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a b s t r a c t

Lead is an important material, both for fusion or fission reactors. The cross sections of natural lead should
be validated because lead is a main component of lithium-lead modules suggested for fusion power
plants and it directly affects the crucial variable, tritium breeding ratio. The presented study discusses a
validation of the lead transport libraries by dint of the activation of carefully selected activation samples.
The high emission standard 252Cf neutron source was used as a neutron source for the presented vali-
dation experiment. In the irradiation setup, the samples were placed behind 5 and 10 cm of the lead
material. Samples were measured using a gamma spectrometry to infer the reaction rate and compared
with MCNP6 calculations using ENDF/B-VIII.0 lead cross sections. The experiment used validated IRDFF-II
dosimetric reactions to validate lead cross sections, namely 197Au(n, 2n)196Au, 58Ni(n,p)58Co, 93Nb(n,
2n)92mNb, 115In(n,n')115mIn, 115In(n,g)116mIn, 197Au(n,g)198Au and 63Cu(n,g)64Cu reactions. The threshold
reactions agree reasonably with calculations; however, the experimental data suggests a higher thermal
neutron flux behind lead bricks. The paper also suggests 252Cf isotropic source as a valuable tool for
validation of some cross-sections important for fusion applications, i.e. reactions on structural materials,
e.g. Cu, Pb, etc.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lead is an important material. Lead is a main component of
lithium-lead tritium breeding modules suggested for tritium
breeding in fusion power plants. Thus, it is very reasonable to verify
neutron lead cross sections. The way to reach the goal to get the
correct cross sections evaluations is complicated by the fact that it
is composed of four stable isotopes, and their content differs. The
252Cf was chosen as a neutron source since it is the only neutron
standard with the lowest uncertainties in the neutron spectrum
possible. Fusion sources are not reference or standard neutron
fields, so their input neutron spectra are necessarily loaded with
higher uncertainty. From this point of view, 252Cf source is a pref-
erable tool for validation. It is important to validate transport cross
sections by validated cross sections. If the reaction rate does not
agree with experiment, transport cross sections cannot be correct.
If transport is not correct, then tritium breeding ratio cannot be
estimated correctly.

The Helium-Cooled LithiumeLead (HCLL) blanket concept is one
of the main research lines using lead in breeding modules
).

by Elsevier Korea LLC. This is an
considered in the European Fusion Technology Programme for
DEMO fusion reactor. The HCLL blanket uses ferritic steel Eurofer as
a structural material, Pbe17Li eutectic alloy as a tritium breeder
and neutron multiplier, and helium as a coolant [1]. Other concepts
containing lead are Water-Cooled LithiumeLead (WCLL) and dual
coolant lithium-lead breeding (DCLL) blankets. Technical details of
all of these concepts can be found in Ref. [2].

Neutron HCLL spectra in benchmarks are calculated in complex
models. They use cross sections which need to be validated in
calculations. 252Cf is an independent standard source, its spectrum
does not depend on calculations. The uncertainty in HCLL bench-
mark input spectra are higher than 10% but for Cf-252 it is around
1%. It is crucial for correct tritium breeding ratio.

All of the blanket concepts are loaded with high design un-
certainties, so it is crucial to perform experiments that can be used
to lower these uncertainties. Generally, there is a lack of experi-
ments concerning neutron transport through lead for fusion ap-
plications. One of these experiments is presented in this
manuscript. We focused on activation analysis including radiative
capture and threshold reactions. The authors of the comprehensive
paper concerning neutronics and tritium breeding ratio inside HCLL
mock-up [3] also performed activation analysis for threshold re-
actions. More recently, a lead benchmark experiment with DT
Neutrons was performed at JAEA/FNS facility [4].
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Table 1
Isotopic composition of lead in %.

204Pb 206Pb 207Pb 208Pb

Range of natural variation 1.04e1.65 20.84e27.48 17.62e23.65 51.28e56.21
Representative values 1.4 24.1 22.1 52.4
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2. Experimental setup

The 252Cf isotopic neutron source was selected as a source of
neutrons, as the 252Cf spontaneous fission neutron spectrum is the
only neutron standard, so it is a suitable tool for validation. The
252Cf source had an average total emission of 2.31E8 n/s during
irradiation. The emission was derived from the data in the Certifi-
cate of Calibration obtained from the National Physical Laboratory,
United Kingdom using exponential decay law. More details con-
cerning the use of the source for precise experiments and uncer-
tainty analysis for used neutron source can be found in [18]. The
relevant experimental uncertainties that have been investigated in
this experimental setup were: uncertainties on the experimental
positions of the samples, lead density, emission of the source, the
net peak area uncertainties measured by the HPGe detector and the
detector efficiency uncertainty. Natural lead is composed of four
isotopes 204Pb, 206Pb, 207Pb, and 208Pb. Unfortunately, the isotopic
composition varies with different samples. Table 1 shows the range
of the isotopic variation of the lead isotopes [5]. Representative
values were picked for the calculation [5]. Sensitivity analysis
concerning the influence of individual isotopes was performed to
take into account the dispersion of the isotopic content. The con-
servative approach was employed into the sensitivity analysis, i.e.
Fig. 1. Cross section side and front view of the lead configuration. The neutron source w
centimetres.
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the reaction rates were calculated for minimal and maximal values
of the parameter under study.

The lead bricks are composed of natural lead (97.2%) and 2.5% of
antimony according to the XRF analysis. The rest is composed of
Rhenium, Calcium, Iron, baryum and Cesium. The source was cen-
tred and placed just behind the lead wall according to Fig. 1. The
lead wall was composed of two rows of lead bricks. The thickness of
the one lead brick is 5 cm, the wall was 10 cm thick. The height and
width of thewall were 52.5 cm both. The activation foils (for a list of
reactions, see Table 2) were attached to the wall using thin 0.06 cm
thin aluminium foil, see Fig. 2. These foils were divided into two
packs, one pack was put behind the first wall of bricks (5 cm of
lead), and the second packwas placed in themiddle just behind the
second row of the bricks. The masses of activation foils vary from
0.4 g (Cu) to 5 g (Nb). The thickness of activation foils was 1 mm at
most (Nb). The irradiation lasted 26.7 days continuously.

At the end of the irradiation, all irradiated samples were placed
on the upper cap of the high purity germanium HPGe detector
ORTEC GM35P4 one by one. The distance between sample and
Germanium crystal was 0.65 cm. The detector efficiency was
directly calculated using a MCNP6.2 [6] model based on the
experimentally measured dimensions, see Ref. [7]. The experi-
mental reaction rate q was computed using the following formula
as placed just behind the lead wall, into its centre. All dimensions are displayed in



Table 2
Parameters of the investigated neutron-induced threshold reactions.

Reaction Half-life Gamma Energy [MeV] Gamma absolute intensity

197Au(n,g)198Au 2.6941 days 0.41180205 0.9562
197Au(n,2n)196Au 6.1669 days 0.35573 0.87
63Cu(n,g)64Cu 12.701 h 0.5110 0.352
58Ni(n,p)58Co 70.86 days 0.8107593 0.9945
93Nb(n,2n)92mNb 10.15 days 0.93444 0.9915
115In(n,n')115mIn 4.486 h 0.336241 0.459
115In(n,g)116mIn 54.29 min 1.29356 0.848

Table 3
Parameters of irradiation and following gamma spectrometry measurement.

Reaction Irradiation time Cooling time Measurement time

197Au(n,g)198Au 26.7 days 3.26 h, 23.23 h 19.9 h, 5.64 h
197Au(n,2n)196Au 26.7 days 3.26 h, 23.23 h 19.9 h, 5.64 h
63Cu(n,g)64Cu 26.7 days 69.32 min 2.15 h
58Ni(n,p)58Co 26.7 days 7.90 days 7.23 h
93Nb(n,2n)92mNb 26.7 days 1.21 days 1.85 days
115In(n,n')115mIn 26.7 days 26.43 min 41.85 min
115In(n,g)116mIn 26.7 days 26.43 min 41.85 min
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q¼ CðTmÞlTm
hεNKTl

1
e�lDT

1
1� e�lTm

1
1� e�lTirr

; (1)

where: q is the experimental reaction rate per atom per second,N is
the number of target isotope nuclei, h is the detector efficiency, ε is
the gamma absolute intensity, l is the decay constant, k charac-
terizes the abundance of the isotope of interest in the target and its
purity, DT is the time between the end of irradiation and the start of
spectrometry measurement, C(Tm) is the net peak area, Tm is the
real time of measurement by HPGe, Tl is the live time of measure-
ment by HPGe (it is time of measurement corrected to the dead
time of the detector), and Tirr is the time of irradiation.

Table 2 summarizes the measured activation products param-
eters, i.e. half-life, gamma transition energy used for analysis, and
gamma absolute intensity. Table 3 shows gamma spectroscopy
parameters, irradiation time, cooling times, and subsequent HPGe
measurement times for all activation products.
3. Calculations

Calculations of reaction rates were performed bymeans of the f4
tallies (average flux in a cell of interest) in MCNP6.2 transport code
using ENDF/B-VIII.0 neutron transport library for lead [8]. Calcula-
tions in other transport libraries i.e. ENDF/B-VII.1 [9] and JEFF-3.3
[10] gave similar results as ENDF/B-VIII.0. Evaluations have only
slight differences, mainly in resonance region and angular
Fig. 2. Lead bricks configuration containing ac
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distributions. These differences had not influence on our results
within uncertainties. For this reason, only results in ENDF/B-VIII.0
transport library are shown.

The cross sections of reactions investigated in this experiment
were taken from dosimetric IRDFF-II [11] library. The IAEA recom-
mended input 252Cf spontaneous fission neutron spectrum [12] was
used for all calculations. The whole geometry including activation
foils was included in the MCNP6.2 model. The model takes into
account all available data (dimensions, densities, materials …)
which were preciely measured with uncertainty around 1%. The
walls of lab were included in the computational model.

4. Results

Fig. 3 demonstrates the cross sections of all investigated dosi-
metric reactions plus tritium breeding crucial 6Li(n,T)4He reaction
tivation foils holder made of aluminium.



Fig. 3. Summary of dosimetric reactions cross sections taken from IRDFF-II library.

Fig. 4. Comparison of the calculated neutron spectra shapes.
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in IRDFF-II library. These reactions were selected to cover broad
range of neutron energies (1e-3 eV- 16 MeV), namely, 197Au(n,
2n)196Au, 58Ni(n,p)58Co, 93Nb(n, 2n)92mNb, 115In(n,n')115mIn,
115In(n,g)116mIn, 197Au(n,g)198Au, and 63Cu(n,g)64Cu reactions. The
threshold reactions on niobium, and gold are sensitive in the high
energy region, nickel and indium in the medium energy region and
radiative capture reactions on copper, indium and gold are sensitive
in the region under 0.1 MeV. All activation reactions used for
962
evaluation were validated in the standard 252Cf neutron spectrum,
see Refs. [11,13e15,17]. Fig. 4 compares calculated neutron spectra
in the place of activation foils (10 cm of lead) with the bare 252Cf
spectrum [12] and neutron spectrum inside the HCLL tritium
breeding module. The spectra were multiplied by a constant to
show shapes differences. The majority of neutrons inside the
tritium breeding blanket will approximately be in the energy range
of 1keV-1 MeV. HCLL spectrum was taken as a representative one



Table 4
Influence analysis.

Reaction Antimony Aluminium foil 204Pb 206Pb 207Pb 208Pb

197Au(n,g)198Au þ0.50% �0.27% <0.1% �0.33% þ0.22% �0.69%
197Au(n,2n)196Au þ0.71% �0.15% <0.1% þ1.51% þ1.31% þ1.45%
63Cu(n,g)64Cu þ0.35% �0.38% <0.1% �0.35% þ0.17% �0.06%
58Ni(n,p)58Co �0.95% �0.56% <0.1% �0.02% �0.32% þ0.53%
93Nb(n,2n)92mNb �0.78% �0.38% <0.1% þ0.75% �1.73% �1.54%
115In(n,n')115mIn �0.91% �0.51% <0.1% þ0.34% �0.21% þ0.80%
115In(n,g)116mIn �0.20% �0.32% <0.1% þ0.02% þ0.31% �0.01%

Table 5
Calculation and C/E�1 comparison for all reactions under study (ENDF/B-VIII.0 transport library).

Reaction Lead thickness Reaction rate [s�1 atom�1] C/E�1 Experimental Uncertainty

58Ni(n,p)58Co 10 cm 3.59E-29 þ6.6% 3.2%
93Nb(n,2n)92mNb 10 cm 1.83E-31 þ2.9% 4.2%
197Au(n,g)198Au 5 cm 3.31E-28 �15.8% 2.9%
197Au(n,g)198Au 10 cm 1.24E-28 �51.4% 3.1%
197Au(n,2n)196Au 5 cm 6.48E-30 �0.5% 4.1%
197Au(n,2n)196Au 10 cm 1.19E-30 þ2.4% 4.3%
63Cu(n,g)64Cu 5 cm 3.83E-29 �1.1% 3.7%
115In(n,n')115mIn 10 cm 8.52E-29 þ0.2% 3.4%
115In(n,g)116mIn 10 cm 1.89E-28 �37.9% 3.1%

Table 7
6Li(n,T)4He reaction rate share for different neutron energy regions for different
scenarios.

Energy range HCLL Pure252Cf 10 cm of lead

1 MeVe16 MeV 0.02% 40.47% 26.80%
0.1 MeVe1 MeV 15.90% 56.15% 69.25%
1 keV-0.1 MeV 47.25% 3.35% 3.92%
1 meV-1 keV 36.83% 0.03% 0.03%
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for the comparison and was calculated based on the information
presented in Ref. [16]. The neutron spectra in the other lithium lead
breed modules have a similar shape.

Table 4 summarizes the influence analysis of isotopic lead
composition, thickness of the aluminium holder, and antimony
content in lead bricks onto the final result. A conservative approach
was employed in the analysis. That means that the reaction rates
were calculated with minimal and maximal values of the studied
parameter. A value with larger difference from nominal value was
then taken into account. The Variance of the 204Pb isotopic content
was found negligible. Other isotopes have influence mainly for (n,
2n) reactions. The thin aluminium holder has influence at most
0.6% if omitted from geometry. The influence of antimony content is
at most 1% for all reactions. This value was found as a difference
between calculations containing 2.5% of antimony and pure lead.

Table 5 shows the results for 5 cm and 10 cm lead thickness and
reaction rates comparisons for all reactions under study. The C/E is
the ratio of the reaction rate calculated byMCNP6 and using IRDFF-
II cross sections and the measured one. Generally, threshold re-
actions agree with calculation within 7%. However, for radiative
capture reactions, the reasonable agreement is not the case. The
only agreement within uncertainties is achieved for 5 cm of lead
thickness and radiative capture reaction 63Cu(n,g)64Cu. This reac-
tion has an uncertainty of convolution of cross section with 252Cf
neutron spectrum equal to 8.41% in 252Cf spontaneous fission
neutron spectrum against 197Au(n,g)198Au reaction which has an
uncertainty of only 0.52%. As can be seen in Fig. 4, spectrum behind
10 cm of lead is not much different from pure 252Cf, thus, one can
expect similar uncertainties. The uncertainty behind the 10 cm of
lead will not be much different. The comparison of neutron spectra
Table 6
Reaction rate share for different neutron energy regions in performed experiment.

Reaction 1 MeVe16 MeV 0.1 MeV

197Au(n,g)198Au 55.1% 40.3%
63Cu(n,g)64Cu 33.7% 29.9%
115In(n,n')115mIn 94.5% 5.5%
115In(n,g)116mIn 42.3% 51.0%
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for different scenarios is displayed in Fig. 4. The other capture re-
actions (In, Au) do not agree with calculation up to�51.43% for gold
radiative capture reaction behind the 10 cm of lead. Table 6 shows
computational reaction rates share distribution for different
neutron energy regions for selected dosimetric reactions. The dif-
ferences in the distribution between 5 cm and 10 cm of lead are
negligible. The problematic region corresponds to the energies
below 1 MeV since threshold reactions agree with the experiment
and the total majority of share is above 1 MeV.

Table 7 shows the calculated reaction rate distribution of tritium
production in the HCLL module, in pure 252Cf neutron spectrum,
and behind the 10 cm of lead. In the case of thicker lead, the mean
energy of neutrons would be moved to lower energies. The total
majority of tritium production in HCLL stems from neutrons below
1 MeV. Gold radiative capture has share of 40% in the energy range
of 0.1 MeVe1 MeV, tritium production in HCLL has share of 16% in
the same energy range. The gold radiative capture agreement is
much better behind 5 cm of lead than 10 cm of lead. The
disagreement behind 10 cm of lead is confirmed by In radiative
capture. The share of 16% of total tritium production is non-
e1 MeV 1 keV-0.1 MeV 1 meV-1 keV

4.6% 0.0%
26.6% 9.8%
0.00% 0.0%
6.6% 0.0%
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negligible amount. Substantial part of HCLL is composed of lead
hence if the agreement is not achieved with 10 cm of lead. One can
expect disagreement in case of larger thickness of lead and different
value of tritium breeding ratio. Tritium breeding ratio value is
crucial for the fusion reactor sustainability.

5. Conclusions

The performed experiment tested the ENDF/B-VIII.0 lead
neutron transport library using the high emission standard 252Cf
neutron source. Generally, dosimetric threshold reactions agree
with calculation reasonably well. Disagreement was found for
radiative capture dosimetric reactions. These discrepancies are
higher with thicker lead layers. It is important to validate the
transport libraries with neutron spectra different from fusion
spectrum. Thus the high emission 252Cf neutron source can be used
not only for validation in fission applications but equally also for
fusion applications due to its low uncertainties. The cross sections
are crucial for estimation of tritium breeding ratio. The 252Cf
isotropic source can be used for validation of some cross-sections
important for fusion applications, i.e. reactions on structural ma-
terials, e.g. Cu, Pb, etc.

It would be useful to perform more experiments with different
neutron spectra. Then it would be possible to deduce which energy
regions are not well described by cross sections. However, there
would still remain the problem of identifying the problematic
isotopes.
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