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The dipole strength distribution of 206Pb was investigated via a nuclear resonance fluorescence
experiment using bremsstrahlung produced with an electron beam at a kinetic energy of 10.5 MeV
at the linear accelerator ELBE. We identified 88 states resonantly excited at energies from 3.7 to
8.2 MeV. 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 extracted photo-absorption
cross section show enhanced dipole strength at the excitation energies around 5.5 and 7 MeV, which
may related to a pygmy dipole resonance. The present (γ, γ′) data combined with (γ, n) data from
the literature were used for confining input parameters of the statistical calculation code CCONE
to derive the neutron capture cross section of the unstable 205Pb nucleus.

PACS numbers: PACS number(s): 21.10.Hw, 23.20.-g, 25.20.Dc, 27.40.+z

I. INTRODUCTION

Photon strength functions (PSFs) attract growing in-
terest in the context of nuclear astrophysics [1] and nu-
clear technologies [2, 3]. They give information on aver-
age electromagnetic decay properties of the nucleus, and
are dominated by the electric Giant Dipole Resonance
(GDR). However, the dipole strength distribution close
to the neutron separation energy has a large impact on
the neutron-capture cross sections [4, 5]. The PSFs are
essential ingredients of statistical nuclear reaction calcu-
lations to estimate cross sections of nuclear reactions, for
example, neutron capture.

From the viewpoint of nuclear engineering, cross sec-
tion data of capture reactions induced by fast neutrons
are crucial for the development of the transmutation
technique through accelerator driven systems (ADS) [6].
In particular, there is a need of the cross section data
with high accuracy for plutonium, and minor actinides.
In addition, reliable cross sections of fast neutron capture
reactions for lead and bismuth are required because these
materials are used as a spallation target and a coolant in
the ADS [7]. Among lead isotopes, the unstable 205Pb
nucleus with a half-life of 1.73 × 107 years is of special
interest, because this nucleus is produced by the neutron
capture reaction on 204Pb and behaves like a stable iso-
tope in the system. The accumulated amount of 205Pb
also has to be evaluated because it has long-lasting ra-
diotoxicity.

Neutron capture cross sections of 205Pb have been mea-
sured using thermal neutrons from the Oak Ridge High
Flux Isotope Reactor [8]. However, no experimental data

of capture cross sections at the fast-neutron energy re-
gion is available. To evaluate the neutron capture cross
sections of 205Pb, nuclear photon scattering or nuclear
resonance fluorescence (NRF) data combined with the
photo-neutron (γ, n) data can be used [9–11].

In the present work, the dipole strength of 206Pb was
measured in an NRF experiment. As the NRF oc-
curs only via electro-magnetic interactions, the transition
strength can be extracted from the measured scattering
intensities in a model-independent fashion [12]. In addi-
tion, predominantly, J = 1 states and, to lesser extent,
J = 2 states are excited from the ground state in an
even-even nucleus. The present NRF experiment aims at
the determination of the photo-absorption cross section
and the dipole strength functions based on the measured
scattering cross sections. The neutron capture cross sec-
tions of 205Pb will be determined by constraining the
statistical model parameters, especially, the PSFs, based
on the experimental data.

II. EXPERIMENTAL PROCEDURE

The present NRF experiment on 206Pb was per-
formed at the bremsstrahlung facility γELBE [13] of
the Helmholtz-Zentrum Dresden-Rossendorf (HZDR).
Bremsstrahlung was produced using an electron beam
at a kinetic energy of 10.5 MeV with an average beam
current of 470 µA at a micropulse repetition rate of 13
MHz. The electron beam hit a radiator consisting of a
niobium foil with a thickness of 5 µm. The electron en-
ergy was chosen as the flux was sufficiently high up to



2

the neutron separation energy Sn = 8.0881 MeV. 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 two disks of 206Pb with a di-

ameter of 20 mm tilted by 45◦ about a vertical axis per-
pendicular to the beam. The target mass was 3940 mg,
enriched to 99.3% in 206Pb. The lead disks were com-
bined with 400 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% and 60%. All HPGe detectors were surrounded by
escape-suppression shields made of bismuth germanate
(BGO) scintillation detectors. Two HPGe detectors with
relative efficiencies of 60% were placed horizontally at 90◦

relative to the photon beam direction at a distance of 28
cm from the target. The other two HPGe detectors with
relative efficiencies of 100% 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 pho-
tons, 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 126 hours. Further details of
the measurement techniques are given in Refs. [14, 15].

III. RESULTS

A. Integrated scattering cross section

Part of a spectrum including events measured with the
two detectors at 127◦ relative to the beam is shown in
Fig. 1. 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.
It can be determined relative to the known integrated
scattering cross sections Is(E

B
x ) of states in

11B [16]:

Is(Ex)

Is(EB
x )

=

(

Iγ(Eγ , θ)

W (Eγ , θ)Φγ(Ex)NNλ

)
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(
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Here, Iγ(Eγ , θ) and Iγ(E
B
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, ob-
served at a scattering angle θ to the beam. W (Eγ , θ)
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FIG. 1: Part of a spectrum of photons scattered from 206Pb
combined with 11B, measured during the irradiation with
bremsstrahlung produced by electrons at the kinetic energy of
10.5 MeV. This spectrum is the sum of the spectra measured
with the two detectors at 127◦ relative to the beam.

and W (EB
γ , θ) represent the angular correlations of these

transitions. The quantities Φ(Ex) and Φγ(E
B
x ) are the

photon fluxes at the energy of the considered level and
at the energy of a level in 11B, respectively. The quan-
tities NN and NB

N stand for the numbers of nuclei in
the 206Pb and 11B targets, respectively. The quantities
λ and λB are the correction factors of atomic and self-
absorption for the levels at Ex in 206Pb and at EB

x in 11B,
respectively. These correction factors were determined
according to Eq. (19) in Ref. [17]. 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 efficien-
cies for the four HPGe detectors by using GEANT4 [18].
The simulated efficiency curves were checked by using ef-
ficiencies measured with a 226Ra calibration source. The
bremsstrahlung spectrum was calculated by using a code
[19] based on the approximation given in Ref. [20] and
including a screening correction according to Ref. [21].
The calculated curve of the photon flux fits the exper-
imental value derived from measured intensities, known
integrated cross sections [16] and angular distributions
[22] of transitions in 11B.
The integrated scattering cross section Is is related to

the partial decay width Γ0 to the ground state and the
total decay width Γ according to

Is =

∫

σγγdE =
2Jx + 1

2J0 + 1

(

π~c

Ex

)2
Γ2
0

Γ
, (1)

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 comparing

the ratios of γ-ray intensities measured with the HPGe
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FIG. 2: Integrated scattering cross sections deduced from the
present experiment.

detectors at two different angles with theoretical predi-
cations. The optimum combination is angles of 90◦ and
127◦ because the ratios for the respective spin sequences
0 − 1 − 0 and 0− 2− 0 differ most at these angles. 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 Γ2
0/Γ, and

branching ratios into the ground state are listed in Ta-
ble I. Figure 2 shows the integrated cross sections de-
duced from the present experimental data. We observed
85 states with J = 1 and 3 states with J = 2 below
the neutron separation energy, including 33 states newly
identified. A comparison of the Γ2

0/Γ ratios obtained in
the present experiment with previous work [23–26] is also
shown in Table I. The present results are generally in
good agreement with those previously published. Spins
for excited states at 4932.6, 5459.0, 5951.4, and 5999.4
keV were newly determined in this work based on the
angular distribution ratios. The present spin assignment
for the 6100.3 keV level is not consistent with the pre-
vious work using inelastic electron scattering [27]. Pre-
viously reported resonance states at 4483.5, 5408.4, and
6110.7 keV [26] could not be confirmed, but their tran-
sition strengths are around the present detection limit.
The total dipole strength in the energy region from 4.9
to 8.1 MeV is also consistent with the data recently pub-
lished [28].

B. Determination of the photoabsorption cross

section

The determination of the absorption cross section re-
quired a correction to the experimental spectrum for de-
tector response, absolute efficiency and absolute photon
flux due to atomic processes, such as Compton scattering
and pair creation induced by the impinging photons in

the target material, and for ambient background radia-
tion. The detector response was simulated using the pro-
gram package GEANT4 [18]. The reliability of the sim-
ulation was tested by comparing simulated spectra with
measured ones as illustrated for example in Ref. [29].

The absolute efficiencies of the HPGe detectors in the
setup at ELBE were determined experimentally up to 2.4
MeV from measurements with 137Cs, 154Eu, and 226Ra
calibration sources. For interpolation, an efficiency curve
calculated with GEANT4 and scaled to the absolute ex-
perimental values was used. From the adjustment of the
curve to the experimental values, an overall uncertainty
of the absolute efficiency of 5% was deduced and used
in the further analysis (cf. Ref. [29]). A check of the
simulated efficiency curve at high energy up to about 9
MeV was performed via various (p, γ) reactions at the
HZDR Tandetron accelerator. The efficiency values de-
duced from these measurements agreed with the simu-
lated values within their uncertainties [30]. Similar re-
sults were obtained for the resonances at 4.44 and 11.66
MeV in 12C populated in the 11B(p, γ) reaction at the
TUNL Van-de-Graaff accelerator [31].

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 spectrum for the de-
tector response, spectra of monoenergetic γ rays were
calculated in steps of 10 keV by using the simulation
code GEANT4. Starting from the high-energy end of the
experimental spectrum, the simulated spectra were sub-
tracted sequentially (spectrum-strip method). The abso-
lute photon flux was deduced from the intensities of the
transitions in 11B (cf. Fig. 4). The response-, efficiency-
, and flux-corrected spectrum is shown in Fig. 3. The
background produced by atomic processes in the 206Pb
target was obtained from a GEANT4 simulation. The
corresponding spectrum of the atomic background is also
displayed in Fig. 3.

As can be seen in Fig. 3, the spectrum of photons scat-
tered from 206Pb contains resolved peaks and a quasicon-
tinuum that is considerably higher than the background
caused by atomic scattering processes. This continuum is
formed by a number of non-resolved transitions of small
intensities which are a consequence of the high nuclear
level density at high energy in connection with the finite
detector resolution. The relevant intensity of the pho-
tons resonantly scattered from 206Pb is obtained from a
subtraction of the atomic background from the response-
corrected experimental spectrum.

To deduce the correct dipole-strength distribution, in-
elastic transitions have to be removed from the spectrum
and the ground-state transitions have to be corrected for
their branching ratios b0. We applied statistical meth-
ods to estimate the intensities of branching transitions to
low-lying excited levels and of the branching ratios of the
ground-state transitions. These methods were also ap-
plied in earlier photon-scattering experiments at γELBE,
for example in Refs. [9, 29, 32–34].
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The intensity distribution contains ground-state tran-
sitions and, in addition, branching transitions to lower-
lying excited states (inelastic transitions) as well as tran-
sitions from those states to the ground state (cascade
transitions). The different types of transitions cannot
be clearly distinguished. However, for the determina-
tion of the photoabsorption cross section and the partial
widths Γ0 the intensities of the ground-state transitions
are needed. Therefore, contributions of inelastic and cas-
cade transitions have to be subtracted from the spectra.
We corrected the intensity distributions by simulating γ-
ray cascades from the levels in the whole energy range.
The code γDEX [29, 33, 34] was used to do this. γDEX
works analogously to the strategy of the code DICEBOX
[35] developed for (n, γ) reactions, but in addition it in-
cludes also the excitation from the ground state. In these
simulations, level schemes (nuclear realizations) includ-
ing states with J = 0, ..., 5 were created. We apply the
statistical methods also for the low-energy part of the
level scheme instead of using experimentally known low-
lying levels, because this would require the knowledge
of the partial decay widths of all transitions populating
these fixed levels. Fluctuations of the partial widths were
treated by applying the Porter-Thomas distribution [36].

Level densities were calculated by using the constant-
temperature model [37] with the parameters T = 0.78(5)
MeV and E0 = 0.12(5) MeV adjusted to experimental
level densities [38]. In the individual nuclear realizations,
the values of T and E0 were varied randomly within a
Gaussian distribution with a σ corresponding to the un-
certainties given in Ref. [38]. The parity distribution of
the level densities was modeled according to the informa-
tion given in Ref. [39].

The first input for the photon strength function simu-
lations were assumed to be Lorentz-shaped. For the E1
strength a combination of three Lorentz functions (TLO),
with parameters as described in Ref. [40], was used with-
out deformation. The parameters for the M1 and E2
strengths were taken from global parameterizations of
M1 spin-flip resonances and E2 isoscalar resonances, re-
spectively [41].

Spectra of γ-ray cascades were generated for groups of
levels in 100 keV bins. Starting from the high-energy end
of the experimental spectrum, which contains ground-
state transitions only, the simulated intensities of the
ground-state transitions were normalized to the experi-
mental ones in the considered bin. The intensity distribu-
tion of the branching transitions was subtracted from the
experimental spectrum. Applying this procedure step-
by-step for each energy bin moving toward the low-energy
end of the spectrum, one obtains the intensity distribu-
tion of the ground-state transitions. Simultaneously, the
branching ratios b∆0 of the ground-state transitions are
deduced for each energy bin ∆. In an individual nu-
clear realization, the branching ratio b∆0 is calculated as
the ratio of the sum of the intensities of the ground-state
transitions from all levels in ∆ to the total intensity of all
transitions depopulating those levels to any low-lying lev-
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FIG. 3: (Color online) Response-corrected spectrum of the
two detectors placed at 127◦ (blue), simulated spectrum of
photons scattered from the target to the detectors by atomic
processes (black), and the difference of the two (red).

els including the ground state [9, 10, 29, 32–34, 42, 43].
We obtain the absorption cross section in each bin as
σ∆
γ = σ∆

γγ/b
∆
0 for each nuclear realization by dividing the

summed intensities in a bin of the experimental intensity
distribution of the ground-state transitions with the cor-
responding branching ratio. Finally, the absorption cross
sections of each bin were obtained by averaging over the
values of the nuclear realizations. For the uncertainty
of the absorption cross section a 1σ deviation from the
mean has been taken.
The simulations were performed iteratively. The

strength function obtained from an iteration step was
used as the input for the next step. The iteration was
stopped when the input strength function and the output
strength function were in agreement within their uncer-
tainties. Toward low energy, the uncertainties increase
due to the use of the spectrum-strip method and the
cross sections do not converge. Therefore, cross sections
are not given below an excitation energy of 4.5 MeV. In
Fig. 5, the input cross sections and the ones obtained
from the first and last iteration steps are shown. The
cross section obtained in the last iteration step is taken
as the final absorption cross section. The uncertainties of
the cross-section values include statistical uncertainties of
the spectrum, the given uncertainty of the efficiency, un-
certainties of the flux resulting from the integrated cross
sections of the 11B levels and the mentioned uncertainties
of the level-density parameters.

IV. DISCUSSION

A. Photoabsorption cross section of 206Pb

The absorption cross section of 206Pb obtained from
the procedure just described is shown in Fig. 6 together
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intensities of known transitions in 11B (circles) using the de-
tector efficiency calculated with GEANT4 and the adjusted
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FIG. 5: (Color online) Uncorrected photoabsorption cross sec-
tion (black circles), outputs of the first iteration step (blue
triangles) and of the fifth (last) iteration step (red squares)
in the simulation of γ-ray cascades.

with the (γ, n) data of Ref. [44]. There are four values
below the neutron-separation energy, which is physically
incorrect. For comparison, the absorption cross section
deduced from (γ, γ′) data for 208Pb in an earlier study
[45] is also shown. Note that the data of 208Pb include
resolved peaks only. The contribution of strength to the
quasicontinuum was assumed to be small because of the
small level density in the doubly magic 208Pb and was ne-
glected in the analysis [45]. The comparison shows that
the cross section values in 208Pb in average amount to
about 60% of that in 206Pb. This behavior differs from

that found in the series of xenon isotopes, in which the
summed dipole strength in the energy region from 6 to
9 MeV increases with the neutron number [34]. Possible
reasons are that the strength in the quasicontinuum may
not be neglected in 208Pb either, or that there are struc-
tural differences that interfere the effect of the neutron
excess. One observes a similarity in the shapes of the
cross sections of 206Pb and 208Pb. Both nuclides show
humps around about 5.5 and 7 MeV with a drop in be-
tween. This behavior reflects structural similarities of
the two nuclei. It is correlated with the large widths of
single levels (cf. Table I) that dominate the shape of the
cross section over the quasicontinuum created by many
weak level widths in nuclides around closed shells. Such
a feature was also found in the N = 50 isotones 86Kr [43],
88Sr [14], and 90Zr [46].

Strength-function data for 206Pb are also available
from (3He,3He’) experiments. The strength function
deduced from these experiments is compared with the
dipole-strength function calculated from the present cross
section for 206Pb in Fig. 7. The shown (3He,3He’) data re-
sult from a new re-analysis of the data in Ref. [47], which
is based on updated response functions for the CACTUS
detector array and an improved error estimate in the si-
multaneous extraction of level density and γ-ray strength
from the primary γ-ray spectra [48]. Furthermore, the γ-
ray strength was normalized to recent (γ,n) data [49] and
also compared to the data in Refs. [44, 50]. The system-
atic error in the absolute value of the order of 50% is
not included in the displayed error bars. Also shown in
Fig. 7 is a Lorentz curve with parameters adjusted to
(γ, n) data and taken from the data base RIPL [41]. One
sees that the two humps formed by the present data for
206Pb represent extra strength above the RIPL curve.
This can be considered as the pygmy dipole resonance
(PDR). The two humps around 5.5 and 7 MeV exceed
also the (3He,3He’) data by a factor of up to three at
their maxima. The deviation between the two data sets
could partly be due to the uncertain absolute normal-
ization of the (3He,3He’) data. Besides, the (3He,3He’)
reaction populates states in a broad spin range up to
J ≈ 12. Transitions from 1− states to the ground state
are less dominant in this case, because they are included
in an average together with many weak transitions from
initial states of various spins.

For the neighboring isotope 208Pb, the (γ, γ′) data
[45] can also be compared with re-analyzed (3He,3He’)
data [48] and, in addition, with results of a (p, p′) exper-
iment [51]. The respective strength functions are shown
in Fig. 8. The (p, p′) data also show peaks around 5.5
and 7 MeV with a drop in between as seen in the (γ, γ′)
data. Close to the neutron threshold, the 208Pb(γ, γ′)
data are roughly compatible with both the (3He,3He’) as
well as the (p, p′) data. At the neutron-separation energy
Sn the (p, p′) data increase further, whereas the (γ, γ′)
data drop because of the opening of the (γ, n) channel.

The relation between the strength functions from ex-
citation [(γ, γ′) and (p, p′)] and deexcitation [(3He,3He’)]
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FIG. 6: (Color online) Photoabsorption cross section of 206Pb
resulting from the present (γ, γ′) experiment in connection
with the techniques described in the text (red circles) and
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absorption cross section deduced from (γ, γ′) data for 208Pb
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curve from RIPL (black dashed line).

may serve as a measure for the validity of the Brink-Axel
hypothesis [52]. As just mentioned, differences between
the (γ, γ′) and the (3He,3He’) data may have various rea-
sons. In 208Pb, the structure of all three strength func-
tions looks similar, but also in this case, the magnitudes
differ. Around the 5.5 MeV peak, the (p, p′) data lie be-
tween the other two sets and in the region between 6 MeV
and Sn the values of the three sets are almost equal.

The validity of the Brink-Axel hypothesis was recently
proven for the case of 96Mo on the basis of a compari-
son of new (p, p′) data [53] with existing (3He,3He’) data
[54] and (γ, γ′) data [32]. Similar to the present cases
of 206Pb and 208Pb, the (3He,3He’) data are close to the
(γ, γ′) data between about 7.3 and 8.5 MeV, but drop
rapidly toward low energy. The (p, p′) values lie between
the ones of the other two sets and overlap with most of
them within their uncertainties up to Sn. This agree-
ment of the strength functions deduced from the three
experiments serves as a proof of the Brink-Axel hypothe-
sis. In fact, the simulation of γ-ray cascades performed in
Ref. [32] and in the present work (see Sec. III B) is based
on identical strength functions for excitation and deexci-
tation, i.e. on the Brink-Axel hypothesis. However, the
authors of Ref. [53] state that an apparent violation of
the Brink-Axel hypothesis was suggested by the (γ, γ′)
data in Ref. [32]. We note that there is neither such a
statement in Ref. [32] nor does the just mentioned com-
patibility of the data allow such a conclusion.
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B. Evaluation of the neutron capture cross section

of 205Pb

In order to evaluate the neutron capture cross sec-
tion of the unstable 205Pb in the keV energy region, the
present (γ, γ′) data as well as existing (γ, n) data were
used to constrain the PSF of 206Pb. The cross sections
of photon and neutron-induced reactions were calculated
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by using the CCONE code [55], which is based on the
Hauser-Feshbach statistical model with width fluctuation
correction [56, 57]. The neutron optical model was taken
from Ref. [58]. The optical model potential (OMP) pa-
rameters of 205Pb were the same as those of 206Pb. The
E1, M1, and E2 radiations were taken into account for
γ-ray transitions. For the PSF of dominant E1 radiation,
the modified Lorentzian model was adopted to calculate
photon- and neutron-induced reaction cross sections [59].
The supplemental strength was taken into account by the
standard Lorentzian model, in order to reproduce two
humps below the threshold energy of (γ, n) reaction. The
PSFs for M1 and E2 radiations were employed according
to the expression in Ref. [59]. The discrete excited levels
were taken from the RIPL-3 database [41]. The adopted
maximum energy of levels for 206Pb was 3.279 MeV.
Above the discrete levels the Gilbert-Cameron formal-
ism [37] with the shell correction [60] was applied for the
nuclear level density. It composes the constant temper-
ature model for lower excitation energies and the Fermi-
gas model for higher excitation energies [61].

The experimental data for the (γ, n) reaction were
taken from Refs. [44, 49]. The measured cross sections of
(γ, n) and (γ, γ′) reactions were used to determine model
parameters such as resonance energies and width, and
peak cross sections expressing the GDR. The evaluated
results of the measured data are shown in Fig. 9 which
compares the calculated cross sections with the experi-
mental data of (γ, n) and (γ, γ′) reactions. It should be
noted that Harvey et al. [44] measured one-neutron pro-
duction cross sections which possibly include cross sec-
tions of (γ, pn) and (γ, αn) reactions. However, their
contributions are expected to be negligible in the present
evaluation.

The calculated photoabsorption cross section is com-
pared with the present (γ, γ′) data below the photon en-
ergies of 8.09 MeV in Fig. 9. The measured data show
humps around about 5 and 7 MeV. In order to express the
increase of the cross sections by a pygmy-like resonance,
a small contribution of E1 radiation was incorporated
in the tail of GDR. The calculated result is consistent
with the measured data as shown in Fig. 9. The GDR
parameters needed to reproduce the measured cross sec-
tions were summarized in Table II. It is noted that there
is a remarkable similarity of the peak in the cross sec-
tion around about 5 MeV with that in 208Pb[45, 63]. In
the shell-model calculations for 208Pb this arises from 2-
particle 2-hole excitations [45]. In Fig. 9, the (γ, n) and
photoabsorption cross sections of TENDL-2015 were also
represented for comparison. The (γ, n) reaction cross sec-
tions of TENDL-2015 are smaller than those of Harvey
et al. [44] around the GDR peak. Its photoabsorption
cross section is also smaller than the data derived in the
present work.

The neutron capture cross section was calculated by
using the adopted PSF with the GDR parameters which
were obtained by evaluating the photonuclear data. In
Fig. 10, the result is illustrated together with the data of
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FIG. 9: (Color online) Comparison of the calculated results
for (γ, γ′) reaction (thick solid line) and (γ, n) reaction (thick
dashed line) with the measured data. The calculated data for
photoabsorption and (γ, n) reaction cross sections are sepa-
rated below and above the neutron separation energy of 206Pb
by a vertical dotted line. For comparison, the cross sections in
TENDL-2015 are depicted by thin lines. It should be noted
that the data of Harvey et al. [44] were multiplied by 1.22
following the suggestion in Ref. [62].

TENDL-2015 [64] and JEFF-3.2 [65]. These evaluated li-
braries have artificially generated neutron resonances. In
the figure their cross sections were made group-wise in
the resolved resonance region. TENDL-2015 and JEFF-
3.2 have almost the same cross sections above 40 keV.
The neutron capture cross section obtained in the present
work is close to those of TENDL-2015 and JEFF-3.2
above the resolved resonance region, but is about 1.8
times larger than the results of previous work [28] in neu-
tron energies between 10 and 103 keV. This discrepancy
is possibly caused by the enhanced strength obtained in
the analysis of the quasicontinuum as well as the differ-
ence of the level density model used for 206Pb.

The uncertainty of the neutron capture cross section
for 205Pb was estimated by the KALMAN code[66],
which is based on the generalized least-square method
with Bayesian theorem. It was derived from an uncer-
tainty propagation of measured (γ, n) and (γ, γ′) reaction
cross sections. The experimental uncertainties were used
to constrain the parameter uncertainties of the reaction
models in CCONE. The experimental data of Harvey et

al. and Kondo et al. were adopted for the (γ, n) reac-
tion. For the data of Kondo et al., the systematic un-
certainty of 4.4 % was additionally taken into account
from the literature[49] as its minimum estimation. The
present data were used for the (γ, γ′) reaction. In the
covariance estimation the parameter covariance matrix
was prepared as a prior one. The parameters of neu-
tron OMP (potential radius, diffuseness and depth for
real volume and imaginary surface terms for 205Pb), level
density (level density parameters for 205,206Pb) and PSF
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(resonance energies, widths, peak cross sections for the
four resonances for 206Pb) were considered as the matrix
component. The sensitivities of the above parameters
to the neutron capture and photonuclear cross sections
were calculated by CCONE. The cross section covariance
matrix was finally obtained from the constrained param-
eter one with the parameter sensitivities. The resulting
uncertainty of neutron capture cross section is presented
in Fig. 10. In the region between 10 and 103 keV the
uncertainties are 6 to 16%, which are well constrained
by the adopted experimental data. In contrast, the un-
certainties are large above and below the energy region
due to the uncertainties of level density parameters for
206Pb and neutron OMP parameters (potential radius
and depth of real volume term).

Using the neutron capture cross sections deduced
above, we estimated the time variation of the 205Pb
amount produced in a typical subcritical reactor in the
ADS [7, 67]. We assumed neutron beam fluxes of 5×1014,
5 × 1015, and 5 × 1016 n/cm2/s at a neutron energy of
100 keV around the Pb-Bi target position [67]. Figure
11 shows calculated fractions (in units of weight percent;
wt%) of 205Pb relative to initial amount of Pb materials
as a function of the irradiation period. For a 10 years irra-
diation period, 0.01-0.4wt% of 205Pb is produced. Since
management of long-lived isotopes produced in a nuclear
reactor is necessary for long-term sustenance of nuclear
energy program, the accumulated amount of 205Pb has
to be evaluated as precisely as possible using a more re-
alistic neutron flux in a lead-bismuth eutectic target [68].
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FIG. 10: (Color online) Neutron capture cross section of 205Pb
calculated by using the PSF deduced from the photonuclear
data in the top panel. The deduced uncertainty is overlaid as
a band around the cross section and presented in the bottom
panel. The evaluated cross sections of TENDL-2015 (dot-
dashed line) and JEFF-3.2 (dotted line) are also shown for
comparison.
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FIG. 11: (Color online) Fractions (in units of weight percent;
wt%) of 205Pb calculated for a typical subcritical reactor in
ADS as a function of irradiation period with an assumption of
neutron fluxes of 5× 1014 (solid line), 5× 1015 (dashed line),
and 5× 1016 (dotted line) n/cm2/s.

V. CONCLUSION

The dipole strength distribution in 206Pb up to the
neutron separation energy has been studied in a pho-
ton scattering experiment at the ELBE bremsstrahlung
facility by using an electron beam at a kinetic energy of
10.5 MeV for the purpose of the evaluation of the neutron
capture cross sections for the unstable 205Pb nucleus. We
identified 85 J = 1 states and 3 J = 2 states below 8.2
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. Simu-
lations of statistical γ-ray cascades have been performed
to estimate the intensities of inelastic transitions and the
branching ratios of the ground state transitions. The
photo-absorption cross section obtained in this way to-
gether with the (γ, n) cross section data were compared
with results of the calculations using the CCONE code.
For the photon strength function of E1 radiation, the
modified Lorentzian model was adopted. In the energy
region around the maximum of the GDR, the results pro-
vide a good description for the (γ, n) cross sections. In
the low-energy region below the neutron separation en-
ergy, the data obtained from the present (γ, γ′) experi-
ment was used to constrain the PSF. The neutron cap-
ture cross sections of 205Pb were calculated using the
PSF fixed by the photonuclear data and compared with
the evaluation of TENDL-2015 and JEFF-3.2. The neu-
tron capture cross section derived in this work is close to
those of TENDL-2015 and JEFF-3.2 above the resolved
resonance region.
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Kis, K. Kosev, M. Krtička, A. Matic, K.D. Schilling, R.
Schwengner, L. Szentmiklosi, A. Wagner, and J.L. Weil,
Phys. Rev. C 85, 014311 (2012).



10

[34] R. Massarczyk, R. Schwengner, F. Dönau, S. Frauen-
dorf, M. Anders, D. Bemmerer, R. Beyer, C. Bhatia, E.
Birgersson, M. Butterling, Z. Elekes, A. Ferrari, M.E.
Gooden, R. Hannaske, A.R. Junghans, M. Kempe, J.H.
Kelley, T. Kögler, A. Matic, M.L. Menzel, S. Müller,
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TABLE I: Results of the 206Pb(γ, γ′) measurements. The excitation
energies Ex, the angular distribution ratios W (90◦)/W (127◦), the spin
assignments J , the ratios Γ2

0/Γ, and the branching ratios Γ0/Γ are given.
The values of Γ2

0/Γ known from previous measurements are also listed
for comparison.

Ex[∗] W (90◦)/W (127◦) J Γ2
0/Γ[†] Γ0/Γ Γ2

0/Γ[‡] Γ2
0/Γ[§] Γ2

0/Γ[¶] Γ
2
0/Γ[∗∗]

(keV) (eV) (eV) (eV) (eV) (eV)
3742.7(2) 0.35(14) 1 0.13(2) 1.0 0.09(1)
4115.2(1) 2.09(20) 2 0.21(2) 1.0 0.29(3) 0.58(15) 0.30(6)
4146.1(7) 1.3(3) 1 0.05(2) 1.0 0.03(2)
4328.0(1) 0.66(11) 1 0.33(3) 1.0 0.33(4) 0.48(11) 0.90(9)
4603.8(1) 0.63(15) 1 0.30(3) 1.0 0.25(3) 0.58(16) 0.23(3)
4690.7(2) 0.8(3) 1 0.13(2) 1.0 0.08(2)

4778.2(5)[††] 0.83(11) 1 0.48(12) 0.85(6) 0.20(14)
4805.2(3) 0.8(4) 1 0.06(1) 1.0
4932.6(3) 3.0(9) 2 0.07(1) 1.0 0.04(1)
4971.1(1) 0.93(15) 1 0.71(5) 1.0 0.7(7) 0.95(23) 0.8(3) 0.8(2)
5037.8(1) 0.79(7) 1 2.33(16) 0.92(5) 2.12(21) 2.6(4) 1.6(6) 2.3(5)
5127.6(2) 0.86(19) 1 0.23(3) 1.0 0.23(3)
5377.2(3) 0.92(21) 1 0.23(5) 1.0 0.28(4)
5459.0(5) 0.61(23) 1 0.14(3) 0.48(10) 0.09(2)
5470.2(1) 0.82(12) 1 0.49(4) 1.0 0.58(7) 0.7(2)
5524.5(2) 0.88(11) 1 0.56(6) 1.0 0.4(5)
5579.9(1) 0.87(9) 1 1.23(9) 1.0[‡‡] 1.47(17) 1.7(3) 0.5[§§]
5615.2(1) 0.81(7) 1 1.77(12) 0.91(5) 2.02(23) 1.8(4) 1.0[§§]
5692.9(1) 0.81(11) 1 0.88(7) 1.0 0.95(14) 0.8(2) 0.5[§§]
5721.7(6) 0.71(24) 1 0.19(5) 0.57(8) 0.19(3)
5732.0(1) 0.70(7) 1 0.99(12) 1.0 1.44(32) 1.3(3)
5761.3(1) 0.73(12) 1 0.72(6) 1.0 0.68(9) 0.9(2)
5799.3(1) 0.86(9) 1 2.16(16) 1.0 1.68(20) 1.1(3) 1.0[§§]
5818.3(3) 0.84(24) 1 0.18(4) 1.0 0.25(4) 0.5(2)
5845.8(1) 0.89(10) 1 0.99(8) 1.0 1.15(21) 1.1(2) }3.0[§§]
5857.0(1) 0.85(8) 1 1.79(13) 1.0 2.17(27) 2.0(4)
5902.4(1) 0.77(6) 1 2.88(20) 1.0 3.48(44) 3.0(6) 4.4(18)
5951.4(6) 0.54(24) 1 0.13(5) 1.0 0.13(5)
5959.4(6) 1.06(11) 1 0.53(14) 1.0 0.34(6)
5999.4(6) 1.00(16) 1 0.18(4) 1.0 0.09(5)
6019.7(2) 1.07(14) 1 0.73(6) 1.0 0.66(9)
6100.3(6) 1.33(16) 1 0.24(5) 1.0 0.32(7)
6149.1(5) 0.7(3) 1 0.16(4) 1.0
6185.8(6) 2.1(5) 2 0.16(2) 1.0
6200.0(8) 1.1(4) 1 0.20(5) 1.0 0.21(4)
6409.1(2) 0.86(11) 1 0.96(9) 1.0 0.65(15)
6419.8(2) 0.89(13) 1 0.82(7) 1.0 0.4(10)
6432.5(3) 0.98(18) 1 0.58(6) 1.0 0.35(10)
6442.6(5) 0.79(22) 1 0.38(5) 1.0 0.22(9)
6458.8(6) 0.55(14) 1 0.36(8) 1.0
6467.8(2) 0.84(12) 1 0.76(9) 0.83(5) 0.46(42)
6508.6(1) 0.87(11) 1 1.79(14) 1.0 0.24(20) 1.9(4)
6531.3(2) 0.91(16) 1 0.34(5) 1.0
6691.9(3) 1.15(25) 1 0.37(5) 1.0
6723.5(1) 0.78(7) 1 3.12(22) 0.86(5) 3.4(6) 5.5(22)
6819.7(1) 0.75(6) 1 3.88(27) 1.0 4.7(9) 7.4(30)
6933.8(1) 0.73(9) 1 1.65(13) 1.0
7061.5(1) 0.76(10) 1 3.14(27) 1.0 2.5(6)

7077.6(2)[¶¶] 0.63(11) 1 1.83(19) 0.74(6) 0.9(3)
7128.2(2) 0.89(15) 1 1.20(12) 1.0 1.0(2)
7158.5(5) 0.88(20) 1 0.79(11) 1.0
7181.1(4) 0.72(14) 1 0.85(10) 1.0
7199.8(3) 0.67(10) 1 1.61(15) 1.0
7238.7(6) 0.71(22) 1 0.57(10) 1.0
7258.6(4) 0.85(17) 1 0.90(11) 1.0
7302.6(3) 0.79(12) 1 1.90(18) 1.0
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7312.6(3) 0.76(12) 1 1.89(18) 1.0
7338.2(7) 0.9(4) 1 1.06(42) 1.0
7362.9(3) 0.62(18) 1 0.52(9) 1.0
7387.5(2) 0.97(16) 1 0.87(9) 1.0
7404.5(3) 0.92(17) 1 0.61(7) 1.0
7414.1(3) 0.83(14) 1 0.79(8) 1.0
7424.1(2) 1.07(13) 1 1.32(12) 1.0 1.6(4)
7464.8(5) 0.8(5) 1 2.19(53) 1.0 0.9(4)
7486.1(2) 0.93(12) 1 1.91(17) 1.0 1.7(4)
7493.5(3) 0.79(13) 1 1.19(12) 1.0
7505.9(1) 0.68(9) 1 2.00(16) 0.66(4) 1.2(4)
7542.9(1) 0.86(8) 1 3.28(24) 1.0 2.3(6)
7556.4(4) 0.79(25) 1 0.48(7) 1.0
7571.4(3) 0.91(14) 1 0.65(9) 1.0 1.1(5)
7597.3(14) 0.91(21) 1 0.27(8) 1.0
7627.6(5) 0.88(13) 1 0.53(13) 1.0
7645.9(3) 0.66(18) 1 0.31(7) 1.0
7669.7(3) 0.7(3) 1 0.50(9) 1.0
7715.5(4) 0.68(19) 1 1.10(16) 1.0
7781.1(3) 0.61(12) 1 0.68(12) 1.0
7798.4(7) 0.59(12) 1 0.58(13) 1.0
7815.4(3) 0.79(9) 1 1.60(20) 0.87(5) 0.8(2)
7845.5(3) 0.84(28) 1 1.83(22) 0.71(7) 1.9(4)
7881.1(3) 0.87(10) 1 1.46(13) 1.0[∗∗∗] 1.1(3)
7891.2(2) 0.76(8) 1 1.95(16) 0.55(4) 1.6(4)
7904.3(2) 0.74(8) 1 2.47(20) 0.70(4) 2.2(5)
7930.3(7) 1.0(3) 1 0.43(11) 1.0
7944.7(4) 0.89(17) 1 0.75(12) 1.0
8001.6(3) 0.74(10) 1 2.64(30) 1.0 1.6(4)
8046.5(4) 0.87(8) 1 0.79(17) 1.0
8079.8(7) 0.88(11) 1 0.41(9) 1.0
8118.5(4) 0.82(10) 1 0.37(8) 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 (associ-

ated with strength normalization, photon flux, and efficiency) are
reflected in the errors.
cValues taken from [26].
dValues taken from [25].
eValues taken from [24].
fValues taken from [23].
gTransition into the ground state coincides with a possible branch

of the state at 5580 keV.
hPossible branch to the 2+

1
state coincides with the transition at

4778 keV.
iEstimated uncertainty in excess of 50%.
jTransition into the ground state coincides with a possible branch

of the state at 7881 keV.
kPossible branch to the 2+

1
state coincides with the transition at

7078 keV.
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TABLE II: GDR parameters of 206Pb

Energy Width Peak cross section
(MeV) (MeV) (mb)
5.4 0.10 36.5
7.2 0.97 40.2
12.5 4.06 121.6
13.8 3.24 560.7


