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ARTICLE

Measurements of capture cross-section of 93Nb by activation method and 
half-life of 94Nb by mass analysis
Shoji Nakamuraa, Yuji Shibaharab, Shunsuke Endo a and Atsushi Kimura a

aNuclear Data Center, Nuclear Science and Engineering Center, Japan Atomic Energy Agency, Tokai-mura, Naka-gun, Ibaraki-ken, Japan; 
bRadioactive, Waste Management, Division of Nuclear Engineering Science, Institute for Integrated Radiation and Nuclear Science, Kyoto 
University, Kumatori-cho, Sennan-gun, Osaka, Japan

ABSTRACT
The thermal-neutron capture cross section (σ0) and resonance integral (I0) for93Nb were 
measured by an activation method; a half-life of 94Nb was derived by mass analysis. 
Niobium-93 samples were irradiated with the use of the hydraulic conveyer installed in the 
research reactor in Institute for Integral Radiation and Nuclear Science, Kyoto University. Gold- 
aluminum and cobalt-aluminum alloy wires were used to monitor thermal-neutron fluxes and 
Westcott’s indexes at the irradiation position. A 25-μm-thick gadolinium foil was used to 
separate reactions ascribed to thermal neutrons. Its thickness provided a cut-off energy of 
0.133 eV. In order to attenuate the radioactivity of 182Ta produced by impurities, the Nb 
samples were cooled for nearly 2 years. The induced radio activity in the monitors and Nb 
samples was measured by gamma-ray spectroscopy. In the analysis based on Westcott’s 
convention, the σ0 and I0 values were calculated as 1.11 ± 0.04 barns and 10.5 ± 0.6 barns, 
respectively. After the γ-ray measurements, mass analysis was applied to the Nb samples to 
obtain the reaction rate. By combining data obtained by both γ-ray spectroscopy and mass 
analysis, a half-life of 94Nb was determined as (2.00 ± 0.15) ×104 years.
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1. Introduction

Since the first commercial nuclear power plant went 
into operation in 1966 in Japan, light water reactors 
have been actively constructed. The unavoidable issue 
that arises after more than half a century is decom-
missioning nuclear reactors, which have reached the 
end of their service lives. Decommissioning will be an 
issue, especially in terms of environmental impact, 
when disposing of radioactive industrial waste: con-
crete, fuel control materials, structural materials and 

electric cables, coming from nuclear reactor facilities. 
Important radionuclides in decommissioning have 
been identified, and the concept of clearance levels 
[1] has been discussed for those nuclides. Regarding 
structural materials, niobium-94 is listed as one of the 
radionuclides with defined clearance levels, because 
a small amount of Nb (0.8–0.9%) is intentionally 
added in structural materials for improving material 
performance. The clearance level of 94Nb is 
a radioactivity concentration of 0.1 Bq/g. Reactor 

CONTACT Shoji Nakamura nakamura.shoji@jaea.go.jp Nuclear Data Center, Nuclear Science and Engineering Center, Japan Atomic Energy 
Agency, 2-4 Shirakata, Tokai-mura, Naka-gun, Ibaraki-ken, Japan

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY 
2023, VOL. 60, NO. 11, 1361–1371 
https://doi.org/10.1080/00223131.2023.2198526

© 2023 Atomic Energy Society of Japan. All rights reserved. 

http://orcid.org/0000-0001-9100-6763
http://orcid.org/0000-0002-1942-1724
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00223131.2023.2198526&domain=pdf&date_stamp=2023-10-17


structural stainless steel (18–8 stainless steel: A.I.S.I. 
Type 304, 304 L) and niobium-containing stainless 
steel (A.I.S.I. Type 347) have been used in various 
structures such as pressure vessels, pipes, and fuel 
cladding due to their excellent heat and corrosion 
resistance. Austenitic stainless steel (SUS316) has 
been selected as a material for fuel cladding and wrap-
per tubes for fast reactors, and strength at high tem-
perature was improved by adding a small amount 
(0.1%) of 93Nb in the stainless steels. Although nio-
bium-93 has a small thermal-neutron capture cross 
section (1.15 ± 0.05 barns [2], 1.142 barns [3]), it can 
be activated by reactor neutrons and generates 94Nb 
with a relatively long half-life (T1/2) of 20,400 years [4]. 
A partial decay scheme of 94Nb [5] is shown in 
Figure 1. The activated Nb therefore continues to 
emit gamma rays over a very long period of time. 
Corrosion products containing Nb can contaminate 
heat transfer mediums, creating an obstacle to reactor 
maintenance due to the radiation dose and to disposal 
in decommissioning. Therefore, it becomes necessary 
to evaluate the amount of 94Nb produced by neutron 
irradiation.

Here, we summarize the present situation of 
thermal-neutron capture cross-section data of 
93Nb. The reported data so far are plotted in 
Figure 2. The measurement data [6–13] are old, 
with few measurements in the last 50 years; in 
recent years, one measurement has been reported 
in 2019 [14]. The principal values of the reported 
data are not convergent, and their uncertainties are 
as large as 15–20%. The magnitude of the uncer-
tainty will affect the uncertainty of the predicted 
amount of 94Nb radioactivity. Consequently, the 
present study measured the thermal-neutron cap-
ture cross section (σ0) of 93Nb that contributes to 
the evaluation of the produced amount of 94Nb. 
The cross section was derived with an accuracy of 
several percent, higher than the previously reported 
values. This causes the reported σ0 data to con-
verge. Furthermore, a resonance integral (I0) was 
derived in the process of deriving σ0. As in the past 

measurements an activation method and gamma- 
ray spectroscopy were used with reactor neutrons, 
but in this work mass analysis was also conducted 
to cross-check the reaction rate of 93Nb. In the 
process of mass analysis, a measurement of the 
half-life of 94Nb was also determined.

2. Experimental principle

Our experimental method based on Westcott’s con-
vention is described here for deriving the thermal- 
neutron capture cross section and resonance inte-
gral. A simple outline of the convention is presented, 
and further details are described elsewhere [15,16]. 
When a neutron flux in a nuclear reactor is well 
moderated, it is assumed that the neutron flux dis-
tribution can be represented by the sum of two 
components: a Maxwell distribution and an epi- 
thermal component. The reaction rate R can be 
expressed in the simple form [17]:  

where σ0 is the thermal-neutron capture cross sec-
tion; the factor g is a function of temperature, 
related to the departure of the cross-section beha-
vior from the 1/υ law; ϕ1 is the neutron flux com-
ponent in the thermal energy region; the symbol ϕ2 

is that in the epi-thermal energy region. The sym-
bols Gth and Gepi denote self-shielding coefficients 
for thermal- and epi-thermal neutrons, respectively. 
These self-shielding coefficients [18,19] are calcu-
lated from the neutron capture cross sections and 
areal densities of the samples. The parameter s0 
represents the sensitivity to epi-thermal neutrons 
and is defined by: 

Figure 1. Partial decay scheme for 94Nb [5]. * The half-life of 
the 94Nb ground state was taken from Ref. [4].

Figure 2. Thermal-neutron capture cross sections for 93Nb 
plotted in order of publication year [6–14]. Past reported 
data are denoted by closed circles (●), and the present work 
by closed square (■).
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where I0’ is called a “reduced resonance integral,” 
which is the quantity obtained by subtracting a 1/υ- 
contribution from a resonance integral I0. The reso-
nance integral I0 is a quantity indicating the likelihood 
of a capture reaction by epi-thermal neutrons. The 
resonance integral I0 is then given by adding the 1/υ- 
contribution to the reduced resonance integral I’0: 

where the term I(1/υ) is the 1/υ-contribution to I0 above 
a (cadmium) cut-off energy Ec. The term I(1/υ) is 
given by: 

where E0 is the thermal-neutron energy of 0.0253 eV. 
Here, in order to find the two quantities for σ0 and s0 

(or I0) of a target nuclide, one more equation should 
be required in addition to Eq. (1). When using the 
neutron field in a nuclear reactor, reaction rates are 
obtained by artificially changing the neutron field with 
a neutron filter such as cadmium (Cd) or gadolinium 
(Gd). The reaction rate in this case can be written in 
the same manner as Eq. (1): 

for the filtered target. Here, the prime (’) means irra-
diation with Cd or Gd filters. The symbols ϕ1’ and ϕ2’ 
are neutron flux components in thermal- and epi- 
thermal energy regions. The neutron flux components 
in Eqs. (1) and (5) are obtained using nuclides such as 
59Co and 197Au, whose thermal-neutron capture cross 
sections and decay data are well known. Solving Eqs. 
(1) and (5) provides the σ0 and parameter s0. The 
resonance integral I0 can be obtained by using the 
obtained value for s0 and Eqs. (2-4). In this study, 
the reaction rate R’ in Eq. (5) was measured by shield-
ing the thermal neutron component using a Gd filter. 
A 25-μm-thickness Gd foil was chosen to take a value 
of 0.133 eV as the cut-off energy Ec [20]. For this cut- 
off energy Ec, the 1/υ contribution to the I0 is found by 
Eq. (4) to be 0.872 gσ0.

3. Experiments

3.1. Target preparation

Figure 3 shows an overview of prepared 93Nb targets. 
The niobium samples were metal foils with a purity of 
99.99%; each had a diameter of 4 mm, a thickness of 
0.054 mm, and a mass in the order of 5 mg. The 
weights of the Nb samples were measured with an 
accuracy of ±1 μg with a microbalance: model XP6 
(METTLER TOLEDO, United States). A set of a gold- 
aluminum (Au-Al) alloy wire (content ratio 0.112 ±  
0.001%, purity of contained Au 99.98%, 0.510 mm in 
diameter) and a cobalt-aluminum (Co-Al) alloy wire 
(content ratio 0.460 ± 0.005%, purity of contained Co 
99.93%, 0.381 mm in diameter) was used to monitor 
neutron flux components at the irradiation position. 
These two wire choices are suitable for flux monitors 
because 59Co and 197Au have different sensitivities to 
thermal- and epi-thermal neutrons. The amount of 
59Co and 197Au contained in each wire was deter-
mined by their content ratios and weight measure-
ments with the microbalance. Information on Nb 
foils and alloy wires is summarized in Table 1. These 
neutron flux monitor wires were the same as in Ref 
[17] because they were shared for neutron irradiation. 
The set of 59Co and 197Au monitors was attached near 
to the 93Nb sample and then wrapped with a 15- 
μm-thick high-purity Al foil. The 93Nb sample with 
the monitor set was used as an irradiation target 
(called ‘a bare target’ as shown in Figure 3(a)). 
Another monitor set was attached near two other 

Figure 3. Schematic of irradiation capsules containing bare 
and Gd filtered targets.

Table 1. Niobium samples and neutron flux monitors for the irradiations.

Nuclide
Shape and 

Size
Abundance 

(%)
Purity 

(%)
Weight 

(mg)
Irradiation 
Time (sec)

93Nb Metal foil 
4 mmϕ, 0.054 mmt

100 99.9 5.090 ± 0.001a) 

10.126 ± 0.002b) †
19,595a) 

19,585b)

59Co Co-Al alloy wire 
0.381 mmϕ, 1 mm

0.460 ± 0.005 99.93 0.275 ± 0.001a) 

0.444 ± 0.001b)

197Au Au-Al alloy wire 
0.510 mmϕ, 1 mm

0.112 ± 0.001 99.98 0.473 ± 0.001a) 

0.390 ± 0.001b)

a) In the case of ‘a bare target.’ b) In the case of ‘a Gd filtered target.’ 
† Two Nb foils were used to obtain sufficient statistics.
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93Nb samples, and they were wrapped with Al foil. The 
wrapped samples were sandwiched with a 25- 
μm-thick Gd foil with a purity 99.9% (called ‘a Gd 
filtered target’ as shown in Figure 3(b)) to subtract the 
contribution from thermal neutrons as described in 
Section 2. The bare and Gd filtered targets were placed 
into aluminum inner capsules filled with helium gas. 
The inner capsules containing the targets were then 
placed into outer capsules made of aluminum alloy 
(A5052) used for the hydraulic conveyer. Just before 
irradiations the outer capsules were filled with ion 
exchanged water and the lids were then closed firmly.

3.2. Neutron irradiation in hydraulic conveyer

The neutron irradiation was carried out with neutrons 
supplied by the research reactor (KUR) of　the Institute 
for Integrated Radiation and Nuclear Science, Kyoto 
University (KURNS) [21]. In examining the 93Nb(n, 
γ)94Nb reaction, it is necessary to produce as much 
94Nb as possible to obtain a sufficient yield of gamma 
rays, since 94Nb has a thermal-neutron capture cross- 
section on the order of 1 barn and also a relatively long 
half-life of 20,400 years. Thus, neutron irradiation was 
performed with a hydraulic conveyer system as shown 
Figure 4 in order to access a large neutron flux of 
1×1014n/cm2sec in 5-MW power operation of the KUR; 
however, the irradiation was limited to 6 h on a single day 
once per week. The present irradiations were performed 
under the same conditions as those in Ref [17]. The bare 
target was transported from the top of the KUR to the 
center of the reactor core by sending out the wire of the 
conveyer system. The bare target was irradiated for 6 h in 
5-MW power operation. After irradiation, the capsule 
was transferred to a canal in the hot cave room of the 
KUR, and then cooled for 3 days, mainly to attenuate the 
induced radioactivity of the capsule itself. The Gd filtered 

target was also irradiated and cooled in the same proce-
dure during the 5-MW operating day of the next week.

3.3. Gamma-ray measurement

After cooling, the irradiated targets were opened in 
a cell at the hot laboratory of the KUR, and the 93Nb 
samples and the neutron flux monitors were collected 
from the capsules. Gamma-ray measurements were 
performed on 93Nb samples and neutron flux moni-
tors. Decay gamma rays emitted from 93Nb samples 
and monitors were measured with the high-purity Ge 
detector (model GEM 25,185; ORTEC, United States) 
installed in the first measurement room of the hot 
laboratory. The measurement distance was 100 mm 
from the front surface of the Ge detector to the sample 
position. Gamma-ray peak efficiencies of the Ge detec-
tor were measured with a mixed source AM-8140 
supplied by Eckert & Ziegler Nuclitec GmbH, 
Germany. The uncertainty of the source activity was 
1.5% (1σ). Figure 5 shows the gamma-ray spectrum of 
the bare Nb sample measured about 5 days after irra-
diation. Decay gamma rays originating from 94Nb 
were observed at 703 keV and 871 keV with poor 
statistics relative to intense background gamma rays 
originating from 182Ta (T1/2 = 114.43 days [22]). Many 
gamma rays emitted from 182Ta were observed in the 
energy regions below 500 keV and above 1 MeV. This 
is because even a high-purity Nb sample contains 
a very small amount of 181Ta, which has a relatively 
large neutron capture cross section of 20.4 ± 0.3 barn 
[2] and thus the Nb sample produces a large amount 
of 182Ta. In order to improve the statistics and obtain 
accurate gamma-ray yields for 94Nb, it was decided to 
cool the Nb samples for about 2 years thereby attenu-
ating 182Ta activity sufficiently. After cooling the irra-
diated Nb samples, the emitted decay gamma rays 

Figure 4. Outline of the hydraulic conveyer system in the KUR.

Figure 5. Gamma-ray spectrum of the bare Nb sample. 
Cooling time was about 5 days; live time was 65,535 sec and 
real time was 70,372 sec; dead time was 7%.
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were remeasured for 10 h for the bare target and 15 
h for the Gd filtered target. The spectra obtained for 
these targets are drawn in Figure 6.

4. Analysis and results

4.1 Neutron flux components

The neutron flux components were derived for the 
irradiation position of the hydraulic conveyer as fol-
lows: The reaction rates R and R’ were obtained from 
gamma-ray yields emitted from the irradiated flux 
monitors. Table 2 summarizes the nuclear data used 
in this analysis. Using the obtained reaction rates of 
the monitors, neutron flux components were deter-
mined using Eqs. (1) and (5) in Section 2. Figure 7 

plots the neutron fluxes obtained by the monitor wires 
against the parameter s0. The neutron flux compo-
nents ϕ1 and ϕ1’ are derived from the relations 
shown in Figure 7; the slopes of the solid lines give 
the epi-thermal flux components: ϕ2 and ϕ2’. The 
intercept on the y-axis in Figure 7 gives the thermal- 
neutron flux component ϕ1, which was found to be 
(1.09 ± 0.02) ×1014 n/cm2/sec in the present experi-
ment. The proportion of epi-thermal neutrons was 
found to be 3.3%. Table 3 summarizes the results of 
the neutron flux components ϕ1, ϕ2, ϕ1’ and ϕ2’ 
together with the reaction rates R and R’ of the flux 
monitors, and Table 4 summarizes the statistical and 
systematic uncertainties for the flux monitor 
measurements.

4.2. 93Nb cross section by gamma-ray analysis

This section describes the study of the neutron capture 
reaction of 93Nb by gamma-ray analysis. From the decay 
scheme in Figure 1, it can be seen that the isomeric state 
94mNb with a half-life of 6.263-min transitions to the 
ground state 94gNb with a probability of 95.50%, and 
the remaining 0.50% decays to 94Mo. At the time of 
gamma-ray analysis, the isomer 94mNb had fully decayed 
to 94gNb because the irradiated Nb samples were suffi-
ciently cooled. Thus, it was considered that the yields of 
gamma rays emitted from 94gNb reflected the production 
amount of both the isomeric and ground states; however, 
regarding the effect of the β-decay branch from the 
isomeric state, with a probability of at most 0.5%, this 
was incorporated into the systematic uncertainty. When 
solving the differential equation for the 93Nb(n,γ)94m 

+gNb reaction, the reaction rate R and R’ is given by the 
following equation: 

where subscripts 0 and 1 denote 93Nb and 94m+gNb, 
respectively. The symbol n is the number of nuclei in 
the target; for example, n0 represents the number of 
93Nb nuclei, which was quantified by measuring the 
sample weight using the microbalance. The symbol Iγ 
is the gamma-ray emission probability; εγ is the corre-
sponding gamma-ray detection efficiency; λ is the 
decay constant given by the half-life T1/2; Gγ is the 

Figure 6. Spectra of γ rays emitted from the (a) bare and (b) Gd 
filtered 93Nb samples. Caption: (a) Cooling time was 696 days; 
live time was 36,000 sec and real time was 36,043 sec. (b) 
Cooling time was 675 days; live time was 54,000 sec and real 
time was 54,093 sec.

Table 2. Nuclear data of monitors used in the present analysis [2, 4, 22].

Nuclide Half-lifea)

Detected γ-ray

σ0
a) 

(barn)
I0 

a) 

(barn)
factor 

g
Parameter 

s0 
a) Gth Gepi

γ-ray Energy 
(keV) Emission Probability Iγa)(%)

59Co 
(to 60Co)

5.2711 8 
(years)

1173.2 
1332.5

99.9826 6 
99.85 3

37.18 6 75.8 20 1.0004 1.74 6 b) 

1.32 6 c)
1.00 1.00

197Au 
(to 198Au)

2.6943 3 
(days)

411.8 95.62 6 98.65 9 1550 28 1.0054 17.2 3 b) 

16.7 3 c)
1.00 0.99

93Nb 
(to 94gNb)

2.04 4 
(×1014 years)

871.1 
702.6

99.9 1 

97.9 20

1.15 5 8.5 5 1.003 1.00 1.00

aIn our notation, 2.6943 3 is 2.6943 ± 0.0003, 95.62 6 is 95.65 ± 0.06, 98.65 9 is 98.65 ± 0.09, and etc. 
bParameter s0 at a cut-off energy of 0.5 eV. c) Parameter s0 at a cut-off energy of 0.133 eV.
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gamma-ray self-shielding coefficient; Y is the yield of 
gamma rays obtained by measurement. Regarding the 
time parameters, Tirr represents the irradiation time at 
the reactor, Tc the cooling time (or interval time) from 
the end of the irradiation to the start of measurement, 
TR is the real time of gamma-ray measurement and TL 
the live time. The reaction rates R and R’ were derived 
using Eq. (6) from the yields of gamma rays emitted 
from the decay of 94gNb obtained by gamma-ray mea-
surement of each target. Table 5 lists measurement 

conditions, obtained gamma-ray yields, and the reac-
tion rates for the 93Nb(n,γ)94m+gNb reaction. Nuclear 
data used for the present analysis are also summarized 
in Table 2. Uncertainty contributions to the reaction 
rates are listed in Table 6. We quantitatively examined 
how the influence of each of these items propagate to 
the reaction rates. The reaction rates and neutron flux 
component calculations yield values of 1.11 ± 0.04 
barns for the thermal-neutron capture cross section 
σ0, 9.74 ± 0.52 for the parameter s0, and 10.5 ± 0.6 
barns for the resonance integral I0 at Ec = 0.133 eV. 
A decomposition of uncertainties propagated to the 
present results of σ0 and s0 is summarized in Table 7. 
The total uncertainty was evaluated by taking the 
square root of the sum of squares of partial uncertain-
ties. The present results are summarized in Table 8 
together with the past measured [6–14,23–26] and 
evaluated data [2,3].

4.3. 93Nb reaction rate by mass analysis

Only 0.5% of 94mNb decay to 94Mo and the remain-
ing 99.50% of 94mNb decays to 94gNb. In other 
words, 94gNb bears the bulk of the information on 
how much capture reaction has occurred. 
Furthermore, it would be possible to derive the 
reaction rate of 94Nb by determining the isotope 
ratio of 94Nb to 94Nb. We therefore set out to 

Figure 7. Relations between R/σ0 (and R’/σ0) and parameter s0 

obtained from irradiation at hydraulic conveyer in 5-MW 
power operation.

Table 3. Reaction rates of flux monitors and neutron flux components at the irradiation position in the 
core of KUR [17].

Target 
Type

R/σ0 and R’/σ0 (×1013/cm2/sec) flux components (×1014 n/cm2/sec)
59Co 197Au ϕ1 and ϕ1’ ϕ2 andϕ2’

Bare 11.5 ± 0.2 17.1 ± 0.3 1.09 ± 0.03 0.036 ± 0.003
Gd filtered 2.02 ± 0.04 8.27 ± 0.15 0.149 ± 0.005 0.041 ± 0.001

Table 4. Systematic uncertainties for flux monitor 
measurements.

Items

Uncertainties (%)
59Co 197Au

Cross section: σ0 0.16 0.09
Half-life: T1/2 0.01 0.01
Emission probability: Iγ 0.03 0.06
Weight: m 0.36 0.20
Abundance (wt%) 1.09 0.89
Efficiency: εγfitting uc. only* 

fitting + source uc. (1.5%)
0.16 
1.51

0.28 
1.53

Total systematic uncertainty 1.91 1.78

*These systematic uncertainties due to the calibration source uncer-
tainty are canceled at the time of division of reaction rates.

Table 5. Experimental conditions, obtained gamma-ray yields and reaction rates for the 93Nb(n,γ)94m+gNb reaction.
Target Irrad. time 

Tirr (sec)
Cooling time 

Tc (day)
Measur. time 

TL, TR (sec)
Peak Efficiencies 

(%)
-ray yield 

Y (Counts)
Reaction rate * 

R or R’ (×10−10/sec)
Arithmetic mean 

R or R’ (×10−10/sec)

Bare 19,595 695.65 36,000 
36,043

0.2577 (703 keV) 
0.2161 (871keV)

10121 ± 130 
8665± 135

1.601 ± 0.021 
1.594 ± 0.025

1.598±0.016 (±0.046 †)

Gd filtered 19,585 675.07 54,000 
54,093

11370±164 
9719± 183

0.6031±0.0870 
0.6023±0.1134

0.6027±0.071 (±0.0176 †)

* Statistical uncertainties are only listed. † Systematic uncertainties: see Table 6 for the details.
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determine the reaction rate by mass analysis. Using 
the same description as given in Section 4.2, the 
number of nuclei of produced 94Nb is given by the 
following simple equation: 

This gives the reaction rate R as follows: 

where rmass is the isotope ratio of 94Nb to 93Nb. 
Equation (8) indicates that the reaction rate can be 
obtained with a precision determined by that of the 
mass analysis. It is trivial to see that Eq. (8) is not 
affected by uncertainties of nuclear data used for other 
analyses, such as half-life data and gamma-ray emis-
sion probabilities.

The bare and Gd filtered Nb samples were dissolved 
in 0.2 M HF +3 M HNO3 and then each solution was 
analyzed by thermal ionization mass spectrometry 
(TIMS) [27]. The analysis was performed using the 
mass spectrometer TRITON-T1 [28–32] (Thermo 
Fisher　Scientific, Inc. U.S.A.) installed at KURNS. 
The isotope analysis of Nb was performed by the 
double filament method with a ‘zone-refined’ rhenium 
filament [27]. Here, attention was focused on the 
ionization potential of Nb. The ionization potentials 
of Mo and Zr were also examined, since Mo and Zr 
belong to the transition elements, like Nb, and they are 
elements adjacent to Nb. The ionization potential 
energy of Nb is 6.8 eV, while the energies of Mo and 
Zr, respectively, are 7.1 eV and 6.6 eV [33], which are 
close to that of Nb. We used silica gel + H3BO3 [27] as 
additives for the analysis of Mo and Zr in this mass 
analysis. The rhenium filaments were drip coated with 

Table 6. Uncertainties propagated to the reaction rates due to 
uncertainties of the data used in the present analysis for the 94Nb 
(n,γ)94m+gNb reaction.

Concerned Items
Uncertainties 

(%)

Half-life of 94gNb: T1/2 = 2.04 ± 0.04 ×1014years 1.96
Emission probability: Iγ(871 keV) 99.9% 0.1
Isomer transition: 99.50% 0.5
Efficiency: εγ(871 keV) fitting uc.+ source uc. (1.5%) 

(fitting uc. only)
1.68 

(0.75)
Sample weight: m (mg) 0.02
Irradiation time: Tirr 0.46
Total systematic uncertainty 2.67
Uncertainty when considering R/R’ ratio 0.88

Table 7. Partial uncertainties propagated to the σ0 and parameter s0.
σ0 (barn) Partial Uncertainties* Parameter s0 Partial Uncertainties*

1.11 ± 0.04 ∂ (σ0 /R) 
∂ (σ0 /ϕ1) 
∂ (σ0 /ϕ2) 
∂ (σ0 /s0)

0.0317 
0.0122 
0.0122 
0.0144

9.74 ± 0.52 ∂ (s0 /(R/R’)) 
∂ (s0 /ϕ1) 
∂ (s0 /ϕ2) 
∂ (s0 /ϕ1’) 
∂ (s0 /ϕ2’)

0.1100 
0.2218 
0.2225 
0.1490 
0.3702

*In our notation, ∂ (σ0/R) denotes partial differentiation of σ0 by R.

Table 8. Present results of the thermal-neutron capture cross section and the resonance integral for 
the 93Nb(n,γ)94m+gNb reaction together with the past reported data.

Author σ0 (barn) I0 (barn)
Cut-off 

energy (eV) Ref.

Present Work 1.11 ± 0.04 10.1 ± 0.6* 
10.5 ± 0.6 

(s0  = 9.74 ± 0.52)

0.5 
0.133

Krane (2019) 1.06 ± 0.04 10.8 ± 1.1 0.5 [14]
Mughabghab (2018)† 1.15 ± 0.05 8.83 ± 0.40 0.5 [2]
JENDL-4.0 (2011)† 1.142 8.982 0.5 [3]
Serpa (1970) 1.2 ± 0.2 [13]
Shuman (1969) 1.0 ± 0.1 8.5 ± 0.5 0.5 [12]
Hayodom (1969) 5.8 0.5 [23]
Druschel (1968) 1.1 8.5 0.5 [11]
Lesage (1966) 18.8 ± 3.0 [24]
Feiner (1961) 13.8 ± 2.2 0.55 [25]
Tattersall (1960) 1.17 ± 0.02 13 ± 5 0.67 [10]
Macklin (1955) 3.87, 8.3 [26]
Colmer (1950) 1.26 ± 0.13 [9]
Harris (1950) 1.51 4.19 0.5 [8]
Seren (1947) 1.0 ± 0.4 [7]
Anderson (1947) 1.44 [6]

* Result of re-calculation at 0.5 eV as defined. † Evaluation.
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Nb solution, dried, and then set into the spectrometer. 
Figure 8 shows an example of mass spectra obtained 
using an unirradiated Nb sample in order to adjust the 
analytical conditions. The abscissa is the mass-to- 
charge ratio (m/z) which is the value obtained by 
dividing the ion mass (m) by the number of charges 
(z), and the ordinate is the yield. In the mass analysis 
of irradiated Nb samples, ions of 93Nb were detected 
with a Faraday cup and 94Nb were detected simulta-
neously with a secondary electron multiplier. It should 
be noted that the yield at m/z = 94 is possibly due to 
isobaric interference by 94Zr and 94Mo. However, the 
yield at m/z = 93 is only 93Nb. Interference from other 
impurities was found to be negligibly small. Thus, 
isobaric interferences by Zr and Mo were evaluated 
using their natural abundances. First, it was confirmed 
that the isotopic ratios of 90Zr to 91Zr, and of 98Mo to 
100Mo in the mass spectrum were consistent with 
natural abundances of Zr and Mo. Next, the contribu-
tion of 94Zr to 94X (a substance X with mass number 
94) was evaluated from the natural abundances of 94Zr 
and 94Zr, and the yield ratio of 90Zr to 94Nb obtained 
from the mass spectrum; similarly, the contribution of 
94Mo to 94X was evaluated from the natural abun-
dances of 94Mo and 98Mo, and the yield ratio of 
98Mo to 93Nb was obtained from the spectrum. Then, 
considering the yield ratio of X and 93Nb, the 
94Nb/93Nb isotope ratio (rmass) of the Nb sample is 
presented by: 

Finally, using the 94Nb/93Nb ratio before and after 
neutron irradiation, the production of 94Nb was eval-
uated by the following equation: 

Here, a difference is taken in order to prevent the 
amount of (94Zr+94Mo) from being missed and/or 

oversubtracted, because the term [94X - (94Zr+94-
Mo)/93Nb]before in Eq.(10) may be nonzero due to 
analysis uncertainties. The isotope ratio rmass for the 
bare target was (3.07 ± 0.21) ×10−6; however, in the 
case of the Gd filtered target, because the amount 94Nb 
was very small, the isotope ratio could not be obtained 
as accurately, yielding a result of (5.8 ± 2.9) ×10−7. 
That is why only the reaction rate R of the bare target 
was obtained using Eq. (8) and found to be (1.567 ±  
0.107) ×10−10/sec with a Tirr of 19,595 s. In compar-
ison, the reaction rate obtained by γ-ray measurement 
from the result in Table 5 was (1.598 ± 0.046) ×10−10/ 
sec which includes the systematic uncertainty of 
2.67%. The result from mass analysis is in agreement 
with that from γ-ray measurement within the limit of 
uncertainty.

4.4. Half-life of 94Nb

In the preceding Subsections, the reaction rate was 
examined using different methods: gamma-ray spec-
troscopy and mass analysis. The equations of the reac-
tion rates given by the different methods are equal to 
each other, so they may be written as follows: 

where the symbols have the same meaning as before. 
Rewriting the decay constant λ1 of 94gNb with the half- 
life T1/2 gives the following: 

It is possible to derive the half-life from the gamma- 
ray yield and isotope ratio obtained with an appropri-
ate measurement time, without observing the decay of 
gamma rays over a very long period of time. Using the 
data from the present experiment, the half-life of 
94gNb was determined from the 703-keV and 871- 
keV γ-rays, and the same results were obtained from 
these two transitions of (2.00 ± 0.15) ×104 years. Here, 
in addition to the statistical uncertainty in the gamma- 
ray yield (see Table 5), we considered systematic 
uncertainties for the isotope ratio, detection efficiency, 
gamma-ray emission probability, and sample mass 
(see Table 6).

5. Discussions

By separating the contribution due to epi-thermal 
neutrons through the use of Gd shielding, we suc-
ceeded in deriving a thermal-neutron capture cross- 
section of 1.11 ± 0.04 barns with an uncertainty of 
3.6%. As a result, the resonance integral was found 
to be 10.5 ± 0.6 barns when the cut-off energy Ec was 
0.133 eV. This resonance integral was re-evaluated at 

Figure 8. An example of mass spectra obtained using an 
unirradiated Nb sample.
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a cut-off energy of 0.5 eV as defined for comparison 
with other reported values. Considering 0.45 gσ0 for I0’ 
with Eq. (4), the resonance integral I0 above 0.5 eV was 
calculated as 10.1 ± 0.6 barns. The present result pro-
vides convergence for the previously reported data, 
which have large uncertainties and discrepancies. 
Among the reported data, Krane separately derived 
the cross sections for the generation of isomer 94mNb 
and ground state 94gNb by the activation method using 
the TRIGA reactor at the Oregon State University 
[14]. In the process of deriving the cross sections for 
these states separately, Krane obtained the thermal- 
neutron capture cross-section for 94gNb to be 1.06 ±  
0.04 barns including the contribution of 94gNb pro-
duction through the isomer 94mNb. Krane’s method 
was almost the same as the present one. The present 
result agreed especially well with the value reported by 
Krane within the limits of uncertainties, and also with 
the recent compilations [2,3]. Furthermore, the reso-
nance integral 10.5 ± 0.6 barn in the present work 
agreed well with 10.8 ± 1.1 barn by Krane within the 
limits of uncertainties.

The sensitivity parameter s0 for epi-thermal neu-
trons was found to be 9.74 ± 0.52, which lies between 
that of 59Co and of 197Au used for flux monitors. 
When measuring the neutron flux components, as 
shown Figure 7, Nb foil or wire could be used as 
a neutron flux monitor to complement those 
monitors.

Here, a discussion is given on the half-life of 94gNb. 
The reported half-life data are summarized in Table 9 
together with the present one. He GZ [4] et al. and 
Schuman [34] et al. derived the half-lives by 
a combination of activation and mass analyses as in 
the present work. The main contribution to the uncer-
tainty is the accuracy of the isotope ratio of 94Nb and 
93Nb. Hein [37] et al., Douglas [36] et al., and Rollier 
[35] et al. made absolute measurements of specific 
activities of 94Nb produced by activation and then 
derived the 94Nb half-life to account for the activities. 
The present result agreed with the value by He GZ 
et al. [4] within the limits of uncertainties. If the 
present result was used for analysis, the thermal- 
neutron capture cross-section would be changed by 
2% at most. When deriving the resonance integral, the 
reaction–rate ratio R/R’ is taken, thus the change in 
the half-life cancels and the result of the resonance 
integral remains unchanged. To reduce the 

uncertainty of the isotope ratio 94Nb/93Nb, we had 
considered either (1) longer neutron irradiation or 
(2) improvement of detection accuracy in the mass 
spectrometry. However, for the following reasons it is 
difficult to apply the items to the actual measurement. 
Regarding the first point, it would be better to obtain 
a larger amount of 94Nb by increasing the neutron 
irradiation period to be much longer than at present, 
but on the other hand, at the same time a large amount 
of 182Ta is also produced. As seen in Sec. 3.3, 182Ta has 
a relatively long half-life (114.43 days [22]) and emits 
numerous gamma rays. It would subsequently take 
a much longer cooling-time than 2 years in order to 
accurately measure the radioactivity of 94Nb. 
Concerning the second points, it is conceivable to 
improve the precision of mass spectrometry of Nb by 
an order of magnitude to 10−7. For this purpose, it is 
necessary to examine adding new additives such as 
silica gel to the Nb sample, but this would take addi-
tional efforts. Here, we leave it as work for future mass 
analyses.

6. Conclusion

The thermal-neutron capture cross section σ0 and reso-
nance integral I0 for the nuclide 93Nb important for 
decommissioning were measured by an activation 
method and the half-life of 94Nb by mass analysis. 
Niobium-93 samples were irradiated with the use of the 
hydraulic conveyer installed in the research reactor in 
Institute for Integral Radiation and Nuclear Science, 
Kyoto University. Gold-aluminum and cobalt- 
aluminum alloy wires were used to measure thermal- 
neutron fluxes and epi-thermal Westcott’s indexes at the 
irradiation position. A 25-μm-thick gadolinium foil was 
used to differentiate reactions ascribed to thermal- and 
epi-thermal neutrons. Its thickness provided a cut-off 
energy of 0.133 eV. Gamma-ray spectroscopy was 
applied to measure the induced radioactivity of monitors 
and 94gNb. By analysis based on Westcott’s convention, 
the σ0 and I0 values were determined as 1.11 ± 0.04 barns 
and 10.5 ± 0.6 barns, respectively. Following the γ-ray 
measurements, mass analysis was applied to the Nb 
samples to obtain the reaction rate. By combining the 
reaction rates obtained by both γ-ray spectroscopy and 
mass analysis, the half-life of 94Nb was also determined as 
(2.00 ± 0.15) ×104 years, which is in agreement with the 
recently reported value within the limit of uncertainty.

Table 9. Present result of the half-life of 94Nb together with the previously reported 
data.

Author Half-life ×104 (yr) Method Ref.

Present Work 2.00 ± 0.15 Activation & Mass analysis
He (2012) 2.04 ± 0.04 Activation & Mass analysis [4]
Schuman (1959) 2.03 ± 0.16 Activation & Mass analysis [34]
Rollier (1955) 1.77 ± 0.44 Activation [35]
Douglas (1953) 2.2 ± 0.5 Activation [36]
Hein (1952) >5 Activation [37]
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