
PHYSICAL REVIEW C 80, 024610 (2009)

Neutron activation cross sections on lead isotopes
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The cross sections for the reactions 204Pb(n,n′γ )204Pbm, 204Pb(n,2n)203Pb, 204Pb(n,2n)203Pbm1,
204Pb(n,3n)202Pbm, 206Pb(n,3n)204Pbm, 206Pb(n,α)203Hg, and 208Pb(n,p)208Tl were determined at the IRMM
van de Graaff laboratory in the neutron energy range from 14 to 21 MeV. Both natural and enriched samples
were irradiated with neutrons produced via the 3H(d, n)4He reaction. The induced activities were determined by
gamma-ray spectrometry using a HPGe detector in a low-background shield. Neutron fluences were determined
with the well-known cross section of the 27Al(n,α)24Na reaction. Enriched samples were essential to determine
the cross sections for the reactions with 204Pbm and 206Pbm isomers in the final state. Accurate results for reactions
with 204,206Pb as target nuclei with natural lead samples were enabled through a precise measurement of the
isotopic ratios. For a first investigation of the consequences of the present data for nuclear reaction models
they were confronted with calculations based on global parameter systematics in a phenomenological and in a
microscopic approach and with parameters selected to reproduce the available data. The TALYS code was used
for the former two calculations involving parameter systematics while the STAPRE code was used for the latter
calculation.
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I. INTRODUCTION

The isotopes of lead were studied extensively both exper-
imentally and theoretically on account of the double shell
closure of 208Pb and the large number of isotopes that allow
experimental nuclear structure studies for the Z = 82 closed
shell. In addition, scattering off the stable nuclides was studied
extensively both experimentally and theoretically to test ideas
concerning the interaction of nucleons [1] and complex light
particles with nuclei.

In comparison, relatively little is known about neutron-
induced reactions above 100 keV. In this work, we have ob-
tained new results for one inelastic scattering, two (n, 2n), two
(n,3n), one (n,p), and one (n,α) reaction on isotopes of lead
using the activation technique. To enable this study, enriched
lead samples were used. Results were obtained for the first
time for the reactions 204Pb(n,3n)202Pbm, 204Pb(n,2n)203Pbm1,
206Pb(n,3n)204Pbm and 206Pb(n,α)203Hg in the energy range
studied, whereas important complementary results were
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obtained for the 204Pb(n,n′γ )204Pbm, 204Pb(n,2n)203Pb, and
208Pb(n,p)208Tl reactions.

The data are compared with three state-of-the-art model
calculations performed with two different model codes. Two
of these calculations are based on parameter systematics that
were obtained by a global adjustment to the available data
across the mass table. In one case this concerns a purely
phenomenological model while in the other case optical
model, level density and gamma-ray strength functions were
obtained from microscopic models. The comparison with the
present experimental results allows to judge the predictive
power of these models. In a third calculation parameters of a
phenomenological model were selected carefully based on all
available experimental information including that presented
here. Thus, some additional insight is provided when global
systematics does not result in quantitative agreement with the
data.

Four of the results concern cross sections for the isomers
(202Pbm, 203Pbm1, 204Pbm) populated through (n,xnγ ) reac-
tions with x = 1–3(204Pb(n,3n)202Pbm, 204Pb(n,2n)203Pbm1,
204Pb(n,n′γ )204Pbm, 206Pb(n,3n)204Pbm). These are valuable
as they provide additional information about the reaction
mechanism, i.e., they are sensitive to the decay scheme, the
spin and parity dependence of the level density and the initial
population of the levels that feed the isomers. In this respect,
isomer cross sections are very similar to (n,xnγ ) cross sections
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obtained for states that decay with much shorter half-lives.
Related earlier work of the present authors includes the study
of such (n,xnγ ) cross sections for lead isotopes and bismuth
and the population of isomers of Au and Hg through different
reaction channels [2–5].

Recently, the study of neutron-induced reactions has re-
ceived considerable attention, as lead or lead-bismuth eutectic
is considered as a possible coolant and/or spallation target for
certain advanced nuclear reactors. A pertinent recent example
of such a study may be found in Ref. [6], in which one also
finds further references.

II. EXPERIMENTS

The 204Pb(n,n′γ )204Pbm, 204Pb(n,2n)203Pb, 204Pb(n,
2n)203Pbm1, 204Pb(n,3n)202Pbm, 206Pb(n,3n)204Pbm, 206Pb(n,
α)203Hg, and 208Pb(n,p)208Tl reactions were studied with
quasi-monoenergetic neutrons at the IRMM Van de Graaff
accelerator laboratory using the activation technique. The
activities were determined by gamma-ray counting with high
purity germanium (HPGe) detectors. In the case of 203Pbm, the
very short half-life required a fast pneumatic transport system
to iterate between irradiation and counting. The methods
employed here closely follow those of our earlier works
[7–13]. Here, we concentrate on the features relevant for the
present work.

A. Samples

Both isotopically enriched samples and materials of natural
abundance were employed in the present measurements. The
natural lead was supplied as metal rods by Advent Research
Materials Ltd., Oakfield Industrial Estate, Eynsham-Oxon,
England OX8 1JA. Special attention was paid to the purity
of the sample to minimise interferences. The lead rods were
rolled down to a thickness of 0.5–0.6 mm and then punched to
disks of 13 mm diameter. Stacks of one to 12 such disks were
irradiated depending on the expected count rate.

Since the composition of natural lead varies [14] depending
on origin and age [15], an isotopic analysis of the sample
material was performed by the IRMM Isotopic Measurement
Unit. A comparison of the obtained results is shown in
Table I together with the representative values. It is evident
that the isotopic analysis allows measurement results with an
overall uncertainty well below 10% for measurements on the
target nuclei 204Pb and 206Pb, whereas the natural lead used
here shows a lower abundance for 204Pb by 8.3% and a higher

abundance by 13% for 206Pb than the respective representative
values. These deviations are well out of the range of the
standard spread on these representative values, but within the
much larger range of natural variation.

The enriched 206Pb was supplied by Chemotrade Chemie-
handels-gesell-schaft mbH, 40239 Düsseldorf, Germany.
About 100 mg of metal was centered in a cardboard ring of
13 mm outer diameter and 5 mm inner diameter and fixed with
adhesive tape. A 219.3 mg sample of metallic lead enriched to
48.9% 204Pb was supplied by JSC “JV ISOFLEX,” Moscow,
Russia. This sample pressed into a pellet of 6 mm diameter
and 0.8 mm thickness was also centered in a cardboard ring of
13 mm outer diameter and fixed with adhesive tape. Al, Fe, Nb,
Ni, and In high-purity metal foils supplied by Goodfellow Met-
als, Cambridge, UK, were used as neutron fluence monitors.
The monitors were disk-shaped with 50–300 µm thickness and
13 mm diameter.

B. Irradiations

The irradiations were carried out at the 7 MV Van
de Graaff accelerator. Quasi-monoenergetic neutrons with
energies between 14.8 and 20.5 MeV were produced via the
3H(d,n)4He reaction (Q = 17.59 MeV) using a solid-state
Ti/T target of 2 mg/cm2 thickness on a silver backing of
0.4 mm thickness. The incident deuteron energies were 1, 2,
3, and 4 MeV. Neutrons with energy 3.45 MeV were produced
by a 4.3 MeV proton beam on a solid-state Ti/T target via the
3H(p,n)3He reaction (Q = −0.764 MeV). The typical beam
current was 10 µA. The energy scale of the accelerator was
calibrated with an uncertainty of about 5 keV. The standard
spread of the neutron energy distribution ranged from 30 to
250 keV as a result of energy loss by the projectile in the target
and the variation of the energy of the neutron with the angle
(see also, Tables IV and V). Typical combined uncertainties
of the mean neutron energy were 35, 15, 10, and 10 keV
at deuteron energies of 1, 2, 3, and 4 MeV (zero degrees,
∼1.5 cm). A long counter operating in a multichannel scaling
acquisition mode was used to record the time profile of the
neutron flux during all irradiations.

Two different irradiation setups were used, depending on
the half-life of the reaction product. The first was a light weight
Al holder that allowed samples to be placed at a range of
angles and distances. Here it was employed for activities with
half-lives larger than 3 min using angles from 0 to 75◦ and
distances from 1 to 4 cm.

TABLE I. Isotopic composition of different lead samples (in %).

204Pb 206Pb 207Pb 208Pb

Range of natural variationa 1.65–1.04 27.48–20.84 23.65–17.62 56.21–51.28
Representative valuesa 1.4(1) 24.1(1) 22.1(1) 52.4(1)
Nat. sample, this workb 1.284(20) 27.12(26) 20.49(17) 51.11(24)
Enriched 204Pbc 48.7 6.2 7.2 37.9
Enriched 206Pbc − 94.00 4.04 1.96

aTaken from [14].
bMeasured with ICP-MS, this work.
cGiven by the supplier.
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For the study of the 204Pb(n,2n)203Pbm1 reaction a pneu-
matic transport system was used to automatically iterate
the irradiation and activity determination with a natural
lead sample until sufficient statistics were acquired and to
limit the time between irradiation and counting to 4.0(1) s.
One disk of natural lead was irradiated at 0◦ relative to
the incident deuteron beam and the distance between the
sample and back of the target was 16 mm. In each cycle the
sample was irradiated for five half-lives while its activity was
counted for three half-lives. The sample transport and data
acquisition were controlled by the DAQ2000 system developed
at IRMM. To obtain an accurate determination of the cooling
time, this system records both the neutron flux time profile
measured by the long-counter and the gamma-spectra from
the HPGe detector. A multichannel scaler is used to register
for the whole measurement (all cycles) the neutron-flux
time-profile, the time between end of irradiation and start of
counting, the counting period and the period from the end of
counting to the start of irradiation with a resolution of 0.1 s.
To this end two signals are input via a logic-OR: the counts
observed by a long-counter that monitors the neutron flux time
profile and an acquisition enabled pulser.

For the 208Pb(n,p)208Tl reaction, cross sections were
deduced from the above mentioned irradiations with the pneu-
matic transport system for the study of the 204Pb(n,2n)203Pbm1

reaction. To check that the buildup of 208Tl activity in sub-
sequent irradiations was adequately accounted for, a control
measurement was made with the light weight Al holder at
En = 19.3 MeV (� = 0◦). The latter setup was also used to
obtain the result at En = 14.8 MeV (� = 75◦, Ed = 1 MeV).

In case the lightweight Al holder was used, symmetric
sample stacks were irradiated consisting of a set of monitor
foils (Al, Fe, Nb, Ni, In) facing the beam, the sample under
study (in the middle) and then another stack of monitor
foils at the back of the sample. For thicker stacks (>4 Pb
disks) a third set of monitor foils was inserted in the middle

to better control the flux gradient. For the measurements
with the pneumatic transport system sets of monitor foils
were irradiated independent of the sample to obtain sufficient
activity and to limit the background for the determination of
the activity of the sample. The long-counter readings were
used to relate the two measurements (see also Ref. [11]).

C. Mean neutron energies and flux densities

Mean neutron energies and standard spreads of the primary
neutrons incident on a sample were calculated both by the
EnergySet [16] program that is based on the reaction tables
of Ref. [17] and the stopping powers of Ref. [18] and by the
Monte Carlo code TARGET [19], which simulates the neutron
production, transport and scattering processes in the target and
integrates over the sample volume. These two estimates agree
closely.

Above a deuteron energy of 1 MeV the DT neutron
spectrum from solid tritium targets shows the presence of
low-energy secondary neutrons produced by deuteron reac-
tions with target backing, implanted deuterium from earlier
irradiations, and the 3H(d,np) deuteron-breakup process. The
intensity of these secondary neutrons increases strongly with
deuteron energy, and furthermore depends on emission angle
and target irradiation history. The various components of
the neutron flux density spectra were determined by the
time-of-flight method for both unused and heavily irradiated
targets and the relative intensities of the components were
fixed for each irradiation by a spectral index method that
involves the above-mentioned monitor reactions and uses
the distinct energy threshold and excitation function of a
reaction [11,32]. The reactions used for the unfolding, the
decay data of the reaction products [20], and the references of
the required evaluated cross sections are included in Table II.
The neutron fluence rate was determined using the well-known
27Al(n,α)24Na reaction cross section, except for the neutron

TABLE II. Decay data from [20] unless indicated otherwise and references for the cross sections of the
neutron fluence monitor reactions. Q-values were calculated with QTOOL [21] that is based on the masses
given by Audi and Wapstra [22].

Nuclear reaction Half-life of product Q-value (MeV) Eγ (keV) Intensity (%) Ref.

Reactions studied
204Pb(n,3n)202Pbm 3.53(1) h −17.488 960.7 89.9(5) [23]
204Pb(n,2n)203Pb 51.92(3) h −8.394 279.2 80.9(19) [24]
204Pb(n,2n)203Pbm1 6.21(8) s −9.219 825.3 71.6(7) [24]
204Pb(n,n′γ )204Pbm 67.2(3) min −2.185 899.2 99.17(2) [25]
206Pb(n,3n)204Pbm −17.005 911.7 90.69(10) [25]
206Pb(n,α)203Hg 46.594(12) d 7.129 279.2 81.56(5) [24]
208Pb(n,p)208Tl 3.053(4) min −4.219 583.2 85.0(3) [26]

Monitor reactions
115In(n,n′γ )115Inm 4.486(4) h −0.336 336.2 45.8(22) [27]
58Ni(n,p)58Co 70.86(7) d 0.401 810.8 99.45(1) [28]
27Al(n,p)27Mg 9.458(12) min −1.828 843.8 71.8(4) [28]
56Fe(n,p)56Mn 2.5789(1) h −2.913 846.8 98.9(3) [28]
27Al(n,α)24Na 14.997(12) h −3.133 1368.6 99.994(2) [29]
93Nb(n,2n)92Nbm 10.15(2) d −8.967 934.4 99.07(4) [30,31]
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energy of 3.45 MeV for which the 115In(n,n′γ )115Inm and
58Ni(n,p)58Co dosimetry reactions were used.

D. Measurement of radioactivity

Standard γ -ray spectroscopy was employed for the mea-
surement of radioactivity. Three lead-shielded HPGe detectors
were used for the measurements. The mode of operation,
measurement and calibration procedures, and the analysis
software have been described recently [7,8]. The decay
data (Table II) were taken from Ref. [20]. For the activity
determination, half-lives, emission probability, gamma-ray
attenuation, the spatial dependence of the gamma-ray ef-
ficiency, and coincidence summing corrections were taken
into account. In the case of 202Pbm, 203Pbg , and 204Pbm the
summing corrections were checked experimentally by varying
the distance between the detector and the sample and for the
remaining radionuclides, calculated values were used based on
measured total efficiencies and the available decay schemes
[20]. Self-attenuation of γ -ray s was limited by distributing
the lead disks over the detector. The determination of the 208Tl
activity induced by many repetitive short irradiations needed
accounting for all irradiation cycles prior to each counting
period.

E. Processing count rates into cross sections

The cross sections were calculated using the well-known
activation formula, closely following the procedures de-
tailed in Refs. [7,8,11,12]. The cross sections for both the
204Pb(n,n′γ )204Pbm and 206Pb(n,3n)204Pbm reactions leading
to the same product radionuclide were determined using
enriched 204Pb and 206Pb samples following the method
described in Refs. [11,12].

Counting rates were corrected for coincidence losses,
γ -ray emission probability, γ -ray self-absorption, efficiency
of the detector, time-dependence of the neutron fluence, and
low-energy neutron background. The spectral index method
[32] revealed that large corrections were required for the
204Pb(n,n′γ )204Pbm reaction cross section at the highest
neutron energies studied, as a consequence of the low-energy
neutron background. Similar results were found earlier for the
89Y(n,n′γ )89Ym [33] and 99Tc(n,n′γ )99Tcm [34] reactions.
Corrections for the remaining reactions were negligible due
to the relatively high effective reaction threshold. The contri-
bution of neutron scattering to the background was corrected
for by using the Monte Carlo method [35]. These corrections
were the largest at 4 MeV incident deuteron energy, e.g., 11%
for 115In(n,n′γ )115Inm reaction, 7% for 58Ni(n,p)58Co and
204Pb(n,n′γ )204Pbm reactions, and less than 2% for all the
remaining reactions.

III. NUCLEAR MODEL CALCULATIONS

To provide for a first investigation of the physical implica-
tions of the data, these were compared with model calculations
based on recent systematics and on a model calculation that
was adjusted to the data. In all, three calculations are shown
below. They were performed with the well-known TALYS [36]

and STAPRE [37] codes that use the Hauser-Feshbach model
extended with estimates for width fluctuations, the direct
interaction, and pre-equilibrium emission. Both codes rely on
the Reference Input Parameter Library [38] for many of their
parameters. The first calculation, labeled “TALYS,” concerns
a purely phenomenological model with globally optimized
parameters. The second, labeled “TALYS-µ” concerns a model
in which the important quantities were derived from glob-
ally optimized microscopic calculations. The third, labeled
“STAPRE” concerns a purely phenomenological model, similar
to that of TALYS but with parameters optimized to describe
the experimental results. The STAPRE code has been used
extensively in investigations concerning isomer cross sections
[4,33,39–41]. Further details are given below.

A. Calculations with the TALYS code

Nuclear model calculations were performed with the recent
TALYS code, version 1.04 [36,42]. The two calculations may
be specified as follows.

1. TALYS

The neutron (and proton) spherical optical model is that of
Koning and Delaroche [43]. For 208Pb the same modifications
as those used in Ref. [3] were employed for the neutron
optical model as these improve the description of scattering
data [3,44]. The level density model is a combination of
the constant temperature approach at low energy and the
back-shifted Fermi-gas model with energy dependent level
density parameters according to Ignatyuk’s proposal. A com-
prehensive description of the level density model and the
method for obtaining the parameters is presented in Ref. [45].
For the present study, this means that for all target and residual
nuclides the constant temperature model is automatically
adjusted to the known discrete levels, while the Fermi gas
part is adjusted to the experimental mean neutron resonance
spacing at the neutron separation energy, if available. The
two-component exciton model of Ref. [46] is used for the
description of pre-equilibrium emission and the distorted
wave Born approximation for the direct interaction [36].
Gamma-ray transmission coefficients are obtained from γ -ray
strength functions following Ref. [47] for E1 radiation, and
Refs. [48,49], for all other transitions. These transmission
coefficients are adjusted to reproduce the average radiative
capture width [50]. For the first 25 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 Ref. [38] which in turn relies on the
ENSDF evaluation [51] current at the time that [38] appeared.
The standard value of 20 levels was modified to include the
204Pbm isomer which is the 21st excited level of 204Pb.

2. TALYS-µ

The neutron and proton optical model is that of Bauge and
coworkers [52,53] which in turn is based on nuclear densities,
the optical model potential for nucleons in nuclear matter
and the requirement of Lane consistency and a global op-
timisation to measured total and scattering cross sections.
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The combinatorial model for level densities of Ref. [54] was
employed. It makes consistent use of nuclear structure proper-
ties that are determined by Skyrme-Hartree-Fock-Bogoliubov
calculations and is applicable for 8500 nuclei up to 200 MeV
excitation energy and spin 49. For further details see Ref. [45]
but note that here these densities were not adjusted to reproduce
experimental s-wave level spacings or the discrete states at
low energy. The γ -ray strength functions are derived from
a Hartree-Fock-Bogoliubov approach [38] by Goriely and
coworkers. Pre-equilibrium emission is treated in exactly the
same way as for the phenomenological TALYS calculation.

The comparisons of the new measured cross sections with
the TALYS calculations may be considered as “blind compar-
isons”, since no match to the present data was attempted here.
TALYS may also be used to optimally reproduce the experiment
and this has been demonstrated for the lead isotopes in
Refs. [6,44]. The present comparison with the data is expected
to be favorable since important data on lead featured in the
global parameter searches mentioned above.

B. Calculations with the STAPRE code

As mentioned above, the code STAPRE uses the Hauser-
Feshbach formalism for equilibrium processes and the exciton
model for pre-equilibrium (PE) emission. For the latter, this
concerns the exciton model with one component in contrast
with the TALYS calculations. The transmission coefficients
for neutrons, protons, deuterons and alpha particles were
provided as input data to the STAPRE code by means of
the spherical optical model code SCAT-2 [55] using global
parameter sets. The neutron optical model parameters were
tested by comparing the experimental total cross section data
with results of the model calculation. The best description was
given by the Bersillon-Cindro potential [38]. Above 1 MeV
neutron energy, the calculation shows quite good agreement
with the data. Below 1 MeV neutron energy the deviation
between the measured and calculated cross section increases
for all tested potentials. The calculated data using the potential
of Koning-Delaroche [43] show similar behavior but the data
are lower than those given by the Bersillon-Cindro potential.
For protons, the optical model parameter set of Ref. [56] was
used. In the case of alpha particles, the parameters proposed
in Ref. [57] were modified to obtain a better description of
the data. For the energy and mass dependence of the effective
matrix element in the exciton model, |M|2 = (FM)A−3E−1

was applied. The energies, spins, parities, and branching ratios
of the discrete levels were obtained from the evaluated nuclear
structure and decay database ENSDF [51]. In cases where the
spin and parity were not known, estimates from adjacent levels
were made. In the continuum region two types of level density
formulas were used for which very comparable results were
obtained:

(i) The back-shifted Fermi-gas (BSFG) formula with the
level density parameter given in Refs. [58,59]. The level
density parameter a for the calculation was selected by
interpolating the data of the neighboring isotopes, taking
into account the odd-even systematics. The back-shift
parameter (�) was determined individually for all nuclei

TABLE III. Level density parameters used in the STAPRE model
calculation. As a starting point the RIPL-2 [38] database was used,
but some parameters were adjusted to match the data.

Isotope η = 1 η = 0.5 Edmax

a � a � (MeV)

202Hg 14.85 0.1 13.53 0.1 2
203Hg 13.06 −0.85 11.5 −1.05 1
204Hg 14.38 0.6 12.85 0.5 1.4
200Tl 15.6 −0.55 14.08 −0.5 0.7
201Tl 13.04 −0.4 11.67 −0.4 2
202Tl 14.21 −0.55 13 −0.6 0.9
203Tl 13.06 −0.5 11.77 −0.6 1.8
207Tl 11.79 1.1 10.28 0.95 2.5
208Tl 11.24 −0.89 9.61 −1.06 1
201Pb 13.04 −0.5 11.67 −0.5 1.2
202Pb 14.85 0.65 13.53 0.6 2.2
203Pb 13.06 −0.65 11.65 −0.8 1.2
204Pb 14.38 0.3 12.68 −0.2 2
205Pb 13.97 −0.65 12.6 −0.7 1
206Pb 13.28 0.25 12.00 0.15 1.5
207Pb 11.79 0.95 10.35 0.86 2.7
208Pb 11.38 2.07 9.7 1.8 5
209Pb 10.31 0.23 8.47 −0.3 3

used in the model calculation. The cumulative plot of
the known discrete levels, collected from the ENSDF
database, was fitted by the BSFG formula while the level
spacing at the neutron binding energy was kept according
to the experimental value. The values are shown in
Table III.

(ii) An energy dependent level density parameter (a):

a(U,Z,A) = ã(A)

(
1 + δE0

U
[1 − exp(−γU )]

)
.

In the case of the energy dependent level-density parame-
ters, the data of the RIPL-2 [38] file of Beijing were used for
the isotopes available in that file. For nuclei without data
in the RIPL file, the asymptotic level density parameter
ã(A) = 0.073A + 0.115A2/3 MeV−1 was used following
the RIPL recommendation. The other parameters were
fixed so that the energy dependent level-density parameter
would equal the BSFG parameter at the binding energy of
the neutron and so that the cumulative number of discrete
levels is matched.

The spin distribution of the level density was characterized
by the ratio η of the effective moment of inertia �eff to
the rigid-body moment of inertia �rig (η = �eff/�rig,�rig =
1.25 A1/3) and the calculations were performed for η = 1.0
and 0.5. The transmission coefficients of photons are also
of considerable significance in calculations of isomeric cross
sections. They were derived from the gamma-ray strength
functions. For the E1 transition the Brink-Axel model with
global parameters was applied, while for the M1, E2,M2, E3,
and M3 radiation the Weisskopf model was used.
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TABLE IV. Measured reaction cross sections for the charged
particle emission reactions. Standard uncertainties are given for the
cross sections. The standard spreads are given for the neutron energy
distributions.

206Pb(n,α)203Hg

En (MeV) σ (mb) En (MeV) σ (mb)

16.1 ± 0.2 1.12 ± 0.13 17.2 ± 0.1 1.9 ± 0.2
18.7 ± 0.2 2.6 ± 0.2 19.2 ± 0.2 3.3 ± 0.3
20.0 ± 0.1 3.9 ± 0.4 20.5 ± 0.1 3.7 ± 0.4

208Pb(n,p)208Tl
14.81 ± 0.17 0.95 ± 0.22 16.3 ± 0.2 2.1 ± 0.3
17.95 ± 0.12 4.2 ± 0.4 19.05 ± 0.09 6.1 ± 0.4
19.3 ± 0.09 6.1 ± 0.5 20.5 ± 0.08 8.1 ± 0.5

IV. RESULTS AND DISCUSSION

The results of the experiments are presented in Tables IV
and V. In Figs. 1 and 2 they are compared with earlier
measurements and the model calculations. The uncertainty of
En given in the tables and graphs is the standard spread in the
neutron energies with which the samples were irradiated [7].
The uncertainties [11] of the measured cross sections were
obtained combining the individual uncertainties in quadrature.
Reactions involving charged particle emission are presented
in Sec. IV A, neutron emission reactions in Sec. IV B.

TABLE V. Measured reaction cross sections for the neutron
emission reactions. Standard uncertainties are given for the cross
sections. The standard spreads are given for the neutron energy
distributions.

204Pb(n,n′γ )204Pbm

En (MeV) σ (mb) En (MeV) σ (mb)

3.45 ± 0.03 43 ± 3 14.81 ± 0.17 62 ± 4
16.26 ± 0.20 51 ± 3 17.95 ± 0.12 42 ± 5
19.39 ± 0.09 36 ± 3 20.53 ± 0.08 27 ± 5

204Pb(n,2n)203Pb
14.81 ± 0.17 2146 ± 133 15.55 ± 0.25 2163 ± 109
16.26 ± 0.20 2154 ± 114 18.0 ± 0.1 2007 ± 185

18.7 ± 0.2 1923 ± 147 19.2 ± 0.2 1852 ± 132
19.4 ± 0.1 1827 ± 138 20.5 ± 0.1 1461 ± 140
20.5 ± 0.1 1544 ± 108

204Pb(n,2n)203Pbm1

16.26 ± 0.20 1039 ± 72 17.95 ± 0.12 1030 ± 70
19.11 ± 0.09 1032 ± 82 20.31 ± 0.08 828 ± 73

204Pb(n,3n)202Pbm

18.0 ± 0.1 0.17 ± 0.07 18.7 ± 0.2 3.8 ± 0.5
19.2 ± 0.2 13.4 ± 2.2 19.4 ± 0.1 18.3 ± 2.2
20.5 ± 0.1 82 ± 14

206Pb(n,3n)204Pbm

18.1 ± 0.1 4.2 ± 0.3 19.4 ± 0.1 92.1 ± 6.4
20.7 ± 0.1 292 ± 31
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FIG. 1. (Color online) Experimental results for the charged
particle emission reactions compared with results from earlier
measurements and the TALYS and STAPRE model calculations.

A. Charged particle emission

Two reactions were studied for which charged parti-
cles were emitted, the 208Pb(n,p)208Tl reaction and the
206Pb(n,α)203Hg reaction.

1. The 208Pb(n, p)208Tl reaction

The study of this reaction on natural lead is free from
interfering reactions. A pneumatic transport system was used
to achieve sufficient statistics under conditions that were
optimised for the study of the 204Pb(n,2n)203Pbm1 reaction.
Control measurements at two energies validated the procedure,
as described in Sec. II. Despite the low threshold of this
reaction, corrections for low energy neutrons are small since
the cross section falls very rapidly for energies less than
10 MeV due to the Coulomb barrier.

The present results consist of six points from 14.8 to
20.5 MeV. At 14.8 MeV the current work agrees well with the
results of Refs. [60–64], and not with those of Refs. [65–67].
The new data agree with the results of Bass and Wechsung [68],
in the energy range from 17 to 18.5 MeV. Not shown, is a clear
discrepancy with the results of Ref. [69] that are 3 to 5 times
higher than the present data between 20 and 22 MeV.

The TALYS-µ calculation is in good agreement with the data
at low energy while being somewhat below the experimental
results above 18 MeV. In contrast the TALYS calculation is
significantly below the data in the entire range. To understand
the differences between the two TALYS calculations a number
of additional calculations were made to try to identify their
causes. First, switching off pre-equilibrium emission reveals
that for the TALYS-µ calculation evaporated protons dominate
below 15 MeV and are rapidly negligible above, while for the
TALYS calculation these are negligible throughout. Second, the
phenomenological optical model in the TALYS calculation was
replaced with that of the TALYS-µ calculation. At 20 MeV this
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FIG. 2. (Color online) Experimental
results for the neutron emission reac-
tions compared with results from earlier
measurements and the TALYS and STAPRE

model calculations.

explains the difference nearly completely while near 15 MeV
this only covers for about 1/3 of the difference (on a logarithmic
scale). Clearly, the level density models differ such that in one
case evaporation plays a role and the other not at all. We
note that for lead isotopes, sensitivity to the level density may
be stronger than for any other stable nuclide in the periodic
table. It is well known that here the shell effects are very strong
at low energies, and also that the shell effects are damped
quickly with increasing energy. This means that different level
density models, phenomenological or microscopic, may well
describe the discrete levels and the mean resonance spacing but
may behave very differently in energy regions (e.g., between 3
and 8 MeV) where such experimental probes are not available.
Such large differences may give rise to significant differences
in cross section predictions.

The difference between TALYS and TALYS-µ at energies
above 15 MeV is due to the proton optical model for 208Tl
that determines the pre-equilibrium emission rates since these
are proportional to the cross section for the inverse process
(microreversibility/detailed balance).

2. The 206Pb(n,α)203Hg reaction

To determine the activity γ -ray spectrometry was per-
formed following a cooling time sufficient (>1 month) to
guarantee negligible (<1%) contributions from 203gPb, which
emits the same γ -ray (279 keV). The latter activity is produced
by the 204Pb(n,2n)203Pb reaction (see below). The six experi-
mental results of this work are the first in the energy range from
16 to 20.5 MeV. The excitation function formed by the present
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results and those at 14 MeV [61,63,70,71] is in good agreement
with the results from the TALYS-µ and the STAPRE calculations.
The point of Ref. [72] is clearly out. Agreement with the TALYS-
µ calculation, which is entirely based on systematics and the
folding approach of Watanabe to the optical model, seems
remarkable in view of the common difficulty of reproducing
reactions in which complex particles are emitted. On the other
hand the phenomenological TALYS calculation based on global
systematics is clearly below the data. It was verified with a
similar check as described in the previous section, that there
is no difference with the TALYS-µ calculation on account of a
difference in the underlying nucleon-optical model. So, here
the differences are primarily due to a difference in the level
densities of the TALYS and TALYS-µ calculations. Switching
off pre-equilibrium emission revealed that evaporation of
alpha-particles is negligible for the TALYS calculation, while it
dominates for the TALYS-µ calculation up to 18 MeV, providing
still 40% near 20 MeV. The calculations with the STAPRE code
are in excellent agreement with the data, primarily on account
of the alpha-particle optical model.

B. Neutron emission cross sections

Measured neutron emission cross sections consist of one
full (n,2n) cross section of 204Pb and four cross sections
leading to an isomer. Four of the reactions in this section
have 204Pb as target nucleus.

1. The 204Pb(n,n′γ )204Pbm reaction

The study of this reaction was greatly facilitated by
the use of enriched sample material. The latter was even
essential to account for interference above the threshold
of the 206Pb(n,3n)204Pbm reaction discussed below. Five
experimental results were obtained from 13 to 21 MeV and one
at 3.45 MeV. The two highest energy results were corrected
for the contribution of the 206Pb(n,3n)204Pbm reaction. An
extensive set of measurements was already carried out by
Smith and Meadows [73] in the range from 2.3 to 10 MeV
using a highly enriched sample of 204Pb. The present result at
3.45 MeV incident neutron energy is in excellent agreement
with that work, as is the result of [74] for 2.8 MeV. At higher
energies the present work is in good agreement with most
of the results obtained at 14 MeV [61–63,65,75,76]. Above
14 MeV the only other result is by Decowski et al. [77].
The latter work agrees rather well with the present results
but appears to be systematically somewhat low with regard
to most of the data. The STAPRE calculations reproduce the
data of this work very well irrespective of the various options
that were tested. However, through comparison with the data
at lower energy it appeared that near the maximum the
η = 1 results were significantly too high. Less significantly,
the energy dependent level density was somewhat favored
over the constant level density parameters. Neither the TALYS

nor the TALYS-µ calculations show quantitative agreement
with the experimental results of this work with the exception
of the result at 3.45 MeV that is on top of the TALYS-µ
prediction. The latter agrees well with the low energy data

but is generally too high above 8 MeV. The maximum of the
TALYS calculation is reasonably close to the maximum of the
data in energy and cross section but the shape of the predicted
cross section is at variance with that of the data. It must
be acknowledged that here the main difference in the TALYS

and TALYS-µ calculations lie in the level densities while for
this cross section the pre-equilibrium contribution dominates
above 13 MeV. The sensitivity to level densities is therefore
small in this energy range. Thus, also the difference between
the two TALYS calculations that have the same pre-equilibrium
contribution is indicative of a difference in absorption cross
sections.

2. The 204Pb(n,2n)203Pb reaction

The experimental results for the 204Pb(n,2n)203Pb reaction
were obtained using about 4.5 g of natural lead. Activity
determinations were performed within several hours following
irradiation but allowing several minutes for the decay of
the short-lived isomers. Thus, the cross sections obtained
are free from interference (<1%) of the 206Pb(n,α)203Hg
reaction and constitute the total (n,2n) cross section, i.e.,
not that of the prompt production of 203gPb. Gamma-ray
attenuation corrections were reduced by spreading the foils
of the irradiated stack over the detector.

Nine experimental results were obtained in the neutron-
energy range from 14.8 to 20.5 MeV with overall uncertainties
between 5 and 10%. Above 18 MeV the results are unique and
above 16 MeV the only other data are those of Decowski
et al. [77] which have a much larger uncertainty and a peculiar
shape around 14 MeV. Together with the results of Hanlin
et al. [78] and the average of the results around 14 MeV
[61–63,65,70,76,79–82] our data establish an excitation curve
for this reaction from threshold to 20 MeV.

The experimentally determined excitation curve is in
excellent agreement with the model calculations based on
phenomenology. Both the globally optimized parameters used
for the TALYS calculation and that for the optimized set of
STAPRE perform very well. For STAPRE the results with η = 0.5
are shown and level density option a. Similar results are
obtained with the other options (see Sec. III). In contrast, the
TALYS-µ calculation is progressively above the experimental
results from this work, agreeing well only from 15 to 16.5 MeV.
At lower energies it falls below the experimental results
of Ref. [78]. Since this channel constitutes a large frac-
tion of the nonelastic cross section in the energy range,
good(poor) agreement essentially corroborates(contests) the
neutron optical model. In addition, near the rise and fall of
the cross section, level-density driven competition with other
main channels plays an important role. To some extent pre-
equilibrium emission depletes the (n,2n) channel and enhances
inelastic scattering. However, again the main sensitivity is
due the optical model through the proportionality of the
pre-equilibrium cross section to the cross section of the
inverse process. It was found that the sensitivity to parameters
governing the pre-equilibrium process is significantly less than
to optical model parameters controlling the absorption cross
section.
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3. The 204Pb(n,2n)203Pbm1 reaction

As described in Sec. II, this reaction was studied using
an automated radiation-counting sequence to obtain suffi-
cient statistics for the determination of the activity of the
short-lived isomer 203Pbm(T1/2 = 6.21 s). Theoretically, the
results of this measurement could be influenced by a second
isomer (Ex = 2948 keV, T1/2 = 0.48 s, Jπ = 29/2−). As
the transfer time between each irradiation and counting
period is 4 s, only 0.3% of the initial population of the
0.48 s isomer does not contribute directly to the activity of the
6.21 s isomer. On top of that, in view of the spin and excitation
energy of the 0.48 s isomer, its population in a neutron-induced
reaction with incident energies below 21 MeV will be less
than that for the 6.21 s isomer. Therefore, the present results
represent the cross section that corresponds to the full decay
of the 0.48 s isomer.

Four experimental results were obtained from 16.3 to
20.3 MeV of which three are unique in the energy range
studied. At the lowest energy there is agreement with the
highest energy result by Bormann et al. [83]. However, in
general, the status of the data between 12 and 16 MeV is
confusing [83–86]. The new results are well reproduced by
the STAPRE model calculations that also agree well with the
experimental work of Ref. [84]. Here, the result for η = 0.5 is
shown with level density option (i) of the previous section.
Level density option (ii) gives similar results, while the
calculation with η = 1 is clearly above the data (10–20%,
not shown). The TALYS calculation agrees reasonably well in
shape but is 10–20% above the data. The TALYS-µ calculation
depicts the same behavior relative to the TALYS calculation as
shown for the previous reaction, and accordingly agrees less
with the data.

The modeling of isomer cross sections is more delicate
since it requires good accounting of excitation and decay of
levels in the final nucleus. On the one hand this is demonstrated
by the sensitivity to η, the parameter that controls the spin
dependence of the level density. Here, this is also partially
illustrated with the TALYS-lf calculation. In this calculation
we have included a level and decay scheme that is based
on the most recent ENSDF evaluation [24] for A = 203. In
contrast, the TALYS, TALYS-µ, and STAPRE calculations use the
previous evaluated data set which differs in the first 25 levels
and their decay. As a result the cross section below 20 MeV is
reduced compared to that of the TALYS calculation resulting in
an improved agreement with the data. In this work, this is the
only isomer cross section for which level and decay data play
a role. The others are exclusively determined by feeding from
states in the continuum.

4. The 204Pb(n,3n)202Pbm reaction

The present measurements resulted in the first five data
points reported for the 204Pb(n,3n)202Pbm reaction. Unambigu-
ous results were obtained since experimentally this channel
is free from interferences. The data represent part of the
rising edge of the excitation function. The TALYS and STAPRE

calculations both show excellent agreement with the measure-
ments. In contrast the TALYS-µ predictions are significantly

below the experimental results. To pinpoint the cause of
this discrepancy is more complicated since an isomer cross
section is only a fraction of the (n,3n) channel. However,
the results shown above indicate that TALYS-µ gives too
small a cross section for the 204Pb(n,3n)202Pb reaction as a
result of a too high cross section for the 204Pb(n,2n)203Pb
reaction. This would indicate that the level density model
should be adjusted to improve agreement with the data. This
suggestion was verified replacing in the TALYS calculation the
phenomenological optical model with the microscopic optical
model. No appreciable difference with the TALYS calculation
was observed.

For STAPRE only the result with η = 0.5 is shown. For η =
1, results are clearly above the data for En > 19 MeV. The
difference amounts to 20% at 20.5 MeV. The two options for
the level density tested with this code perform equally well.

5. The 206Pb(n,3n)204Pbm reaction

The other (n,3n) process investigated is the 206Pb(n,
3n)204Pbm reaction, for which three points were obtained
using a highly enriched 206Pb sample. This sample was free of
204Pb so that no consideration had to be given to the inelastic
excitation of the isomer. The only previous experimental work
by Welch et al. [69] covers the range from 18 to 26 MeV.
The result at the lowest energy agrees with the present work,
but the trend at higher energies does not appear to be a natural
extension of the trend suggested by this work. The three model
calculations do not provide any quantitative agreement with
the data. The TALYS calculation agrees well with the present
work for 19.4 and 20.7 MeV. It is however significantly above
the 18.1 MeV experimental result. The TALYS-µ and STAPRE

results agree with the data at 18.1 MeV but are below the
results at 19.4 and 20.7 MeV. All three calculations do not
follow the trend suggested by the data of Welch et al. and
predict higher maximum cross sections that occur at a higher
energy than follows from the data.

V. SUMMARY

New experimental results were obtained for the
204Pb(n,n′γ )204Pbm, 204Pb(n,2n)203Pb, 204Pb(n,2n)203Pbm1,
204Pb(n,3n)202Pbm, 206Pb(n,3n)204Pbm, 206Pb(n,α)203Hg, and
208Pb(n,p)208Tl reaction cross sections at the IRMM van de
Graaff laboratory in the neutron energy range from 14 to
21 MeV. Natural and enriched samples were irradiated with
neutrons produced via the 3H(d, n)4He reaction. The induced
activities were determined by gamma-ray spectrometry using
HPGe detectors in a low-background shields. Neutron fluences
were determined with the well-known cross section of the
27Al(n,α)24Na reaction. Contributions from spurious low
energy neutrons were estimated with five additional activation
standards and experimental knowledge about the neutron
spectrum from time-of-flight measurements. Enriched samples
were essential to determine the cross sections for the reactions
with 204Pbm and 206Pbm isomers in the final state. In this energy
range these can be excited by inelastic scattering and by (n,2n)
and (n,3n) reactions on the stable heavier isotopes. Accurate
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results for reactions with 204,206Pb as target nuclei with natural
lead samples were enabled through a precise measurement of
the isotopic ratios.

For a first investigation of the consequences of the present
data for nuclear reaction models they were confronted with
three calculations. Two of these, using on the one hand the
default phenomenological approach and on the other hand the
optional microscopic approach of the TALYS code, involved
global parameter systematics and avoided any matching to the
present data. For the third calculation with the phenomenolog-
ical approach of the STAPRE code, parameters were carefully
adjusted to reproduce the available data for lead, including
those of the present work.

The results of the TALYS phenomenological approach
show excellent agreement with the present data for
the 204Pb(n,2n)203Pb and 204Pb(n,3n)202Pbm reactions,
reasonable agreement with the 204Pb(n,2n)203Pbm1 and
206Pb(n,3n)204Pbm reactions, but differ significantly for the
204Pb(n,n′γ )204Pbm, 206Pb(n,α)203Hg and 208Pb(n,p)208Tl re-
actions. For the TALYS microscopic approach results are
excellent for the 206Pb(n,α)203Hg and 208Pb(n,p)208Tl reac-
tions but differ significantly with the measured data for the
other reactions. The discrepancy with the 204Pb(n,2n)203Pb
reaction cross section is perhaps most surprising, as this
reaction exhausts a large fraction of the reaction cross section
and a good prediction would be expected. In this context,
it may be noted that the microscopic approach compared
favourably with the phenomenological approach for the mea-
sured 208Pb(n,xnγ ) cross sections of Ref. [3]. Although the
present results for 208Pb show that this nucleus is modeled well

also for the (n,p) channel, a good quantitative agreement is
apparently not uniformly extended to reactions on 204,206Pb. A
positive surprise is the good agreement for the 206Pb(n,α)203Hg
reaction. Generally good agreement is more difficult to obtain
for reactions involving the emission of complex particles. The
calculations using the STAPRE code with carefully selected
parameters agree well with the data in all cases, except for the
204Pb(n,3n)202Pbm reaction. It was verified that the measured
cross sections for reactions leading to isomers in the final state
are more readily reproduced using a moment of inertia that is
half rather than the full moment of inertia of a rigid rotator.
This is in line with earlier findings for reactions leading to
isomers of Au and Hg [4,5].

In summary the present work contributes valuable new
data for neutron-induced reactions on isotopes of lead and in
particular on 204Pb. It was shown that agreement with globally
optimized nuclear model calculations varies on a case by
case basis. It is therefore expected that the present findings
will contribute to further improvements in the modeling of
neutron-induced nuclear reactions and in particular with regard
to the production of isomers.
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