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Abstract
Gamma production cross sections for neutron inelastic scattering, (n, 2nγ ) and (n, 3nγ ) reactions on
208 Pb were measured at the Geel Electron Linear Accelerator (GELINA) from the respective thresholds up

to at most 20 MeV. An unprecedented neutron energy resolution of 1.1 keV at 1 MeV (35 keV at 10 MeV)
and a total uncertainty of about 5% was achieved for the integral gamma production cross section of the
most intense transition in 208 Pb. The gamma production cross section was measured for 29 transitions
of the inelastic channel, 5 transitions of the (n, 2nγ ) channel and one transition of the (n, 3nγ ) channel.
Based on the evaluated level scheme of 208 Pb, the total neutron inelastic scattering cross section and the
level cross sections were deduced. Four large volume HPGe (high purity germanium) detectors were used
for the detection of the γ -rays. The 88.11% enriched 208 Pb sample was placed at a flight path length of
198.551 m. The cross sections were measured relative to the 235 U(n, f ) standard cross section by continuously monitoring the neutron flux with a fission chamber containing 235 U. The results are compared
with the existing experimental data from the literature and with model estimates obtained with the recent
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TALYS 1.00 code. A good agreement of the present data is found with both the existing experimental data
and with the calculations. The present work greatly expands the number of measured gamma production
cross sections and the level cross sections derived for this nucleus.
© 2008 Elsevier B.V. All rights reserved.
PACS: 29.30.Kv; 28.20.-v; 25.40.-h; 24.10.-1
Keywords: Neutron inelastic; (n, 2n) and (n, 3n) cross sections; Time-of-flight; 208 Pb

1. Introduction
Accurate nuclear data are needed for the design of a new generation of nuclear power reactors
that aim at a sustainable fuel cycle or are dedicated to the elimination of high level long-lived
radioactive waste. Liquid lead or lead–bismuth eutectic are considered as fast reactor coolants
or as spallation targets for accelerator driven systems. Detailed sensitivity studies showed that
for reactor design estimates the accuracy of the inelastic scattering cross section for lead should
be 7–8%, while for (n, 2n) cross sections this should be 10–20% [1]. 208 Pb, the most abundant
isotope of lead (52.4%), was intensively studied in the past due to its double magic nuclear
structure. Still the (n, xnγ ) (x = 1, 2, 3 where 1 is used for the inelastic channel) cross section
data are not precise enough for the above applications.
The inelastic scattering cross sections on 208 Pb were measured by different authors with the
two available techniques: the (n, n )-technique in which the outgoing neutrons are detected and
the (n, xnγ )-technique in which the γ -rays are detected. In Refs. [2–4] the (n, n )-technique
was employed. These experiments identified a limited number of neutron energy groups. Finlay
et al. [3] and Bainum et al. [4] only measured the differential level cross sections. The (n, n γ )technique was applied by the authors of Refs. [5–10]. All these experiments used germanium
detectors, Ge(Li) or HPGe. In the experiment of Dickens et al. [5] a large number of γ -transitions
from 208 Pb were identified and their production cross section was measured at 6 energies between
4.9 MeV and 8 MeV. The measurement involved Ge(Li) detectors placed at 55◦ and 125◦ . The
maximum excitation energy for which a decay gamma was observed was about 6.6 MeV. In
the (n, xnγ ) experiment of Vonach et al. [6] a large incident energy range was covered with
results for x = 1, 2, 3, 5, 7 and 9. However, only the transition from the first excited state to the
ground state was measured for the neutron inelastic, (n, 2n) and (n, 3n) reactions on 208 Pb. The
measurement was performed with a HPGe detector at 125◦ , from the respective thresholds up to
200 MeV neutron energy. These data were normalised to the measurement of Hlavac et al. [7]
at 14.7 MeV. In turn, the Hlavac measurement was normalized to the gamma production cross
section of the 1434 keV transition in the 52 Cr(n, n γ )52 Cr reaction. The latter reaction was also
studied by some of the present authors with the same methodology and similar equipment [11] as
is described here. In Refs. [9,10] γ -rays were measured from the decay of levels around 5.5 MeV
excitation energy. In addition to Ref. [6], the (n, 2nγ ) production cross section was measured at
about 15 MeV in Refs. [7,8].
To improve significantly the status of (n, xnγ ) cross sections of 208 Pb (x = 1, 2, 3), a new
measurement was performed at the GELINA white neutron source with large volume HPGe
detectors for the detection of the γ -rays. This measurement is part of a campaign in which the
206 Pb, 207 Pb and 209 Bi isotopes were investigated as well [12,13]. The measurement of all three
lead isotopes under the same conditions allowed for a self-consistent correction of the isotopic
composition of the samples. The full energy range, from the threshold up to 20 MeV was covered
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in a single run minimizing the systematic uncertainties due to the change in the measurement
conditions. An unprecedented neutron energy resolution of 1.1 keV at 1 MeV (35 keV at 10 MeV)
and a total uncertainty of about 5% for the most intense γ -rays were achieved simultaneously.
Gamma production cross sections were obtained for thirty five γ -transitions, of which five from
the (n, 2n) reaction and one from the (n, 3n) reaction. The maximum excitation energy (Ex )
for which a decay gamma was observed in inelastic scattering was 5563 keV. Up to 4323 keV
excitation energy at least one γ -ray was observed from the decay of every excited level, except
for two cases: the levels with Ex = 3708.44 keV and 4037.443 keV. The 510.36 keV γ -ray,
which is the main transition that results from the decay of the level with Ex = 3708.44 keV, was
not distinguished from the 511 keV γ -ray of the background. The 839.734 keV transition from
the decay of the 4037.443 keV level was not observed due to a large background peak from the
scattering of neutrons on the Ge in the detector. The total inelastic and the level cross sections
were deduced from the level scheme of 208 Pb [14] and the measured integral (angle-integrated)
gamma production cross sections. The total inelastic cross section determined here is exact up
to 4.5 MeV, since the levels with Ex = 3708.44 and 4037.443 keV do not decay to the ground
state directly. For energies above 4.5 MeV the present result is a lower limit. For 208 Pb this limit
is expected to be very close to the exact value of the total inelastic cross section because most of
the γ -ray intensity is carried by the transition from the first excited state to the ground state and
only a small fraction of higher lying states decays to the ground state directly.
The emphasis of this work is the presentation of the results of this measurement and a comparison with experimental data in the literature. In addition, modeling of these results is explored by
Hauser–Feshbach–Moldauer calculations with the recent TALYS code, version 1.00 [15]. A first
calculation involves the TALYS default settings which correspond to a globally optimised set
of parameters for semi-empirical descriptions of the optical model, the level density, the preequilibrium effect and the direct interaction. A second calculation explores the impact of a new
nuclear structure evaluation [14] and an improved handling of conversion electrons. The third
calculation takes advantage of the new ability of the TALYS code to use input from microscopic calculations for the optical model, the level density and the photon strength function. The
comparison with TALYS calculations shows the present status of a recently developed and extensively used code and gives a starting point for future detailed studies of the nuclear reaction
parameters.
2. Experimental setup and data analysis
The experimental setup and the data analysis were described in detail in Ref. [16]. Only the
particularities of the 208 Pb experiment will be described here. The experimental setup was placed
at 200 meter distance from the neutron source on flight path 3 (FP3/200 m) of the GELINA neutron time-of-flight facility. The γ -rays from the (n, xnγ ) reactions were detected with 4 large
volume HPGe detectors placed at 110◦ and 150◦ with respect to the neutron beam direction.
These angles are the roots of the fourth order Legendre polynomial and allow a precise angle
integration for γ -rays with multipolarities L = 1–3 by the Gauss quadrature method described
in Ref. [16]. For 110◦ , detectors with a relative efficiency of 75.9% and 105% were placed at
distances from the center of the sample to the front face of the detector of 136.5 and 142.0 mm,
respectively. For 150◦ the relative efficiencies of the detectors are 104.3% and 98% and both
were placed at a distance of 146.5 mm. The net peak counts from the detectors at the same
angle were combined using the relative uncertainty as a weighting factor. The statistical uncertainty of the net peak counts, obtained from an area corrected for a linear background, dominates
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Table 1
Corrections for the isotopic composition of the 208 Pb sample. The threshold is given for the γ -ray production in different
reactions
Residual nucleus

Reaction

Content in the sample

208 Pb

208 Pb(n, n γ )208 Pb

88.11%

2.63

207 Pb

208 Pb(n, 2nγ )207 Pb

88.11%
0.89%

7.98
0.57

206 Pb

208 Pb(n, 3nγ )206 Pb

88.11%
0.89%
10.99%

14.98
7.57
0.81

207 Pb(n, n γ )207 Pb

207 Pb(n, 2nγ )206 Pb
206 Pb(n, n γ )206 Pb

Threshold (MeV)

the uncertainty of the gamma-production cross sections. The absolute peak efficiency of each
detector was determined with point-like calibration sources (primarily 152 Eu). The calibration
around 2.7 MeV was obtained relative to the energy range below 1.4 MeV with γ -rays from
the 24 Na and 56 Co radionuclides, which were produced by activation of Al and Co samples in
the GELINA neutron and gamma field at close distance to the source. The detection efficiency
was corrected for the effect of the self-absorption and for the finite size of the 208 Pb sample by
MCNP 4c2 [17] simulations. The total uncertainty of the absolute peak efficiency was less than
2.5% below 1.4 MeV and increased up to about 5% at 5 MeV. These uncertainties include the
contributions of the uncertainty of the emission rates of the primary calibration source (152 Eu,
1.5%, up to 1.4 MeV), the residual mismatch between the Monte Carlo calculations and the
point source calibrations (2%). The finite size and self-absorption effect was evaluated as a ratio
between two Monte Carlo calculations: one for the 208 Pb sample and one for the point source.
A metallic sample of lead of 217.45 g mass with a diameter of 69.9 mm and a thickness of
5.04 mm was used. The sample, placed at 198.551 m flight path length, has radiogenic origin.
The isotopic composition was measured at IRMM by inductively coupled plasma mass spectrometry. The following mass fractions resulted for the enriched 208 Pb sample: 88.110(63)% 208 Pb,
10.988(64)% 206 Pb, 0.8943(84)% 207 Pb and 0.00758(45)% 204 Pb. The presence of other lead
isotopes than 208 Pb required corrections for the isotopic composition in the case of the (n, 2nγ )
and the (n, 3nγ ) cross sections. These corrections were made with the gamma production cross
sections of 206 Pb and 207 Pb that were measured at GELINA by the same technique [12] and enriched samples of these two isotopes. The inelastic cross sections were not affected at all by the
presence of the other isotopes in the sample. Table 1 gives the reactions that produce the γ -ray
peaks of interest in the present sample. The corrections were small for both the (n, 2nγ ) and the
(n, 3nγ ) reaction channels, firstly because of the low content of the unwanted target nuclei in the
sample and secondly because the cross section for inelastic scattering on these isotopes decreases
strongly above the neutron separation energy, while those for the (n, 2nγ ) and (n, 3nγ ) channels
on 208 Pb increase rapidly.
GELINA provided a pulsed neutron beam with a repetition rate of 800 Hz, a pulse width of
better than 1 ns full width at half maximum (FWHM), and a white neutron spectrum with a useful
energy range from 2.6 MeV to about 20 MeV. The neutron flux was continuously monitored using
a fission chamber with 235 U [16]. The uncertainty due to the flux measurement consisted of that
of the 235 U standard fission cross section, which was less than 1% below 10 MeV and up to 1.5%
at 20 MeV, and of counting statistics resulting in an overall uncertainty of about 2% up to 10 MeV
increasing to 4% at 18 MeV. Uncertainties due to intensity variations over the beam cross section
were avoided through a beam diameter of 6.1 ± 0.1 cm which was smaller than both the diameter
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Table 2
The default level density parameters used in the TALYS 1.00 code. The level density parameters a at the separation
energy (Sn ), shell correction energy δW , temperature T , backshift energy E0 , pairing energy Δ, and matching energy
Exmatch are given. The shell damping parameter is given by γ = 0.433/A1/3 MeV−1 , and the asymptotic level density
parameter by ã = 0.06926A + 0.2828A2/3 MeV−1 . The calculated and experimental s-wave spacing D0 are given in
case the experimental value is available
exp

Nuclide

a(Sn )
MeV−1

δW
MeV

T
MeV

E0
MeV

Δ
MeV

Exmatch
MeV

D0
keV

D0
keV

206 Pb

12.3
9.60
7.90
10.2

−8.39
−9.55
−9.96
−8.61

0.78
0.75
0.92
0.62

0.12
1.48
1.37
1.40

1.67
0.83
1.66
0.83

12.2
1.32
14.3
1.20

32
38
400

32 ± 6
38 ± 8
400 ± 80

207 Pb
208 Pb
209 Pb

of the sample and the diameter of the fission deposit. Conventional electronics was employed for
the data acquisition system. The time resolution of the system depends on the detector and was
between 4 and 6 ns FWHM, as measured with a 60 Co source. Detector pulses with long rise
times were rejected to improve the time-response at the expense of detection efficiency for γ -ray
energies below 300 keV [16,18].
In view of the time resolution of the detectors and considerations of counting statistics, timeof-flight spectra were accummulated in bins of 8 ns. In combination with a flight-path length of
198.551 m, this led to a neutron energy resolution of 1.1 keV at 1 MeV (35 keV at 10 MeV).
This resolution was obtained for the main inelastic transition (2614.51 keV) for a large fraction
of the energy range and consequently also for the deduced total inelastic cross section and the
2614.52 keV level cross section. For higher energies and for weaker transitions the gammaproduction data and the deduced quantities were rebinned to ensure adequate counting statistics
and as a consequence the neutron energy resolution was reduced.
The gamma production cross sections were corrected for multiple scattering and neutron flux
attenuation by MCNP 4c2 [17] simulations. Such corrections are important at high incident energy for large samples, such as used here, in combination with a low reaction threshold. So, these
corrections predominantly concern inelastic scattering above 10 MeV neutron energy. For the
(n, 2n) reaction the correction coefficient is not lower than 0.985 while for the (n, 3n) reaction
it was estimated to be between 0.98 and 1. The effect of any dead time of the data acquisition
system was negligible due to a neutron induced counting rate smaller than 10 counts/s.
3. Model calculations
Nuclear model calculations were performed with the recent TALYS code, version 1.00 [15,
19]. TALYS provides estimates of cross sections and emission spectra for reactions involving
photons, neutrons, protons, deuterons, tritons, helions, and alpha particles in the energy range
from 1 keV to 200 MeV and for target nuclei with mass numbers from 24 to 209. The code
uses the Hauser–Feshbach model enhanced with estimates of width-fluctuations, direct reaction
mechanisms and pre-equilibrium emission. For the underlying models, several parameter sets
may be selected which have been obtained from global optimizations of semi-empirical and
microscopic descriptions. Here, three calculations with the TALYS code are compared with the
measured data.
The first calculation, marked with the label ‘Default’ below, involves the TALYS default
semi-empirical model with parameters obtained from global optimizations. The neutron (and
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proton) spherical optical model is that of Koning and Delaroche [20] with modifications to the
neutron potential to improve the description of scattering data [21]. The modified parameters
are rV = 1.240 fm, v1 = 49.6 MeV, v2 = 0.0066 MeV−1 and v3 = 0.000012 MeV−2 for the
real volume potential, w1 = 17.2 MeV and w2 = 96.0 MeV for the imaginary volume potential rD = 1.232 fm, d1 = 13.6 MeV, and d3 = 11.0 MeV for the real surface potential and,
vso1 = 6.9 MeV and vso2 = 0.0015 MeV for the spin–orbit potential (see Eq. (7) of Ref. [20],
for their definitions). The level densities are described in the Gilbert and Cameron approach [22]
with the constant temperature model at low excitation energies and the back shifted Fermi gas
model with energy dependent level density parameter a due to the damped shell effect proposed
by Ignatyuk at high energies. The two models and the procedure to obtain the matching excitation energy (Exmatch ) between the models are given in detail in Ref. [19]. The values of the level
density parameters that are of relevance here are given in Table 2. Unlike the calculations shown
for bismuth in [13], the level density model is forced to describe the s-wave spacing when an experimental/evaluated value is available. The two-component exciton model of Ref. [23] is used
for the description of pre-equilibrium emission and the distorted wave Born approximation for
the direct interaction [19]. Gamma-ray transmission coefficients are obtained from the energydependent γ -ray strength functions according to Kopecky and Uhl [24] for E1 radiation, or from
the Brink–Axel model [25,26], for all transitions other than E1. Gamma-ray transmission coefficients are renormalized through adjustment to the average radiative capture width [27]. For the
first 20 excited levels in the target and residual nuclei, TALYS relies on a nuclear structure and
decay table to describe the de-excitation of the nuclei. This table is derived from the Reference
Input Parameter Library [28].
The second calculation, marked with the label ‘Structure’ below, explores the impact of nuclear structure data on the description of the experimental data. For 208 Pb a new nuclear structure
evaluation [14] is available that is not yet integrated in the TALYS structure database. This new
evaluation differs from the one used by TALYS for the first 20 excited levels by discarding
the levels with Ex = 4045, 4106, 4141, 4159 and 4230 keV and by establishing decay gammas
for the level with Ex = 4037 keV. It was also noted that transition probabilities in the TALYS
structure files, which are derived from data for the gamma intensities, deviate from the correctly
calculated values when a significant number of conversion electrons are emitted. For this second
calculation, a new level and decay data input file was prepared including the new evaluation and
a proper calculation of the transition probabilities. Furthermore, the default calculation assumes
that transition and gamma emission probabilities are equal. In this second calculation, the TALYS
option which considers electron emission in competition with gamma emission is turned on, so
that gamma emission and transition probabilities may differ. See also, Table 3.
The third calculation, marked with the label ‘Microscopic’ below, takes advantage of the
new ability of the TALYS code to benefit from microscopic calculations for the optical model,
the level density and the strength function. The microscopic optical model is that of E. Bauge
and coworkers [29,30]. It is obtained from nuclear densities and the Jeukenne–Lejeune–Mahaux
optical model potential for nuclear matter with a folding model in the local density approximation. The low and high energy regimes of the nuclear matter optical model were merged,
energy dependent renormalizations were applied to the potential depths to improve agreement
with scattering data and Lane-consistency was enforced. The combinatorial model for level densities of Ref. [31] was employed. It makes consistent use of nuclear structure properties that
are determined by Skyrme–Hartree–Fock–Bogoliubov calculations and is applicable for 8500
nuclei up to 200 MeV excitation energy and spin 49. Finally, γ -ray strength functions calculated in the Hartree–Fock–Bogoliubov approach were taken from the Reference Input Parameter
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Table 3
Observed γ -rays from the 208 Pb(n, n γ )208 Pb reaction
N

Ex (keV)

Jπ

Eγ (keV)

P (%)

Pγ (%)

α

1
2
3
3
5
6
7
8
8
10
11
12
12
14
15
16
16
17
18
18
19
20
22
23
25
28
33
43
50
114

2614.522
3197.711
3475.078
3475.078
3919.966
3946.578
3961.162
3995.438
3995.438
4051.134
4085.52
4125.347
4125.347
4180.414
4206.277
4229.59
4229.59
4254.795
4261.871
4261.871
4296.56
4323.946
4383.285
4423.647
4480.746
4698.323
4841.6
4937.19
5037.536
5563.73

3−
5−
4−
4−
6−
4−
5−
4−
4−
3−
2+
5−
5−
5−
6−
2−
2−
3−
(4)−
(4)−
5−
4+
6−
6+
6−
3−
1−
3−
3−
3−

2614.511a
583.187
277.371
860.557
722.252
748.845
763.429
797.741
1380.889
1436.602
4085.47a
650.207
927.65
982.709
1008.558
1615.068a
4229.49
1640.267
786.79
1647.38
588.096
1126.236a
1185.571
1225.916b
1283.031
1223.27b
4841.46a
2322.65a
2422.997a
2949.18

100
100
43.1 ± 0.4
56.9 ± 0.4
37.3 ± 1.4
65 ± 2
61.4 ± 1.5
23.3 ± 0.7
76.7 ± 0.7
85.3 ± 1.2
99.5 ± 0.1
17.6 ± 1.0
67 ± 2
90 ± 2
83 ± 2
82.4 ± 1.4
17.6 ± 1.4
94.8 ± 0.1
27.4 ± 1.0
47.3 ± 1.4
55 ± 2
84.8 ± 0.9
94.7 ± 0.9
92.1 ± 0.9
92.0 ± 1.5
41 ± 2
100
93.5 ± 0.9
85.1 ± 1.0
64 ± 3

99.8
98.0
28.1 ± 0.3
55.4 ± 0.4
35.9 ± 1.4
63 ± 2
59.3 ± 1.5
22.6 ± 0.7
76.1 ± 0.7
85.3 ± 1.2
99.4 ± 0.1
17.0 ± 0.9
67 ± 2
90 ± 2
83 ± 2
82.0 ± 1.4
17.5 ± 1.4
94.8 ± 0.1
27.4 ± 1.0
47.3 ± 1.4
51 ± 2
83.0 ± 0.9
94.7 ± 0.9
92.1 ± 0.9
92.0 ± 1.5
40.4 ± 1.5
100
93.5 ± 0.9
85.1 ± 1.0
64 ± 3

0.00247
0.0205
0.533
0.0264
0.039
0.0377
0.0356
0.0299
0.0079

PT (%)

53.5
46.5
22.8
100
47.2
22.1
77.9
100

0.00165
0.035
0.018

21.5
78.5

0.00536
0.00235

100
80
20

0.0694
0.02077

0.008

The superscript a denotes the γ -rays used for the derivation of the total inelastic cross section. The γ -rays marked with b
could not be distinguished from each other. Here, N indicates the excited level number, Ex the level excitation energy,
J π the spin and parity of the level, Eγ the transition/γ -ray energy, P the transition probability, Pγ the γ -ray emission
probability, and α the conversion coefficient. The TALYS default transmission probability PT is shown when it differs
from P .

Library [28]. For all these microscopic models TALYS allows adjustments by additional parameters. These adjustments were carefully switched off for this third set of calculations so that the
primary microscopic models are involved. On the other hand, for the first 20 levels in 208 Pb the
level and decay information of the second calculation was used and electron-gamma competition
was enabled for a consistent handling of the physics.
The comparisons of the new measured cross sections with the TALYS calculations may be
considered as “blind comparisons” in contrast to similar work performed with the TALYS code to
obtain evaluated data files [21,32]. The comparisons shown here test the predictive power of the
underlying models and provide a starting point for further optimizations to improve agreement
with the present experimental data. Of course, the relatively good agreement of these calculations
with the new experimental data reflect the fact that 208 Pb is an important nucleus in nuclear
physics on account of its double closed shell and the many studies that have been performed for it.
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Fig. 1. The prompt γ -ray spectrum from the interaction of the neutrons with the 208 Pb sample (88.11% enrichment) as
recorded with a HPGe detector.

In particular, the global optimizations of the models and parameters employed in the TALYS code
typically include data for 208 Pb (e.g. [20,23]).
4. Results and discussion
The differential gamma production cross sections at 110◦ and 150◦ are the primary measured
quantities of the present experiment. The angle integrated gamma production cross-sections were
obtained through the Gauss quadrature procedure described in Ref. [16]. The total inelastic and
the level cross-sections were deduced from the evaluated level scheme of 208 Pb [14] and the
gamma production cross-sections. All these cross-sections are presented in the following sections. The differential gamma production cross-sections at the two measurement angles, 110◦
and 150◦ , are given only for two transitions, as examples. In several cases, two γ -rays were observed from the decay of the same level. Therefore, it was possible to determine the branching
ratio of these γ -rays. The results for these branching ratios are given in Section 4.1.4.
4.1. Gamma production cross sections
The prompt γ -ray spectrum recorded with a HPGe detector from the interaction of the neutrons with the 208 Pb sample (88.11% enrichment) is shown in Fig. 1. The spectrum was integrated
over the neutron energies from 500 keV up to about 25 MeV. The main γ -ray peaks from inelastic scattering on the 208 Pb sample are clearly visible. The small counting rate of the experiment
is seen from the high intensity of the 1460 keV natural background peak from 40 K relative to the
transitions in the sample. The 2103 keV line is the single escape peak from the 2614 keV γ -ray.
Because the 208 Pb sample used in the present experiment is of radiogenic origin, a slightly
increased radioactivity was observed from the sample and a higher background was measured
with the sample in position, especially for γ -ray energies below 500 keV. The background spectrum measured with one of the HPGe detector is shown in Fig. 2 as an example. The main γ -ray
peaks of 208 Pb are always present in a background spectrum. All these 208 Pb transitions from
the background result from the decay of the parent nucleus 208 Tl. The most intense γ -rays from
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Fig. 2. Background spectrum with the 208 Pb sample in position and without neutron beam. The 2614.51 keV, 583.19 keV
and 860.56 keV peaks from 208 Pb are present in the background.

the natural decay of 208 Tl and their relative intensities are: 2614.51 keV (99.16%), 583.19 keV
(84.5%), 510.74 keV (22.6%), 860.56 keV (12.42%), 277.37 keV (6.31%) and 763.43 keV
(1.81%).
The presence of the 208 Pb peaks in the natural background (decay of 208 Tl) only resulted in an
average HPGe yield different from zero below the thresholds in the 208 Pb(n, n γ )208 Pb reaction.
Such an effect was observed for three γ -rays: 2614.51 keV, 583.19 keV and 860.56 keV. The
510.77 keV transition was not measured at all in this experiment because this γ -ray coincides
with the 511 keV e+ /e− -annihilation radiation in the background. The other γ -rays from the
decay of 208 Tl nuclei were not observed in the background measurement with the sample in position because of their low intensity. For the 2614.51 keV, 583.19 keV and 860.56 keV transitions
the prompt γ -ray yield was corrected for the natural background measured in an independent run
of 48 hours and normalized to the acquisition time. After the correction, the average HPGe yield
equals zero below the reaction threshold.
In addition to the thirty five analyzed γ -rays, weak peaks corresponding to the following γ rays from 208 Pb were identified in the pulse height spectra of the HPGe detectors: 1413.026 keV,
1000.51 keV, 2296.83 keV, 2338.83 keV, 1764.71 keV, 2359.39 keV, 2016.14 keV, 2601.69 keV,
2626.6 keV, 2671.94 keV, 993.105 keV, 2732.729 keV, 2770.45 keV, 2902.17 keV, 1159.6 keV
and 2949.18 keV, in order of increasing excitation energy of the level from which they are emitted. The contents of these γ -ray peaks was either too small to extract the gamma production
cross section with reasonable statistical uncertainty or these peaks were the result of more than
one γ -ray. In the latter case the thresholds of these transitions did not agree with the thresholds
from the evaluated level scheme. For all these γ -rays the cross section is less than 15 mb at the
maximum, which corresponds to the lowest cross section determined in this experiment.
In Table 3, the relevant properties of the analyzed twenty nine transitions for inelastic scattering are presented. The data are derived from Ref. [14]. In addition, the TALYS default transition
probability PT is given when it differs from the value calculated on the basis of Ref. [14]. The
transition probabilities marked P are used for two TALYS calculations (“Structure” and “Microscopic”, see Section 2) and the gamma-emission probability for these calculations is given by
Pγ = P /(1 + α), where α is the conversion coefficient. On the other hand, PT is the transition
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Fig. 3. Differential gamma production cross section for the 2614.51 keV transition in 208 Pb. Left: smoothed curves from
the threshold up to 20 MeV at two angles, 110◦ and 150◦ . Right: the ratio between the angular distribution W(θ ) at 150◦
and 110◦ .

probability for one TALYS calculation (“Default”) and for that calculation Pγ = P . The latter
calculation also differs from the “Structure” and “Microscopic” calculations in that assignments
of J π = 4− to the 8th and 12th excited levels are made and four levels are included with excitation energy less than 4254 keV that are not recognized in Ref. [14]. It should be noted that the
default calculation also uses slightly different conversion coefficients than those of Ref. [14].
4.1.1. 2614.51 keV
Fig. 3 shows the differential production cross section for the 2614.51 keV transition at two
angles 110◦ and 150◦ . For this transition one can observe a significant angular distribution. The
dσ
◦
◦
ratio between the angular distribution (W (θ ) = 4π
σ dΩ (θ )) at 150 and 110 (Fig. 3(right)) has
a maximum at the inelastic threshold and decreases at high energies where it becomes almost
constant, equal to 1.5. According to the theoretical predictions [33] for an E3 transition from the
3− level to 0+ level, the ratio between the angular distribution at 150◦ and 110◦ equals 2.59 just
above the threshold. This prediction is in good agreement with the observed value.
The integral gamma production cross section on the full energy range from the inelastic
threshold up to 20 MeV is given in Fig. 4 together with the corresponding total uncertainty.
For these data, counting statistics allowed for an energy resolution at the limit of the capabilities
of the detectors up to 10 MeV (1.1 keV at 1 MeV, 35 keV at 10 MeV). The total uncertainty
is around 5% below 8 MeV and increases up to 15% at about 20 MeV. The increase in the
total uncertainty above 8 MeV is due to the counting statistics. The same observation is valid
just above the inelastic threshold where the cross section increases slowly and consequently the
statistics is poor. The steps at 10 MeV and 12 MeV in the relative total uncertainty are the result
of the grouping of few neutron energy bins in one bin to improve the statistical uncertainty. No
clear resonance structures were observed for the 208 Pb nucleus, despite the good neutron energy resolution of the experiment. This contrasts with the results for 52 Cr [11] obtained with this
facility. Although resonance structures are evident between the neutron binding energy Sn and
Sn + 1 MeV for the total cross section the high threshold of 2.6 MeV in the case of inelastic scattering implies an excitation energy in the compound nucleus 209 Pb that is so high that resonance
structures may no longer be resolved by this experiment.
A detailed measurement of the gamma production cross section of the 2614.51 keV transition
had been done by Vonach et al. [6]. The present results agree well with those data. In the experiment of Vonach et al. the γ -rays were detected at 125◦ with respected to the beam direction.
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Fig. 4. Integral gamma production cross section for the 2614.51 keV transition in 208 Pb and its relative uncertainty
(top panel). The present experimental results are shown as “This work”, the calculated results are marked as “Default”,
“Structure” and “Microscopic” (see text for details).

The integral gamma production cross section resulted from multiplying the differential gamma
production cross section at 125◦ with 4π . For the angular distribution of the 2614.51 keV, the
angle integration method used in Ref. [6] should underestimate the integral cross section with
about 17% just above the inelastic threshold compared with the Gauss quadrature used in the
present work. With the increase of the neutron energy, the difference between the two integration
procedures should diminish to about 10% because of the decrease in the anisotropy (see also
Fig. 3(right)). Such difference between the two data sets is not observed, which is probably in
part due to the normalisation of the data of Ref. [6] to those of Hlavac et al. at 14 MeV Fig. 4.
The latter are slightly higher compared to the result of this work. A similar difference was found
for 52 Cr in Ref. [11] (see Introduction).
The measurement of Lashuk et al. [34] at 3 MeV and the measurement of Zhou et al. [8] at
14.7 MeV are lower and respectively higher than the present results. The cross section measured
by Hlavac et al. [7] at 14.7 MeV agrees well with the present measurement. The results by
Dickens et al. [5] at 4.9 MeV and 5.4 MeV agree well with the present measurement, while
between 6.4 MeV and 8 MeV those results are lower. The value of Nellis et al. [35] at 5 MeV is
also lower than the present data.
The TALYS 1.00 calculations are nearly identical up to 5 MeV and above 9 MeV. Agreement
with the data is remarkable up to 7 MeV, while for higher energies the calculations are systematically above the measured data. Between 5 and 9 MeV the calculations differ moderately leading
to a slight additional overshoot for the calculation based on microscopic input data.
4.1.2. 583.19 keV
Fig. 5 shows the differential gamma production cross section for the second transition in
208 Pb nucleus. The typical angle dependence of an E2 transition is observed. The ratio of the
differential cross section at the two angles 150◦ and 110◦ has the maximum value at the threshold
and become almost constant, equal to 1.2, above 4 MeV. The integral gamma production cross
section of the 583.19 keV transition is given in Fig. 6. For this transition the production cross
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Fig. 5. Differential gamma production cross section for the 583.19 keV transition in 208 Pb. Left: results from threshold
up to 20 MeV at two angles, 110◦ and 150◦ . Right: the ratio between the angular distribution W(θ ) at 150◦ and 110◦ .

Fig. 6. Integral gamma production cross section for the 583.19 keV transition of 208 Pb. The present experimental results
are shown as “This work”, the calculated results are marked as “Default”, “Structure” and “Microscopic” (see text for
details).

section was measured from the threshold, 3.2 MeV, up to 17 MeV. The previous measurements of
Zhou et al. [8] and Hlavac et al. [7] gave slightly higher values for the integral gamma production
cross section. The Dickens et al. [5] result at 4.9 MeV agrees with the present measurements. The
other data of Dickens et al. are lower. The result by Nellis et al. [35] at 5 MeV is also lower.
The three calculations are nearly identical and agree well with the measurements up to 5 MeV
and near 8.5 MeV. The calculation underestimates the cross section with about 20% in the energy
range in between. As for the first transition, at higher energies, the calculations predict higher
values.
4.1.3. The transitions from higher lying levels
The integral production cross sections for 27 other γ -rays from neutron inelastic scattering of
the 208 Pb nucleus are given in Fig. 7. The 2949.18 keV transition results from the decay of the
level with the highest excitation energy observed in this work, i.e. Ex = 5563.73 keV. The level at
Ex = 3708.45 keV was not observed because it decays through a γ -ray with Eγ = 510.74 keV
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Fig. 7. Integral gamma production cross section for the transitions from higher lying levels in 208 Pb. The present experimental results are shown as “This work”, the calculated results are marked as “Default”, “Structure” and “Microscopic”
(see text for details).
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Fig. 7. (continued)

which could not be distinguished from the e+ /e− annihilation radiation, as already discussed
above. For the levels with Ex = 4037 keV (J π = 7− ) and 4359 keV (J π = 4− ) no decay γ rays could be analyzed as the corresponding most intense γ -rays of 840 and 884 keV were not
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Fig. 7. (continued)

distinguishable from the background caused by inelastic scattering in Ge and Al. In the case of
the 840 keV γ -ray, the various TALYS calculations estimate a peak cross section between 100
and 140 mb, much higher than some of the cross sections that were measured. For the levels with
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Fig. 7. (continued)

Ex = 4144 and 4447 keV no decay is known [14] and none was deduced in this work. Above
Ex = 4480.75 keV most excited levels were not observed, probably because of the low individual
cross section for population of these levels and perhaps because of a higher fragmentation of the
decay of these levels than is suggested by Ref. [14].
The cross section of the majority of these transitions was measured only up to about 10 MeV
incident neutron energy. Above this energy the statistics was not sufficient for a precise measurement; the γ -ray peaks were not clearly visible above the background even after grouping
several energy bins. The production cross section of the observed transitions from levels higher
than 3.4 MeV had maximum values between 15 mb and 200 mb. However, at the limits of the
measurement energy interval the cross sections are much lower.
For most transitions a comparison with the results by Dickens et al. [5] may be made and the
agreement with the present results is good. The result of Hlavac et al. [7] for Eγ = 860.56 keV at
En = 14.8 MeV can not be compared directly to the present results but it agrees with the average
over the new results in the range from 10 to 13.8 MeV. For nine γ -rays a measurement result is
available from Nellis et al. [35] at 5 MeV. These cross sections are lower than the present results
and those from Dickens et al. for Eγ = 860.56, 748.85, 763.43, 1380.89 and 982.71 keV, while
they agree well in the other cases.
The comparison with the calculations using the TALYS code is in general favorable. Typically the best results are obtained with the improved structure file both for the semi-empirical
calculation marked “Structure” and for the microscopic calculation “Microscopic”. Only in case
of the transition of 722.25 keV is the agreement with the default calculation significantly better. Significant improvements over the default calculations are evident for the transitions with
Eγ = 860.56, 277.37, 748.85, 763.43, 797.74, and 1380.89 keV, while calculated results can be
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Table 4
Branching ratios for levels in the 208 Pb nucleus and the corresponding absolute uncertainties. The present results are
compared with the values from the evaluated level scheme [14]
Elevel (keV)

Eγ

Present results

ENSDF [14]

Intensity

Uncertainty

Intensity

Uncertainty

3475.078

277.371
860.557

45.0
100

7.5
–

50.8
100

0.8
–

3995.438

797.741
1380.889

32.7
100

4.9
–

29.7
100

1.2
–

4125.347

650.207
927.650

29.6
100

5.2
–

25.3
100.0

1.3
2.5

4229.590

1615.068
4229.49

100
22.4

–
2.8

100
21.4

–
2.1

4261.871

786.79
1647.38

81.0
100

14.6
–

58
100

2
4

given for the transitions with Eγ = 1640.27, 786.79, 1647.38, 588.10, and 1126.24 keV that are
in remarkable agreement with the experimental data and for which in the default calculation the
excitation energy was too high to yield results.2 What stands out for these transitions in 208 Pb
is the very limited number of significant discrepancies (Eγ = 722.25, 4085.47, 982.71 keV),
the very good performance of the results of the calculation with microscopic input parameters,
which is even significantly better in two cases (Eγ = 722.25, 4085.47 keV), and the high excitation energy for which agreement is still very good. This may be contrasted with the conclusions
presented for 209 Bi in Ref. [13].
4.1.4. Branching ratios
In the case of five excited levels of 208 Pb two decay γ -rays were observed. For these levels the ratio of the γ -ray intensities (branching ratios) were determined. The intensity ratio was
calculated as the ratio between the integrated gamma production cross sections over the full measured neutron energy range. As additional check in support of the correct γ -ray identification,
the branching ratio was observed to be constant with neutron energy. As was shown in Fig. 7, the
same threshold was observed for such γ -rays.
The present values for the branching ratios agree with the evaluated values within one standard deviation, except for the level at 4261.871 keV, which is however well within two standard
deviations (Table 4). The large uncertainties of the present measurement are due to poor statistics
of the less intense transition of the two for each case. In conclusion, the present experiment offers
no reason to suspect that differences with the calculations of cross sections in the present work
using the improved structure input are due to the evaluated level and decay scheme of Ref. [14].
4.1.5. (n, 2n) and (n, 3n) gamma production cross sections
Fig. 8 shows the γ -ray spectrum with the 208 Pb sample integrated over the neutron energies
from 7.4 MeV up to about 25 MeV. Five γ -rays from the 207 Pb nucleus and one γ -ray from
the 206 Pb nucleus were observed in this spectrum. These γ -ray peaks resulted mainly from the
2 In the TALYS calculations 20 discrete levels are included. In the default calculations four levels are included that are

considered spurious in Ref. [14]. Excluding these, places the 20th excited level at higher excitation energy, thus allowing
estimates for more of the analyzed transitions.
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Fig. 8. γ -ray spectrum with the 208 Pb sample (88.1% enrichment) integrated over neutron energies above 7.4 MeV up
to about 25 MeV. The 569.70 keV, 897.78 keV, 1770.24 keV, 1593 keV and 2092.70 keV peaks resulted mainly from
the 208 Pb(n, 2nγ )207 Pb reaction. The 803.06 keV peak was produced in the 208 Pb(n, 3nγ )206 Pb reaction. An enlarged
spectrum around 2092.7 keV is shown as inset.

(n, 2n) and (n, 3n) reactions on the 208 Pb nucleus. As shown in Table 1, these γ -ray peaks have
contributions from other (n, xn) (x = 1, 2, 3) reactions on the Pb isotopes present in the sample.
The (n, 2n) and (n, 3n) cross sections presented here were corrected for the isotopic composition
of the sample. The gamma production cross sections of 206 Pb and 207 Pb nuclei measured at
GELINA [12] were used for this correction.
Fig. 9 shows the measured (n, 2nγ ) cross sections. Uncertainties are counting statistics dominated with a negligible component from the correction for the 207 Pb impurity on account of the
very low abundance of 207 Pb in the sample. The 1593 keV γ -ray peak [36] coincides with the
double escape peak of the most intense transition from the spectrum, 2614.51 keV. Because of
this, the HPGe yield for the 1593 keV peak was different from zero below the 208 Pb(n, 2nγ )
threshold even after the correction for the isotopic composition. Above 9 MeV neutron energy,
the yield due to the double escape peak decreased significantly becoming close to zero and therefore its contribution in the (n, 2nγ ) cross section was neglected. The threshold of the 1593 keV
transition from the 208 Pb(n, 2nγ ) reaction is at 10.5 MeV. For 569.70 keV, considerations of
counting statistics limited the energy resolution to 50 keV at 8 MeV (350 keV at 18 MeV) and
the total uncertainty to about 6% up to 10 MeV, increasing progressively to 15% at 20 MeV. For
the weakest transition (2092.70 keV) the neutron energy resolution was 320 keV at 10 MeV and
the total uncertainty was best near 13 MeV (15%).
As in the case of inelastic scattering, a detailed measurement of the 208 Pb(n, 2nγ ) cross section was made by Vonach et al. [6] from the threshold up to 200 MeV for the γ -ray with energy
569.70 keV. Two other measurements of Zhou et al. [8] and Hlavac et al. [7] were done around
14 MeV for respectively all five and four of the results shown here. The agreement with all experimental data in the literature is very good. It should be noted that an important isomer, the
third excited level in 207 Pb, has a long half life of about 0.8 s. This half life is long compared
to the 24 µs time-of-flight span of the present measurement. Since in our experiment the isomer
has no time to decay the feeding from this isomer to the first excited state in 207 Pb should be
subtracted from the calculated result before a meaningful comparison with the experimental data
can be made. In Fig. 9 two curves are shown for the 569.70 keV transition for each model calcu-
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Fig. 9. Integral cross section of the γ -rays from the (n, 2n) and (n, 3n), right bottom graph, reactions on 208 Pb.

lation, the higher of which corresponds to the uncorrected calculation while the lower is for the
calculation after correction for the isomer contribution. The agreement of all calculations with
the data is good, especially considering the magnitude of the correction. The TALYS calculations
describe the measurements for the 897.78 keV γ -ray very well. For the 2092.7 keV agreement is
good given the large experimental uncertainties. Here the new structure file improves the agreement. Only for the 1770.24 keV transition the calculations give significantly higher values above
12 MeV, a situation which is aggravated considerably using the new structure file. No apparent
explanation may be offered.
The measured (n, 3nγ ) cross section on 208 Pb is given in Fig. 9 for the 803.06 keV transition [37]. The neutron energy resolution used for this cross section was 260 keV at 15 MeV up
to 350 keV at 18 MeV. The total uncertainty ranges from 50% just above the threshold down to
9% at 20 MeV. The present values agree well with the measurement of Vonach et al. [6] and are
in good agreement with the TALYS calculations.
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Fig. 10. The total neutron inelastic cross section of 208 Pb and its relative uncertainty (top panel).

4.2. Total neutron inelastic scattering and level cross sections
The total inelastic and the level cross sections were deduced using the integral gamma production cross-sections and the evaluated level scheme of the 208 Pb [14] nucleus as described in
Ref. [16].
4.2.1. Total neutron inelastic scattering cross section
The total inelastic neutron cross section was deduced using the gamma production cross
sections of the following γ -rays: 2614.51 keV, 4085.47 keV, 1615.07 keV, 1126.27 keV,
4841.46 keV, 2322.65 keV and 2423.00 keV (Table 3). The result is given in Fig. 10. The total neutron inelastic cross section deduced here is not affected by the fact that the γ -rays with
Eγ = 510.74 keV and 839.73 keV were not observed, since the levels (Ex = 3708.44 keV and
4037.44 keV, respectively) do not decay to the ground state directly. The total uncertainty has a
minimum value of 5% at energies around 4 MeV and increases up to about 20 MeV.
The total inelastic cross section presented here is exact up to about 4.5 MeV because the level
at 4626 keV is the first level that decays directly to the ground state and was not observed [14].
Above this energy, the present total inelastic cross section is a lower limit. For the 208 Pb nucleus,
where the most intense γ -ray in the spectrum is by far the transition from the first excited level to
the ground state (compare Figs. 10 and 4), this limit is expected to be very close to the exact value.
The present results agree well with the measurement of Dickens et al. [5]. The three TALYS
calculations are nearly identical and in excellent agreement with the measured data up to about
7 MeV and above 13 MeV. In between these energies the calculations clearly show a higher cross
section which may result from the competition with the (n, 2n) channel or from a significant
number of γ -rays populating the ground state for highly excited states that are missed by the
experiment. The latter is in contrast with the above observation, but it can not be excluded.
4.2.2. Level 2614.52 keV
The production cross section of the 2614.52 keV level is shown in Fig. 11. The following gamma production cross sections were used for the determination of the cross section for
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Fig. 11. The cross section of the 2614.52 keV level for 208 Pb and its relative uncertainty (top panel).

this level: 2614.52 keV, 583.19 keV, 860.56 keV, 1380.89 keV, 1436.60 keV, 4085.47 keV,
1615.07 keV, 1640.27 keV, 1647.38 keV, 1126.27 keV, 2322.65 keV and 2423.00 keV. Therefore, the cross section of the first excited level of 208 Pb (Fig. 11) is exact up to 4.3 MeV neutron
energy (The unobserved transitions with Eγ = 510.74 KeV and 839.73 keV feed the second excited state and therefore do not play any role here). Above 4.3 MeV the cross section presented
here is an upper limit. Considering that the maximum observed excited level has an energy of
5563.73 keV, the so derived upper limit for the first excited level is close to the exact value. The
levels that were not observed must have low cross sections, in general lower than 15 mb at the
maximum.
Taking into account the uncertainties, the measured data of Almen et al. [38] and Towle
et al. [2] agree with the present results. The three calculations agree beautifully with the experimental data.
4.2.3. Levels with higher excitation energy
The cross section of the higher energy excited levels was also deduced. The results for the
levels up to 4323.95 keV excitation energy are shown in Fig. 12. Except for the level at Ex =
3197.7, the second excited level, and discarding the 13th and 21st level for which no decay is
known [14], these cross sections should be accurate up to 4.4 MeV. Above this excitation energy,
the number of levels for which no decay was observed increases progressively. As such, above
4.4 MeV the present results are upper limits for the level cross sections. The present experimental
cross section of the level at 3197.71 keV is overestimated above 3.7 MeV because feeding from
the level at Ex = 3708.45 keV could not be subtracted (Eγ = 510.77 keV) and similarly for the
level at Ex = 4037 keV (Eγ = 839.73 keV).
Other experimental data were found only for the levels at 3197.71 keV and 3475.08 keV. The
data of Towle et al. [2] agree with the present results. Data calculated with the TALYS 1.00 code
were available up to Ex = 4323.95 keV, the 20th excited level in case the new structure file was
used. In general, the agreement with the experimental data is good for all three calculations.
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Fig. 12. The cross section of the levels above Ex = 2614 keV in 208 Pb.
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Fig. 12. (continued)
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Only for the levels with Ex = 4085.52 and 4180.41 keV are the calculations markedly below the
experimental results.
5. Conclusions
Using an 88.11% enriched 208 Pb sample, production cross sections of γ -rays from the neutron
inelastic, (n, 2n) and (n, 3n) reaction on 208 Pb were measured with an unprecedented neutron
energy resolution and total uncertainty. The most intense γ -ray was measured over the energy
range from threshold to about 20 MeV in a single run.
The production cross section was measured for 29 γ -rays of the inelastic reaction, mostly
up to a maximum neutron energy in the range from 10 to 13 MeV. A total uncertainty of about
5% below 8 MeV neutron energy was achieved for the most intense γ -ray transition in 208 Pb
(Eγ = 2614.51 keV). Except for the levels with Ex = 3708.45 and 4037.44 keV, at least one
γ -transition was observed to decay from every excited level up to 4.3 MeV excitation energy
over the incident neutron energy range from threshold to 10–13 MeV.3 The maximum observed
excited level has an energy of 5.563 MeV. The only reason for not observing all the levels between 4.3 MeV and 5.5 MeV is their low cross section. Based on the 208 Pb level scheme and on
the measured gamma production cross sections the total inelastic cross-section was deduced up
to about 20 MeV neutron energy. The levels with Ex = 3708.45 and 4037.44 keV for which no
decay was observed do not affect this determination of the total inelastic cross section. The cross
sections of 17 levels up to 4323.25 keV excitation energy were obtained up to about 5 MeV neutron energy, with the exception of the second level at Ex = 3197.7 keV for which the maximum
neutron energy corresponds to about 3.7 MeV.
Five γ -rays from the (n, 2n) reaction and one γ -ray from the (n, 3n) reaction on 208 Pb were
observed. These cross sections were corrected for the isotopic composition of the 208 Pb sample.
The uncertainties at the maximum of the cross section ranged between 6% and 15% depending
on the γ -ray.
The present results were compared with existing experimental data and with model calculations that were performed with the TALYS 1.00 code. For the gamma production data, in general,
good agreement can be noted over a wider energy range with the experimental data of Vonach
et al. [6] and the data of Dickens et al. [5]. The data by Vonach et al. agree well with the present
measurement also for the (n, 2n) and (n, 3n) gamma production cross sections of the transition
from the first excited state to the ground state. At 14.8 MeV good agreement is also observed
with the results of Refs. [7,8] for inelastic scattering and the (n, 2n) reactions. The results of
Nellis et al. [35] at 5 MeV and of Lashuk et al. [34] at 3 MeV tend to be lower than those of the
present work.
Three Hauser–Feshbach calculations including estimates of width-fluctuations, the direct interaction and the pre-equilibrium effect were compared with the data. These are the default
semi-empirical model of the TALYS code, a calculation based on an optical model, level densities and γ -ray strength functions obtained from microscopic models, and a calculation that uses
the latest level and decay information for the first 20 excited levels in 208 Pb and an improved
handling of the competition between gamma and conversion electron emission for 206,207,208 Pb.
No parameters were optimized in this work, so that the results reflect the status of the develop3 For two additional levels in this range no decay properties are established [14].
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ment of the TALYS code and the underlying parameter sets that were obtained from independent
global optimizations.
As already reported in Refs. [21,32], the specific adjusted model parameter set for the Pb isotopes that leads to a careful evaluation is remarkably close to the default set of parameters used
here. One reason for this is that Pb, besides being nearly spherical, has the advantage that only
the elastic, capture and neutron emission channels play a role below 15 MeV. The Coulomb barrier inhibits charged particle emission, which effectively constrains the model parameter space.
This has the disadvantage that there is less room for parameter variation to fit all cross sections
well. The results are simply less sensitive to the model parameters. Hence, large deviations from
measurement probably have their origin more in defects of the model itself than in the model parameters. The optical model for Pb isotopes is rather well established, and will not be the cause
of a large possible variation in the gamma cross sections. Total inelastic cross sections above several MeV are sensitive to the pre-equilibrium strength, but the specific division into gamma-ray
production cross sections much less. Apart from the global differences between various branching ratio options sketched here, there is also still large uncertainty in the gamma-ray branching
ratios themselves, especially for the higher levels. This may easily lead to deviations from measurements of the order of 50%. A well-known parameter sensitivity for gamma-ray production
cross sections is that of the spin cutoff factor used in the level density models. Again, here we
have resorted to the global option [39] to show the performance of a default calculation, but there
is definitely room for improvement in that direction.
In general, the three calculations describe well the measured gamma production, level and
total inelastic cross sections of this work. The agreement is often within 20%. In view of the
large number of measured gamma production cross sections and deduced level cross sections
few noteworthy discrepancies were observed and comparisons using the new structure file could
be made all the way up to the 20th excited level with surprisingly good results. In particular, it
was found that the calculation with microscopic input data performed as well as the calculation
that uses the semi-empirical model.
Larger differences were found between the calculations with the default structure file
and the new one based on Ref. [14] for the production cross sections of the gammas with
Eγ = 277.37, 722.25, 748.85, 763.43, 797.74, 1380.89, 4085.47, 650.21, and 927.65 keV that
are emitted following inelastic scattering. In all but two cases the new structure data resulted
in an improved agreement with the experimental results (722.37 and 4085.47 keV). Changes
in the calculations were sometimes very considerable (> 20%). Implicitly, this illustrates the
sensitivity of the calculated gamma production data and the experimentally deduced level cross
sections to the employed level and decay data. The remaining differences for inelastic scattering
typically occur (well) above 5 MeV where level densities and strength functions determine the
feeding of the levels that are studied here and where competition with the (n, 2n) channel plays a
role. An important example concerns the total inelastic cross section which is described very well
by the calculation below 7 MeV and above 13 MeV. However, in between 7 and 13 MeV higher
values are calculated than were deduced from the present measurements. Although in this energy
range competition with the (n, 2n) channel increases rapidly and the sensitivity to the estimated
cross section for the (n, 2n) process is important, the suggestion of the model calculations that a
significant number of highly excited levels in 208 Pb decays directly to the ground state can not be
excluded. It may be noted that up to 7 MeV the first level contributes 92% of the total inelastic
cross section, while this is only about 60% above 13 MeV.
In summary, this work greatly expands the experimental knowledge of gamma production
cross sections and the level and total inelastic cross sections for 208 Pb. Comparisons with model
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calculations show the consistency of the experimental data and the status of current day model
calculations. The latter appear to be in good shape for semi-empirical models but also in the
case of 208 Pb for microscopic models. It is expected that the present results will provide a good
reference for future model advancements.
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