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ARTICLE

Neutron capture cross-section measurement by mass spectrometry for Pb-204 
irradiated in JRR-3
Shoji Nakamuraa, Yuji Shibaharab, Atsushi Kimuraa, Shunsuke Endoa and Toshiyuki Shizumac

aNuclear Science and Engineering Center, Japan Atomic Energy Agency, Tokai-mura, Naka-gun, Japan; bDivision of Nuclear Engineering 
Science, Institute for Integrated Radiation and Nuclear Science, Kyoto University, Sennan-gun, Osaka, Japan; cTokai Quantum Beam 
Science Center, National Institutes for Quantum Science and Technology, Tokai-mura Naka-gun, Japan

ABSTRACT
Reliable neutron capture cross sections of lead isotopes are necessary for the development of 
lead or lead-bismuth cooled fast reactors. Although 204Pb has the smallest natural abundance 
in stable Pb isotopes, its neutron capture cross-section data are important because a long-lived 
radionuclide 205Pb (T1/2 = 17.3 million years) is produced by a neutron capture reaction on 
204Pb. This study applied a mass spectrometry method to measure the neutron capture cross 
section of 204Pb. An enriched 204Pb sample was irradiated for 24 days with a neutron flux on the 
order of 1013 n/cm2/sec at the Japan Research Reactor-3. The irradiated 204Pb sample was 
analyzed by thermal ionization mass spectrometry to obtain the isotopic ratio between 205Pb 
and 204Pb. Consequently, the thermal-neutron capture cross-section of 204Pb was found to be 
0.536 ± 0.030 barns.
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1. Introduction

An innovative nuclear power system that can serve as 
a core energy resource has been studied by integrating 
economic performance, safety, sustainability, and 
nuclear non-proliferation resistance. The Generation- 
IV International Forum [1,2] was established as 
a framework for international cooperation on research 
and development. The GEN-IV has considered lead- 
cooled fast reactors (LFRs) as one of the reactor types 
for innovative nuclear systems due to the following 
advantages: (a) it is not necessary to make a reactor 
vessel to withstand high pressure because Pb has 
a high boiling point of 1,749°C; (b) the neutron econ
omy is good due to the small neutron deceleration 
effect of Pb; (c) cooling capacity is high due to its 
high thermal conductivity; (d) due to its low reactivity 
with oxygen and water, Pb cooling is much safer than 
Na cooling in the case of leakage.

Accurate nuclear data are required for the design 
of LFRs; a reduction of the 20% uncertainty to 10% 
is required in the neutron energy region from 2 keV 
to 9 keV in energy-dependent neutron capture cross- 
sections of Pb [3]. In order to derive the absolute 
values of the energy-dependent neutron capture 
cross-sections, normalization has to be carried out. 
As one method, if there is one point of highly 
accurate cross-section data in the thermal-neutron 
energy region, it could be used for normalization. 
Based on this logic, we examined the measurement 
of the thermal-neutron capture cross-section for Pb. 

Lead-206 and lead-207 are candidates in terms of 
their abundances, but lead-204 was taken up in this 
study. This is because although the natural abun
dance of 204Pb is small (1.4%), neutron cross-section 
data are of importance because a long-lived radio
nuclide 205Pb ((1.73 ± 0.07) × 107 years [4]) is pro
duced through a neutron capture reaction on 204Pb 
and the accumulation of 205Pb may cause long- 
lasting radiotoxicity. However, it is difficult to mea
sure the neutron capture cross section by 
a conventional activation method because the radio
activity of the reaction product 205Pb is too weak to 
be observed. To measure the neutron capture cross 
section of 204Pb, we therefore applied mass spectro
metry which enables us to estimate the amount of 
the reaction product 205Pb in an irradiated Pb 
sample.

In the present work, an enriched 204Pb sample was 
irradiated for a long period with thermal neutrons 
available in the Japan Research Reactor-3 (JRR-3) [5]. 
After irradiation, the sample was analyzed by thermal 
ionization mass spectrometry (TIMS) technique [6– 
8] at the Integral Radiation and Nuclear Science, 
Kyoto University (KURNS) [9]. The thermal- 
neutron capture cross section of 204Pb was deter
mined from the isotopic ratio between 205Pb and 
204Pb and measured neutron flux. The present neu
tron capture cross section of 204Pb was compared 
with earlier cross section data as well as evaluated 
values.
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2. Experiment

2.1. Target preparation

A metallic 204Pb sample enriched to 99.94%, pur
chased from ISOFLEX USA (San Francisco, CA, 
United States), was cut into two small pieces of 
15.13 mg (sample A) and 13.18 mg (sample B) in 
weight. Only sample A was irradiated with neutrons. 
Mass analysis of both the irradiated and non- 
irradiated samples was carried out to obtain the 
amount of 205Pb produced by neutron capture on 
204Pb. More details will be described in Subsection 3.2.

As shown in Figure 1, the sample A was rapped 
with a high-purity Al foil with a thickness of 15 μm to 
serve as a ‘Pb target.’ The Pb target was further 
wrapped with the Al foil in a twisted manner for fixing 
the position of the Pb target in a capsule made of 
aluminum and for removing heat due to gamma-rays 
in the reactor. The capsule has a diameter of 32 mm 
and a length of 150 mm. A set of two gold-aluminum 
(Au-Al) alloy wires with weights of 0.5 mg and 1.0 mg 
and a 1.2 mg molybdenum (Mo) metal foil was used to 
monitor a neutron flux (‘monitor target’). We pre
pared two capsules containing a set of these monitors. 
While the Au-Al alloy wires serve as a monitor of the 
thermal-neutron flux component, the Mo foil serves as 
a monitor of the epi-thermal neutron flux component. 
Similar to the Pb target, the monitor target was further 
wrapped with the Al foil to form a twist before setting 
into an irradiation capsule. Two sets of the monitor 
capsules were irradiated before and after irradiation of 
the Pb target to confirm the stability of the neutron 
flux. Information on flux monitors is summarized in 
Table 1. Each irradiation capsule contained a hollow 
cylindrical Al spacer and a cylindrical Al weight so 

that it does not float in an irradiation hole. Since it was 
verified by numerical calculations using the ORIGEN2 
code version 2.2 [10] that the temperature of the cap
sule was kept at approximately 52°C in the cooling 
water with the temperature of 50°C, the Pb sample did 
not melt during neutron irradiation.

2.2. Neutron irradiation in JRR-3

Since the neutron capture cross-section of 204Pb is 
small, long-term neutron irradiation with a large flux 
is required to produce an enough amount of 205Pb for 
mass spectrometry. Such neutron irradiation is possi
ble in the JRR-3 facility. Since the first criticality in 
1962, the JRR-3 operated at a 20-MW thermal power 
has been utilized for nuclear engineering research and 
development such as neutron beam experiments, irra
diation tests for nuclear fuels and materials, and also 
production of radio isotopes and silicon semiconduc
tors [5]. The JRR-3 had been suspended since 2011 
due to compliance with new regulatory standards for 
nuclear power plants but has resumed operation since 
the end of June 2021. Figure 2 shows the layout of 
irradiation facilities of the JRR-3. A hydraulic irradia
tion facility (HR) located in a heavy water reflector 
permits neutron irradiation in the range of 10 minutes 
to one cycle (26 days). In our preliminary experiments, 
it was found that the cadmium ratio was 5 from the 
reaction rates obtained by irradiating the Au/Al alloy 
wires with and without a 1-mm-thick Cd shield. The 
proportion of epi-thermal neutron flux component to 
total neutron flux was less than 1%. Hence, the HR can 
be considered as a well-thermalized neutron field. The 
HR equipment has HR-1 and HR-2 irradiation holes. 
HR-2 was selected in this experiment because it can be 

Figure 1. Schematic of capsules which contain irradiation targets of Pb and monitor samples.
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used exclusively for a one-cycle period. When the JRR- 
3 started in 20-MW operation, the monitor target was 
transferred into the HR-2 and then irradiated for 30  
minutes. Subsequently, the capsule containing the Pb 
target was transferred and irradiated for 576 hours (24  
days). After the irradiation of the Pb target, another 
monitor target was irradiated for 30 minutes.

2.4. Gamma-ray measurement

After a cooling time of 95 hours, the irradiated 
capsules were sequentially transferred to a refill 
cell for opening them. The monitor and Pb target 
samples were collected, and then they were kept 
inside different polyethylene bags one at a time 
within a ventilation hood and heat-sealed. The sur
face of the Pb sample was oxidized and blackened, 
but the state of the foil was maintained. Gamma- 
ray measurement of the monitors was performed 
using a high-purity Ge detector (model GX2018– 
7500SL; MIRION Technologies (Canberra), Inc., 
United States) installed in the first experimental 
facility of the JRR-3. Its detector performance was 
characterized by a relative efficiency of 20% to that 

of a 7.6 cm × 7.6 cmΦ NaI(Tl) detector and an 
energy resolution of 1.8 keV full width at half max
imum at the 1.33-MeV gamma-ray peak of 60Co. 
The detector head was housed in a 5-cm-thick Pb 
shield box lined with 5-mm-thick copper plates. An 
acrylic sample stage was set at a distance of 100  
mm from the front of the detector head. Photo- 
peak efficiencies at this distance were obtained with 
the 152Eu calibration source (EU402) with a 1.3% 
uncertainty and also 137Cs and 60Co in the mixed 
source (MX402) with a 1.3% uncertainty, which 
were supplied by the Japan Radioisotope 
Association. The depth of the active area in the 
calibration source was 1.5 mm. When measuring 
the samples, a 1.5-mm-thick acrylic plate was put 
on the sample stage to correct the measurement 
distance.

3. Analysis

3.1. Neutron flux

Neutron flux components were derived from the reac
tion rates R of the monitors obtained from γ-ray 
spectral data using the following equation [11]:  

Table 1. Information on neutron flux monitors.

Targets Materials
Shape  

and size*
Weight 

(mg)
Abundance 

(%)
Purity 

(%)

Monitor 
Set #1

Au-Al alloy wires 0.510 mmΦ 0.572 ± 0.01 
1.101 ± 0.01

0.112 ± 0.001† 99.9845

98Mo Metal foil 3 × 3 mm, 25 μmt 1.191 ± 0.01 24.4 ± 0.1 99.95
Monitor 

Set #2
Au-Al alloy wires 0.510 mmΦ 0.581 ± 0.01 

0.927 ± 0.01
0.112 ± 0.001† 99.9845

98Mo Metal foil 3 × 3 mm, 25 μmt 1.204 ± 0.01 24.4 ± 0.1 99.95

Note: * The symbol ‘Φ’ represents the diameter and ‘t’ the thickness. †Abundance of 197Au.

Figure 2. Various irradiation facilities around the reactor core of the JRR-3. The No. 2 hydraulic irradiation hole (HR-2) indicated by 
the arrow was used in the present irradiation.
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where subscripts 0 and 1 denote the target nuclide 
and reaction product, respectively. The symbol n is 
the number of parent nuclei in the monitor; Iγ is the 
γ-ray emission probability; εγ is its photo-peak effi
ciency; λ is the decay constant. The symbol tirr repre
sents the irradiation time, tc the interval time from 
the end of irradiation to the start of measurement, tR 
(tL) is the real (live) time of γ-ray measurement; Y is 
the photo-peak counts after Compton subtraction; Gγ 

is the γ-ray self-shielding coefficient. Table 2 sum
marizes the results of reaction rates and information 
on γ-ray measurements for the monitors [12].

Based on Westcott’s convention [13,14], the reac
tion rate R can be expressed by the following 
form [11]:  

where the symbol σ0 is the thermal-neutron capture 
cross section; g is the factor as a function of the 
temperature related to the departure of the cross- 
section behavior from the 1/υ law. The symbols Gth 
and Gepi denote self-shielding coefficients for thermal- 
and epi-thermal neutrons, respectively. The symbol 
Φ1 (Φ2) is a neutron flux component in the thermal 
(epi-thermal) energy region. The parameter s0 repre
sents the sensitivity of a nuclide to epi-thermal neu
trons. Table 3 lists the results of neutron flux 
components R/(gGthσ0) together with nuclear 
data [15] used in analysis. Figure 3 shows the obtained 
neutron flux components plotted against the para
meters s0. The measurement data in Figure 3 were 
fitted with a linear function. The y-intercept at zero 
sensitivity to epi-thermal neutrons gives the thermal- 
neutron flux component. Table 4 summarizes the 
obtained y-intercepts and slopes. The thermal- 
neutron fluxes were obtained as (7.55 ± 0.26) × 1013 

n/cm2/sec at the first day of the one-cycle operation 
and (7.57 ± 0.27) × 1013 n/cm2/sec at the last day of the 
operation. More details on the derivation of the ther
mal neutron flux are described in Ref [11]. The 
amount obtained by dividing the slope by the thermal- 
neutron flux component gives Westcott’s index 
[13,14], that is, the ratio of epi-thermal neutron flux 

component to the neutron flux. The index was at most 
0.7 ~ 0.9% which is consistent with the interpretation 
that the neutron field in HR-2 is well thermalized.

Figure 4 shows the hourly data of thermal power 
during the irradiation, which provide an average 
power of 19.1 MW. The thermal powers during irra
diation of the monitor sets #1 and #2 were 18.8 and 
19.1 MW, respectively. The ratio between these 
powers is 0.95, and the ratio between the reaction 
rates in Table 2 is 0.97 ± 0.02; these ratios are in 
agreement within the uncertainty. The neutron flux 
can therefore be considered to be proportional to the 
thermal power. Consequently, the average neutron 
flux of (7.57 ± 0.27) ×1013 n/cm2/sec was obtained to 
yield the net amount of neutrons during irradiation 
of 204Pb.

3.2. Mass analysis for Pb samples

The unirradiated and irradiated Pb samples were 
transferred to KURNS for mass analysis. The isotopic 
ratios of Pb sample were analyzed by TIMS. The mass 
analysis was performed using the mass spectrometer 
TRITON-T1 [6–8,16] (Thermo Fisher　Scientific, 
Inc. USA) installed at KURNS [9]. Isotope analysis 
using TIMS was performed with silica gel and phos
phoric acid as additives by the single filament method 
of a rhenium filament [17–19]. Since the Pb sample 
was a neutron activated sample, its amount had to be 
much less than the sample amount normally used for 
the mass analysis so as not to contaminate the mass 
spectrometer. There was also a problem of silica gel 
used as an additive; the silica gel was different from the 
one used widely for Pb isotopic ratio analysis [20,21]. 
This is why the beam intensity of Pb was much weaker 
than that used in the usual analysis. High-precision 
analysis of Pb isotopic ratio including evaluation of 
isotopic fractionation effect often utilizes the isotope 
dilution method (‘double spike method’ [19]) that 
spikes two types of isotopes. In a sense, this measure
ment would analyze the Pb isotope sample itself used 
for spikes. This is why the isotope dilution method was 
not used in this analysis. Instead, isotopic ratio analy
sis was carried out by normalization [17–19] using the 
linear mass discrimination law. The TIMS was oper
ated according to the manner reported in Refs [19– 
21]: manners of loading a sample into the filament, 

Table 3. Results of the neutron flux components together with nuclear data [15] used in the analysis.

Nuclide
σ0 

(barn) s0 g
Self-shielding 

Gth

Self-shielding 
Gepi

Flux component† 
R/(gGth/σ0) (n/cm2/sec)

Monitor Set #1 Monitor Set #2
197Au 98.65 ± 0.09 17.22 1.0054 1.000 1.000 (8.573 ± 0.144) ×1013 

(8.509 ± 0.138) ×1013
(8.690 ± 0.145) ×1013 

(8.815 ± 0.145) ×1013

Weighted average (8.519 ± 0.138) ×1013 (8.766 ± 0.143) ×1013

98Mo 0.134 ± 0.003* 
(0.130 ± 0.006)

55.91 1.001 0.998 1.000 (1.070 ± 0.033) ×1014 (1.145 ± 0.035) ×1014

Note: * Previous our data for Mo. † Including systematic uncertainties.
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optimizing ion current and the ion lens system, head
ing process of the filament, and so on. The effective
ness of the present method was first examined with the 
standard reference material of Pb (SRM981). Table 5 
summarizes the analysis results obtained by normal
ization based on the 208Pb/206Pb ratio (=2.1681 

[18,22]) together with the certified values. The present 
results were in good agreement with the certified 
values within the margin of uncertainty.

In the analysis of the unirradiated Pb sample, the 
ratio of the yields between the mass 205 and 203 was in 
agreement with that of a natural thallium (Tl); 

Figure 3. Neutron flux components at HR-2 obtained by the flux monitors.

Table 4. Results of the y-intercepts and slopes giving neutron flux components.

Irradiation

y-intercept 
(1013 n/cm2/ 

sec)
Slope 

(1013 n/cm2/sec)

Westcott’s  
index [13] 

(%)

First day of 
one-cycle operation

7.547 ± 0.258 0.0564 ± 0.0101 0.7 ± 0.1

Last day of 
one-cycle operation

7.572 ± 0.274 0.0694 ± 0.0109 0.9 ± 0.1

Figure 4. Fluctuations in the reactor thermal power of JRR-3 during one-cycle operation. The thermal-power data are plotted 
every hour over a period of one cycle operation.
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therefore, it was concluded that the prepared Pb sam
ple contained Tl as an impurity. This is why we 
should consider isobaric interference due to 205Tl in 
deriving the neutron capture cross-section of the 204Pb 
(n,γ)205Pb reaction with an isotopic ration of 
205Pb/204Pb. There are only two isotopes in natural 
thallium: 203Tl and 205Tl, and their natural abundance 
are evaluated by the Commission of Isotopic 
Abundances and Atomic Weights, which is 
a suborganization within the International Union of 
Pure and Applied Chemistry (IUPAC) [22]. The iso
topic ratio between 205Tl and 203Tl is given as:　 

Let symbol 203Tlobs be a yield of 203Tl observed in 
a mass spectrum, 205Tl* be the expected yield of 
205Tl, and 205X be the yield observed at a mass number 
of 205. Assuming that Tl was contained in the Pb 
sample as an impurity with its natural abundances, it 
can be written as:  

From Eq. (4), the yield of 205Tl in the Pb sample can be 
estimated by:  

The net yield of 205Pb could be easily derived as 
follows:  

Consequently, the net isotopic ratio 205Pb/204Pb can be 
obtained by:  

The generation of 205Pb by neutron irradiation of the 
204Pb sample is given by the following equation using 
205Pb/204Pb ratios before and after the irradiations:  

Here, a difference is taken in order to prevent the 205Tl 
from being missed and/or overtaken, because the term 
[(205X - 205Tl*)/204Pb]before in Eq. (8) might not 
become zero ascribe to the analysis uncertainties. 
The obtained mass spectrum is drawn in Figure 5; 
the spectrum of the non-irradiated Pb sample is also 
plotted in Figure 5 so that the changes in the spectra 
can be clearly seen before and after the irradiation. 
Table 6 summarizes the results of isotopic ratios of the 
Pb samples before and after the irradiation, and the 
values in the sample spec sheet are also listed. The 
present analysis found the net isotopic ratio 
205Pb/204Pb to be (8.422 ± 0.367) × 10−5, and the 
ratio as small as 5 orders of magnitude could be 
measured with an uncertainty of about 4.3%. It 
would be a future task to improve the uncertainty by 
an order of magnitude by examining additives in mass 
spectrometry [21].

Table 5. 　Results of isotopic abundance analysis for SRM-981 (Number of samples n=13).
Isotopic abundance (%)

Pb-204 Pb-206 Pb-207 Pb-208

Measured 1.4258±0.0025 24.1415±0.0243 22.0872±0.0042 52.3455±0.0277
Certificated 1.4255±0.0006 24.1442±0.0029 22.0833±0.0014 52.3470±0.0043

Figure 5. Mass spectrum for irradiated 204Pb sample. Figure also draws the spectrum for the non-irradiated 204Pb sample.
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4. Results and discussions

The number of 205Pb produced by neutron irradiation 
of 204Pb is given by the following equation: 

where n0 and n1 are the numbers of nuclei of 204Pb 
and 205Pb; σ is the neutron capture cross-section 
of204Pb; Φ is the neutron flux; λ is the decay con
stant of 205Pb; Tirr is the irradiation time (576  
hours). It is naturally conceivable that the produced 
205Pb loses its production due to neutron absorp
tion. Using the thermal-neutron capture cross- 
section of 4.50 barns adopted in JENDL-5.0, the 
loss to 205Pb production was estimated to be at 
most 0.035%. This is why the double neutron cap
ture reaction of 204Pb was not considered here. 
Since the half-life of 205Pb is as long as (1.73 ±  
0.07) × 107 years [4], (1.53 ± 0.07) × 107 years [12] 
and (1.70 ± 0.09) × 107 years [23], the 205Pb nucleus 
can be treated as a stable nuclide in the time span in 
this experiment. The difference between the half- 
lives used in the analysis affects the result of the 
reaction rate in the conventional activation method, 
but the half-life can be ignored under the present 
condition: λTirr~3 × 10−9 <<1. Hence, Eq. (9) can be 
written more simply by:  

where σΦ is replaced with the reaction rate R. The 
term of the number of nuclei in Eq. (10) is trans
formed and expressed in the form of the ratio between 
205Pb and 204Pb as: 

The reaction rate can be derived only from the iso
topic ratio and irradiation time. The obtained iso
topic ratio (8.42 ± 0.37) × 10−5　was divided by the 
irradiation time (576 hours) to find the reaction rate 
R as (4.06 ± 0.18) × 10−111/sec. The self-shielding 
coefficient Gth was estimated to be unity. 
Assuming the g factor of unity, the division of the 
reaction rate R by the neutron flux discussed in 
Subsection 3.1 gives the thermal-neutron capture 
cross section of 204Pb as 0.536 ± 0.030 barns.

The present result is compared with the previous 
experimental values [24–26] and evaluated data 
[15,27–32] in Table 7. While the evaluated values 
of Refs [15,29,30,32] are close to the experimental 
values given by Jurney et al. [26], those of Refs 
[27,28,31] are close to the value given by Wing 
et al. [25] The latest evaluated nuclear data library 
JENDL-5 [32] shows the thermal-neutron capture 
cross-section of 703.1 mb for 204Pb together with 
the energy-dependent neutron capture cross-section 
data based on the neutron capture cross-section data 
from 1 eV to 440 keV by Domingo-Pardo et al. [33]. 
In a previous measurement at the Oak Ridge 
National Laboratory [24], the neutron capture cross- 
sections were systematically measured for more than 
100 isotopes. Using the pile oscillator method 
[34,35], the neutron capture cross-section of 204Pb 
was derived as 0.9 ± 0.6 barns with an uncertainty of 
70%. This value is largest among the cross sections 
measured so far. Wing et al. [25] derived the neu
tron capture cross-section of 0.7 ± 0.2 barns with 
a 28% uncertainty using the mass spectrometry, 
which was similar to the present measurement 

Table 6. Result of the isotopic abundance analysis of 204Pb samples before 
and after the irradiation.

Lead 
isotope

Isotopic abundance (%)

Certificate 
sheet

Before 
irradiation

After 
irradiation

Pb-204 99.94 99.9392 ± 0.0039 99.9305 ± 0.0023
Pb-206 0.04 0.0375 ± 0.0010 0.0365 ± 0.0003
Pb-207 0.01 0.0084 ± 0.0011 0.0088 ± 0.0008
Pb-208 0.01 0.0148 ± 0.0021 0.0158 ± 0.0011
Pb-205 0.0084 ± 0.0004

Table 7. Present result of the thermal-neutron capture cross-section for 204Pb together with the 
previously reported and evaluated data.

Author Year σ0 (barn) Method Ref.

This work — 0.536 ± 0.030 Activation & mass analysis

JENDL-5 2021 0.7031 Evaluation [32]
ENDF/B-VIII.0 2018 0.6609 Evaluation [31]
Mughabghab 2018 0.703 ± 0.035 Evaluation [15]
JEFF-3.3 2017 0.7036 Evaluation [30]
JENDL-4.0 2011 0.7032 Evaluation [29]
ENDF/B-VII.1 2011 0.6609 Evaluation [28]
Mughabghab 1984 0.661 ± 0.07 Evaluation [27]
Jurney et al. 1967 0.661 ± 0.070 Capture gamma-ray analysis [26]
Wing et al. 1958 0.7 ± 0.2 Activation & Mass analysis [25]
Pomerance 1952 0.9 ± 0.6 Pile oscillator method [24]
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method. Although they irradiated the Pb sample in 
the reactor for a long period, neutron fluxes were 
not measured. Instead, those were calculated by 
reducing the values from the pile data by 20%. In 
addition, they performed mass analysis after chemi
cal treatment by adding Tl, Bi, Hg, Sn, Sb, and Fe as 
hold back carriers to the irradiated Pb sample. As 
described in the previous section, the 205Tl impurity 
contributes to the yield of the mass number of 205 
in the mass spectrum. This isobaric interference has 
been carefully considered when the neutron capture 
cross section of 204Pb is derived by mass spectro
metry. Jurney et al. [26] derived the neutron capture 
cross-section of 204Pb by capture gamma-ray analy
sis. A 204Pb sample enriched to 74.1% including 
206Pb (11.8%), 207Pb (5.9%), and 208Pb (8.2%) was 
irradiated with neutrons. By taking the sum of the 
partial cross sections over all the observed gamma 
rays, they extracted the neutron capture cross- 
section of 0.661 ± 0.070 barns [26] which is slightly 
larger than the present one.

In the future, we plan to apply the present mea
surement technique to other stable Pb isotopes such 
as 206Pb and 207Pb. Accurate thermal-neutron cap
ture cross sections of these Pb isotopes can be used 
to normalize their energy-dependent cross-section 
data.

5. Conclusion

Lead is used as a coolant for the fast reactor proposed 
in the GEN-IV; Pb contains 204Pb isotope. Another Pb 
isotopes only produce stable or short half-life nuclides 
through neutron capture reaction, but 204Pb does 
a long-lived radioactive nuclide: 205Pb. From the view
point of activation of 204Pb, the cross-section measure
ment was conducted for 204Pb. However, its cross- 
section measurement was difficult by the conventional 
activation method using neutrons supplied from 
a nuclear reactor due to the weak radioactivity of 
205Pb. Thereupon, we have come up with the idea 
that the neutron capture cross-section could be 
derived if the Pb isotopic ratios could be measured 
by mass spectrometry. The isotopic ratio was mea
sured with high accuracy (10−5) by devising additives 
and considering isotope interference. The present 
work succeeded in measuring the thermal-neutron 
capture cross-section of 204Pb using the highly 
enriched 204Pb sample by mass spectrometry, and 
found it to be 0.536 ± 0.030 barns. The present result 
revealed that the past experimental value [26] was 
overestimated by 18%; it was adopted as the evaluated 
data [27,31] though. Furthermore, the latest evaluated 
data [29,30,32] might be overestimated by 24%. It is 
expected that the present result would be adequately 
evaluated and the evaluated nuclear libraries would be 
revised.
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