found in previous studies, e.g., in
Refs. [30,43,46–48]. The intensity in the experimental spec-

trum above the atomic background contains a considerable
amount of nuclear strength in a quasicontinuum, which is
formed by a large number of unresolved transitions with small
intensities according to the increasing nuclear level density
at high energy in combination with the finite detector res-
olution. Because of the different orders of magnitude, the
nuclear intensity distribution resulting from the subtraction
of the simulated atomic background is not very sensitive to
uncertainties of the latter, for which we assume 5%. The
nuclear intensity distribution contains ground-state (elastic)
transitions and, in addition, branching (inelastic) transitions
to lower-lying excited states as well as transitions from those
states to the ground state (cascade transitions). The different
types of transitions cannot be clearly distinguished. However,
for the determination of the photoabsorption cross section and
the partial widths �0, the intensities of the ground-state tran-
sitions are needed. Therefore, contributions of inelastic and
cascade transitions have to be subtracted from the spectra. We
corrected the intensity distributions by simulating γ -ray cas-
cades from the levels in the entire energy region using the code
γ DEX [49,50]. This code works analogously to the strategy
of the code DICEBOX [51] developed for (n, γ ) reactions,
but in addition it includes also the excitation from the ground
state. In the present simulations, level schemes (nuclear re-
alizations) including states with J = 0,..., 5 were created for
energy bins of 10 keV, which describe statistical averages for
a number of states in the bins resulting from calculated level
densities. Below about 3 MeV, where the level density is too
low for the statistical approach, known low-lying levels were
taken into account by filling the respective bins and deriving
the level density from the number of levels in a bin. The
level densities in the statistical region at higher energy were
calculated by using the constant-temperature model [52] with
the parameters T = 0.73(3) MeV and E0 = −0.24(6) MeV
adjusted to experimental level densities [53]. In the individ-
ual nuclear realizations, the values of T and E0 were varied
randomly within a Gaussian distribution with a standard de-
viation corresponding to the uncertainties given in Ref. [53].
The parity distribution of the level densities was modeled
according to the information given in Ref. [54]. Partial widths
were varied in the individual nuclear realizations applying the
Porter-Thomas distribution [55].

The first inputs for the photon strength function simula-
tions were assumed to be Lorentz-shaped. For the E1 strength,
a sum of three Lorentz functions that account for a triaxial
deformation of the nucleus was used with parameters de-
scribed in Refs. [56,57]. In the present case, deformation
parameters of β2 = 0.008 [58] and γ = 0 [59] were applied.
The parameters for the M1 and E2 strengths were taken from
global parametrizations of M1 spin-flip resonances and E2
isoscalar resonances, respectively [60]. Low-lying levels were
also taken into account. Spectra of γ -ray cascades were gen-
erated for groups of levels in energy bins of �E = 100 keV.
Starting from the high-energy end of the intensity distribu-
tion, that contains ground-state transitions only, the simulated
intensities of the ground-state transitions were normalized to
the experimental ones in the considered bin. The intensity
distribution of the branching transitions was subtracted from
the total intensity distribution. Applying this procedure step
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FIG. 4. Average branching ratios of ground-state transitions re-
sulting from the simulations of statistical γ -ray cascades up to Sn as
described in the text.

by step for each energy bin moving toward the low-energy
end of the spectrum, one obtains the intensity distribution
of the ground-state transitions. Simultaneously, the branching
ratios b0(E ) of the ground-state transitions are determined
for each energy bin. In an individual nuclear realization, the
branching ratio b0(E ) is calculated as the ratio of the sum of
the intensities of the ground-state transitions from all levels in
�E to the total intensity of all transitions depopulating those
levels to either any low-lying energy bin or to the ground
state [43,48,50,61–63]. Branching ratios 〈b0(E )〉, averaged
over the many nuclear realizations in the present cascade
simulations, are illustrated in Fig. 4.

The uncertainty of the number of counts N (E ) in an energy
bin of the experimental intensity distribution was deduced as

δN (E ) =
√

N (E ) +
∑

E ′
[
√

N (E ′ > E ) b(E ′ → E )], (4)

where b(E ′ → E ) is the branching intensity from bin E ′ to bin
E . We transform N (E ) to the scattering cross section accord-
ing to

σγγ (E ) = N (E )/[ε(E ) �γ (E )W (E ) NN �t �E ] (5)

with the quantities defined in Eq. (1), the absolute detector
efficiency ε(E ), the measuring time �t , and the bin width
�E . The absorption cross section in each bin is obtained as
σγ (E ) = σγγ (E )/b0(E ) for each nuclear realization. Finally,
the absorption cross sections of each bin were obtained by av-
eraging over the values of the individual nuclear realizations.

The simulations were performed iteratively, where the
strength function obtained from an iteration step was used as
the input for the next step. We note that the simulations are
little sensitive to the shape of the first input strength function,
which was tested, for example, in Refs. [8,49]. The iteration
is stopped when the input strength function and the output
strength function were in agreement within their respective

TABLE II. Photoabsorption cross section of 204Pb deduced from
the present (γ , γ ′) experiment.

Eγ (MeV) σ (mb)a

5.5 6(5)
5.7 13(6)
5.8 17(5)
5.9 16(4)
6.0 17(4)
6.1 16(4)
6.2 14(3)
6.3 17(3)
6.4 16(3)
6.5 18(4)
6.6 21(4)
6.7 24(5)
6.8 24(4)
6.9 21(4)
7.0 27(5)
7.1 37(7)
7.2 36(5)
7.3 39(6)
7.4 33(5)
7.5 34(4)
7.6 33(4)
7.7 41(4)
7.8 36(4)
7.9 38(3)
8.0 34(3)
8.1 37.7(29)
8.2 38.9(27)
8.3 41.9(27)
8.4 32.5(22)
8.5 30.1(19)

aAbsorption cross section resulting from the experimental intensity
distribution including the quasicontinuum, corrected for branching
intensities and branching ratios obtained from γ -ray cascade simula-
tions. The uncertainties include statistical uncertainties of the spectra
(see Sec. III B), the given uncertainties of the efficiencies and the
subtracted simulated background spectra, uncertainties of the flux
resulting from the integrated cross sections of the 11B levels and the
given uncertainties of the level-density parameters.

uncertainties. This was achieved after the sixth iteration in the
present case.

Toward low energy, the uncertainties increase due to the
use of the spectrum-stripping method and the strength func-
tions do not converge. Besides, the assumption of a statistical
quasicontinuum becomes invalid and individual states become
important. Therefore, the low-energy parts of the strength
functions obtained from the individual iteration steps were
replaced by the mentioned Lorentz curves as soon as the
uncertainties of the values exceed 100%, and the combination
of the Lorentz curve at low energy and the data at high energy
resulting from the iteration was used as the input strength
function for the next iteration step. We note that the meth-
ods described here were tested in several ways. In combined
studies using (γ , γ ′) and (n, γ ) reactions, the strength func-
tions obtained from the (γ , γ ′) experiments were used as
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FIG. 5. Photoabsorption cross section of 204Pb resulting from the
present (γ , γ ′) experiment (red circles) in comparison with that of
206Pb (blue squares) as taken from Ref. [43]. Also shown is the
Lorentz curve from RIPL (black dashed line).

inputs for the analysis of the (n, γ ) data and gave a consis-
tent description [49,64,65]. The calculated branching ratios
〈b0(E )〉 proved to be compatible with experimental values
obtained from experiments with quasimonoenergetic photon
beams [50,66].

The final absorption cross sections as obtained from the
last iteration steps are listed in Table II and graphed in Fig. 5.
The uncertainties of the cross-section values include statisti-
cal uncertainties of the spectrum, the given uncertainties of
the efficiency and the subtracted simulated background spec-
trum, uncertainties of the flux resulting from the integrated
cross sections of the 11B levels and the uncertainties of the
level-density parameters given in the text above. Systematic
uncertainties of level-density models can result in additional
uncertainties of up to about 20%, which are not included here.
Such deviations of modeled from experimentally determined
level densities and between the various level-density models
are, for example, discussed in Ref. [67].

IV. DISCUSSION

The experimental data of 204Pb obtained in the present
NRF measurement shows unique character of the low-lying
dipole strength distribution. In Fig. 5, the photoabsorption

cross section of 204Pb deduced from the quasicontinuum anal-
ysis is compared with that of 206Pb [43] and a Lorentz curve
taken from the database Reference Input Parameter Library
(RIPL) [60]. It can be seen that the cross sections include
extra strength with respect to the RIPL curve, which might
be considered as the PDR. The cross section values in 204Pb
is approximately 60% of that in 206Pb in the energy range
from 6 to 8 MeV. This difference is consistent with the total
strengths obtained from the analysis of the resolved peaks, i.e.,
	B(E1)↑= 0.339(5) e2 fm2 for 204Pb and 0.516(9) e2 fm2 for
206Pb in the same energy range, which may support that there
are stronger single-particle excitations in 206Pb than 204Pb.

In the following, theoretical investigations of the spec-
tral distributions of low-lying dipole excited states in the
semimagic 204Pb nucleus and their relation to the PDR
were conducted with the EDF theory and the three-phonon
QPM [15,17,18].

A. Theoretical model

An important advantage of the EDF+QPM approach is the
description of the excited-state wave functions in terms of
QRPA phonons which are defined [68] by the equation:

Q+
λμi = 1

2

∑
j j′

[
ψλi

j j′A
+
λμ( j j′) − ϕλi

j j′ Ãλμ( j j′)
]
, (6)

where j ≡ (nl jmτ ) is a single-particle proton or neutron state;
A+

λμ and Ãλμ are time-forward and time-backward operators,
coupling two-quasiparticle creation or annihilation operators
to a total angular momentum λ with projection μ by means
of the Clebsch-Gordan coefficients Cλμ

jm j′m′ = 〈 jm j′m′|λμ〉.
The excitation energies of the phonons and the time-forward
and time-backward amplitudes ψλi

j1 j2 and ϕλi
j1 j2 in Eq. (6)

are determined by solving QRPA equations [68]. QRPA is
also commonly called the “quasiboson” approximation, as
QRPA phonons are associated with pure bosonic states [69].
In the QPM the phonon operators satisfy commutation rela-
tions which take into account the internal fermionic structure
of the phonons, thus satisfying the Pauli principle. Further-
more, the QRPA phonons are used as building blocks of the
three-phonon QPM model configuration space [68,70], which
provides a microscopic way to multiconfigurational mixing.
For spherical even-even nuclei, the model Hamiltonian is
diagonalized on an orthonormal set of wave functions con-
structed from one-, two-, and three-phonon configurations:

�ν (JM ) =

⎧⎪⎪⎨
⎪⎪⎩

∑
i

Ri(Jν)Q+
JMi+

∑
λ1i1
λ2i2

Pλ1i1
λ2i2

(Jν)
[
Q+

λ1μ1i1
× Q+

λ2μ2i2

]
JM+

∑
λ1 i1λ2 i2

λ3 i3I

T λ1i1λ2i2I
λ3i3

(Jν)
([

Q+
λ1μ1i1

⊗ Q+
λ2μ2i2

]
IK

⊗ Q+
λ3μ3i3

)
JM

⎫⎪⎪⎬
⎪⎪⎭�0,

(7)

where R, P, and T are unknown amplitudes, and ν labels the
number of the excited states.

The nature of nuclear excitation can be studied by examin-
ing the spatial structure of the transition. This is achieved by
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analyzing the one-body transition densities, δρ(r), which are
related to the nondiagonal elements of the one-body nuclear
density matrix [17,18]. By analyzing the transition density
spatial pattern we obtain a very detailed picture, for example,
of the radial distribution and localization of the excitation
process. The electromagnetic transition matrix elements are
calculated for transition operators including the interaction
of quasiparticles and phonons [69] where exact commutation
relations are implemented which is a necessary condition in
order to satisfy the Pauli principle.

B. Comparison with the experimental results

Consistent with previous investigations of E1 strength in
various nuclei [12,17,18,71,72], the present QPM calcula-
tions are performed with single-particle energies obtained
in a self-consistent manner from EDF approach linked to
fully self-consistent Hartree-Fock-Bogoliubov calculations.
The excited states are calculated with a residual interaction
represented in separable form with strength parameters fixed
empirically [18]. As a further advantage over other QRPA
models, the QPM approach incorporates a multiphonon model
space built of natural and unnatural parity states. Here, the
model basis is constructed of one-, two-, and three-phonon
(microscopically described) configurations with Jπ = 1±, 2+,
3−, 4+, 5−, 6+, and 7− and excitation energies in agreement
with the range of the present NRF experiment. The QRPA
and QPM calculations in 204Pb shown here follow the model
approach and methodology outlined in our previous studies of
the dipole response in 206Pb and 208Pb [12,71]. In particular,
the total dipole photoabsorption cross section and the GDR
properties obtained from the present QRPA calculations for
204Pb are consistent with these previous results. Since QRPA
one-phonon configurations up to Ex = 35 MeV are consid-
ered, the GDR nuclear polarization contributions to the E1
transitions of the low-lying 1− states are explicitly taken into
account. There is therefore no need to introduce additional
effective charges.

In QRPA theory, the one-phonon transition density is given
by a coherent sum over two-quasiparticle transition densities
that are incorporated in the structure of a QRPA phonon
defined with Eq. (6). The shape of the transition density is
strongly correlated with the collectivity of the phonon [17].
Typically, the transition densities of noncollective two-
quasiparticle excitations have pronounced peaks within the
nucleus [73]. In contrast, those corresponding to the collective
transitions with a large number of coherently contributing
two-quasiparticle transitions have a maximum at the nuclear
surface. Thus, the proton and neutron transition densities of
the individual QRPA 1− states located in the energy range
Ex ≈ 6.5–7.5 MeV in 204Pb, shown in Fig. 6 (upper panel),
can be associated with an intermediate behavior between the
collective neutron skin oscillation and the single-particle exci-
tation. The transition densities retain the single-particle origin
of neutron oscillations at the nuclear surface, but also include
additional collective dynamical effects associated with the
coherent excitation of a sequence of neutron single-particle
states [17,18,71,72].
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FIG. 6. (Top) Summed neutron and proton transition densities of
the [1−

PDR] states and (bottom) the same for the [1−
GDR] states obtained

from QRPA calculations in 204Pb.

The defining characteristic of the PDR neutron transition
density is the nodal structure [17,18]. In particular, the radial
transition form factors correspond to a classical droplet wob-
bling mode in which matter is oscillating in radial direction
as a standing compression surface wave. In quantum nuclear
systems, the PDR skin modes correspond to a diffusivity oscil-
lation, very different from the collective modes like the GDR
shown in Fig. 6 (bottom panel). The theoretical calculations
of neutron and proton transition densities confirm the unique
character of the low-lying 1− states in 204Pb. Theoretically,
the description of the spectral distribution of the low-lying
dipole strength and the fine structure of nuclear excitations
requires to couple the 1− one-phonon QRPA doorway states
to more complex configurations which, in turn, are coupled
again to other configurations. This coupling causes a frag-
mentation and a shift of the low-lying E1 strength toward
lower energy which is achieved in a EDF+three-phonon QPM
approach [18].

In Figs. 7(a) and 7(b), the experimental B(E1)↑ values
are compared with the EDF+QPM calculations. The total
measured B(E1)↑ value up to Ex = 8.327 MeV amounts to
	B(E1)↑= 0.613(6) e2 fm2. The corresponding QPM value
above the experimental sensitivity limits is 	B(E1)↑=
0.971 e2 fm2. Overall, the theoretical results in 204Pb agree
with the experiment, with respect to the total B(E1)↑ strength
and with the TRK value. The total B(E1)↑ strength located
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FIG. 7. B(E1)↑ values deduced from the present NRF experi-
ment (a) and the same for the EDF+QPM calculations (b) in 204Pb.

below Ex ≈ 8.4 MeV obtained by the experiment and the
EDF+QPM approach exhausts approximately 0.6% and 1%,
respectively. The QPM spectrum which spreads at excita-
tion energy larger than ≈7 MeV indicates larger E1 strength
than the one experimentally observed. This suggests that a
part of the E1 strength is hidden in the continuous back-
ground of the observed NRF spectra and branching ratios are
smaller than unity. This is supported by the results of the
quasicontinuum analysis shown in Figs. 4 and 5. In addition,
considering that the present three-phonon QPM calculations
and model configuration spaces of two- and three-phonon
configurations are bound in the energy range of the performed
NRF experiment, this truncation can affect the coupling
to the higher-lying 1− excited states that are located out-
side of these constraints. As a result, the QPM calculations
underestimate the statistical model simulations for the quasi-
continuum contribution in the total transition strength below
Ex = 8.4 MeV as shown in Fig. 8. To understand this, we
additionally performed two-phonon QPM calculations in a
model configuration space extended by about 1 MeV for
the two-phonon components, which showed that the contri-
bution from higher-lying one-phonon 1− states outside the
energy range of the NRF experiment may have important
consequences and be a possible reason for this reduction
in total E1 strength. From the extended two-phonon QPM
calculations, we found about twice the E1 absorption cross
section below Ex = 8.4 MeV (see Fig. 8), which is associated
with the increase in fragmentation toward lower energies of
one-phonon 1− states mostly located at Ex ≈ 9–10 MeV and
belonging to low-energy GDR. These theoretical observa-
tions greatly improve the comparison with the experimental
results including the quasicontinuum contribution. We also
point out that the above differences are not a matter of the
interaction parameters but may originate in the quasiparticle
spectrum which indicates a stronger coupling to low-energy
GDR.
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FIG. 8. Experimental γ -ray absorption cross sections derived
from resolved peaks (squares) and from the quasicontinuum analysis
(red circles), averaged over energy bins of 100 keV. Also shown are
cross sections predicted by EDF+three-phonon QPM calculations
confined in the NRF energy domain (blue triangles) and extended
EDF+two-phonon QPM (green diamonds) calculations, smeared
by the Lorentzian width of 100 keV. Lines are drawn to guide
the eye.

By comparing the QRPA to the multiphonon EDF+QPM
calculations we find that the pure two-quasiparticles E1
QRPA strength below the neutron threshold in 204Pb is
strongly fragmented over many 1− excited states. Of par-
ticular interest are the QPM lowest-lying 1−

1 at Ex(QPM)
=3.566 MeV and 1−

2 at Ex(QPM)=3.903 MeV states which
are without QRPA counterpart because they contain a two-
phonon quadrupole-octupole [2+

1 ⊗ 3−
1 ] configuration, which

accounts for ≈50% of the 1−
1 and ≈25% of the 1−

2 QPM
wave function, respectively. The theoretical B(E1)↑ values of
these 1− states are B(E1, g.s. → 1−

1 )QPM = 16 × 10−3 e2 fm2

and B(E1, g.s. → 1−
2 )QPM = 1.3 × 10−3 e2 fm2. The exper-

imentally observed dipole states located at Ex = 3.656 and
3.892 MeV with B(E1)↑= 11.3(9) × 10−3 and 3.4(7) ×
10−3 e2 fm2, respectively, may correspond to these predicted
1− states.

V. SUMMARY

The dipole strength distribution in 204Pb up to the neutron
separation energy has been studied in a photon scattering
experiment at the ELBE bremsstrahlung facility by using an
electron beam at a kinetic energy of 10.5 MeV. We identi-
fied 134 J = 1 and 2 J = 2 resonantly excited states below
8.4 MeV. The intensity distribution obtained from the mea-
sured spectra after a correction for detector response and a
subtraction of atomic background in the target contains a
quasicontinuum in addition to resolved peaks. Simulations
of statistical γ -ray cascades have been performed to esti-
mate the intensities of inelastic transitions and the branching
ratios of the ground-state transitions. The experimental re-
sults were used to investigate the low-lying E1 strength
and compared with predictions from the self-consistent EDF
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and the QPM. The EDF+QPM calculations reproduced the
gross properties of the E1 strength observed below the
neutron separation energy in 204Pb. Analysis of the proton
and neutron transition densities revealed that the low-lying
E1 strength is due to both the collective neutron skin os-
cillation and the single-particle excitation. However, more
complex configurations due to coupling of 1− to multi-
phonon states which causes a fragmentation and a shift of
the low-lying E1 strength toward lower energy were also
observed.
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