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Abstract. The thermal-neutron capture cross sections and resonance integrals of 138Ba(n, γ)139Ba and
141Pr(n, γ)142Pr were measured by activation method using an isotopic Am-Be neutron source. The es-
timations were with respect to that of 55Mn(n, γ)56Mn and 197Au(n, γ)198Au reference monitors. The
measured thermal-capture cross section of 138Ba with respect to 55Mn is 0.410 ± 0.023 b and with re-
spect to 197Au is 0.386 ± 0.019 b. The measured thermal-capture cross section of 141Pr with respect to
55Mn is 11.36 ± 1.29 b and with respect to 197Au is 10.43 ± 1.14 b. The resonance integrals for 138Ba are
0.380±0.033 b (55Mn) and 0.364±0.027 b (197Au) and for 141Pr are 21.05±2.88 b (55Mn) and 15.27±1.87 b
(197Au). The comparison between the present measurements and various reported values are discussed.
The cross sections corresponding to the selected isotopes are measured using an Am-Be source facility for
the first time.

1 Introduction

Nuclear data, especially the neutron capture cross sec-
tions and resonance integrals of various target nuclides
are required in diverse areas including fundamental nu-
clear science, astrophysics, condensed matter physics and
reactor physics. The present knowledge of nuclear data es-
pecially of neutron-induced reactions need to be updated
with new experimental, theoretical or simulation based
studies to reduce the uncertainties in the design and oper-
ation of new generation reactors. The sparseness in and
spread among different cross section measurements are
still found to be large [1] compared to the requirement
(uncertainty ≤ 5%) for different applications. The need
for comprehensive studies for obtaining nuclear data with
reduced uncertainties is emphasized in recent articles [2,3].
Neutron activation is one of the widely employed methods
for measurement of neutron cross sections and resonance
integrals. Generally, reactor neutron beam or D-T neutron
beam is used for such activation measurements. However,
in last few decades the use of isotopic neutron sources
such as Am-Be for cross section measurements has been
established [4, 5].

The present study focuses on the measurement of
thermal-neutron capture cross sections and resonance in-
tegrals of 138Ba(n, γ)139Ba and 141Pr(n, γ)142Pr using the
Am-Be neutron source. 138Ba and 141Pr are selected for
the present study because of their importance as the fis-
sion products in the thermal-neutron–induced fission of
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235U and fast-neutron–induced fission of 239Pu. There-
fore, the accurate nuclear data especially of neutron cap-
ture reactions of these isotopes are required in nuclear
fuel cycle, reactor safety and burn-up calculations. Af-
ter a careful and thorough literature survey using EX-
FOR [6] database, the following observations are made
regarding the thermal-neutron capture cross sections and
resonance integrals of 138Ba and 141Pr. Barium (138Ba)
is one of such isotopes where the resonance integral mea-
sured recently are discrepant from the evaluated data. The
measured resonance integral values of 138Ba(n, γ)139Ba
spread in the range 0.256 b–0.382 b, whereas the evalu-
ations by Mughabghab, ENDF-B.VII and EAF-2010 are
0.32 b, 0.265 b and 0.263 b, respectively [7–9]. Most of the
measured thermal-neutron capture cross sections of 138Ba
reported (0.23 b–0.68 b) are also different from the evalu-
ated value (0.404 b) [7]. There are discrepancies between
different evaluations also. Praseodymium (141Pr) is one
such isotope where most of the measured data are old ex-
cept the one by Yoon et al. [10]. As per the database, there
are eight measured thermal-neutron capture cross section
data for 141Pr which vary between 8.36 b to 11.6 b where as
the evaluated data is near the upper limit of 11.5 b [7]. The
evaluated resonance integral values of 141Pr(n, γ)142Pr are
in the range 17.4–17.9 b having a good agreement with
each other [7–9]. However, the measured resonance inte-
grals are spread over a wide range (9.3 b–21.4 b) and there
is a lack of recent measurement. The agreement between
the different evaluations is better in 141Pr compared to
138Ba. These observations indicate the necessity of more
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Fig. 1. Schematic of the cross sectional view of irradiation
facility.

accurate measurements of thermal-neutron capture cross
section and resonance integral of the above-mentioned iso-
topes.

The thermal-neutron capture cross sections and res-
onance integrals are estimated relative to that of
55Mn(n, γ)56Mn and 197Au(n, γ)198Au reference monitors.
There are no measured data available for 138Ba(n, γ)139Ba
and 141Pr(n, γ)142Pr using Am-Be facility as per the au-
thors knowledge. The advantages of isotopic source facility
relative to reactor are convenience and comparative easy
availability. The disadvantage of lower irradiation flux
level is offset partly by longer irradiations and larger sam-
ples. The experimental setup, procedure and data analy-
sis followed are explained in the subsequent sections. In
order to determine the spectrum independent resonance
integral, epithermal shape factor is also estimated from
the experimental neutron spectrum. A Monte Carlo based
simulation method is followed in estimating the thermal
and epithermal self-shielding correction factors of all the
targets.

2 Experimental methods

All the samples were irradiated at the neutron physics lab
at Manipal Centre for Natural Sciences, Manipal Univer-
sity. The Am-Be source emits 4×107 neutrons per second
in 4π direction. The neutron spectrum gets moderated
due to the concrete shield around the neutron source. The
samples were placed close to the neutron source and the
neutron spectrum at this location has mixed components
including thermal, epithermal and fast. Thermal compo-
nent of neutron spectrum (E ≤ 0.55 eV) is maximum at
this location and is around 5 × 103 n/cm2/s and the ep-
ithermal component (0.55 eV < E ≤ 100 keV) is approxi-
mately 7×103 n/cm2/s. A schematic of the cross sectional
view of the irradiation facility is shown in fig. 1. Activa-
tion foils of Mn (Mn(83%)-Cu) and Au having 12mm di-
ameter procured from Shieldwerx with purity 99.9% were
used as reference isotopes. Analytical grade powder sam-
ples of BaCl2 (Merck make) and Pr6O11 (procured from

Star rare earth limited) were used for the cross section
measurements. The powder samples were made into cir-
cular packets of diameter 12mm. Weight of each samples
prepared were indicated in table 1. In order to achieve
measurable activity, the amount of BaCl2 used for irradi-
ation is higher compared to the other samples owing to the
lower cross section of 138Ba (n, γ)139Ba. Two sets of each
sample were used in the experiment; one of each was irra-
diated by enclosing in a cadmium cover and other with-
out cadmium cover. Standard cadmium covers provided
by Shieldwerx is used in the experiment. All the foils were
irradiated placing together side by side for 7 days. The
distance between the foils was around 10mm in order to
avoid the flux depression due to the presence of Cd. The ir-
radiations were repeated with another set of samples with
similar dimensions for a longer duration of 15 days.

After irradiation the induced activity in each of the
samples were counted using a well shielded 30% efficiency
HPGe (Bruker Baltic) detector having an energy resolu-
tion of 0.25% at 1.33MeV. The distance between the foil
and the detector was 2 cm considering the low counting
rate. There is only one gamma peak with higher yield in
the decay scheme of the foils of the present study. More-
over, the activity produced will be very much smaller for
any coincidence summing effect to be present. Hence, the
effect of coincidence summing is neglected in the present
measurements. The energy and efficiency of the detec-
tor was pre-calibrated using the gamma lines from 152Eu.
Gamma lines of interest (Eγ) from the capture products
of the various samples and reference monitors along with
other important data used in the present analysis are
listed in table 1. Counting duration for each of the samples
was varied in the range 7200 s–80000 s based on the count-
ing rate as well as the half life of the decaying isotope such
that a satisfactory counting statistics is achieved. The net
areas (C) under the full peaks of energies mentioned in ta-
ble 1 are obtained from the background subtracted gamma
spectra. Reaction rate per target atom (R) is estimated
from these net areas using the following relation:

R =
Cλc

[1 − e−λtirr ][e−λtd ][1 − e−λtc ]
Mf

NAθεIγm
, (1)

where λ is the decay constant in s−1, tirr is the irradi-
ation duration, td is the delay time, tc is the counting
time, ε is efficiency of the detector, Iγ is gamma yield,
NA is Avogadro number, θ is the isotopic abundance, f
is the correction factor for gamma attenuation, m is the
weight of the target and M is the atomic mass of the
target. The correction factor, f is determined using the
relation f = μx/(1− eμx), where x is the thickness of the
sample and μ is the linear attenuation coefficient which is
energy and material dependent. Linear attenuation coef-
ficients corresponding to the appropriate energies are ob-
tained with the help of XCOM photon data base [11].

2.1 Estimation of self-shielding correction factors

When a sample is being irradiated in neutron field, its
presence can cause perturbation to the neutron flux. A
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Table 1. Nuclear data and parameters of the samples used in the calculations [12–15].

Reaction Foil/Sample Weight Eγ Iγ T1/2 Er FCd f g σ0 I

(mg) (keV) (%) (eV) (b) (b)

197Au(n, γ)198Au Au 125 ± 0.6 411.5 95.6 ± 0.12 2.69 d 5.47 1.009 1.009 1.0054 98.71 1563

55Mn(n, γ)56Mn Mn(83%)-Cu 40 ± 0.2 846.7 98.85 ± 0.3 2.58 h 468 1 1.005 1.0003 13.41 11.76

138Ba(n, γ)139Ba BaCl2 1000 ± 2 165.8 23.7 ± 0.24 83.06 m 15700 1 1.21 0.9993 – –

141Pr(n, γ)142Pr Pr6O11 55 ± 0.1 1576 3.7 ± 0.4 19.12 h 296 1 1.03 1.0003 – –

depression in neutron flux will appear corresponding to
resonance peaks and an enhancement in the flux will ap-
pear due to sudden minima in cross sections. This change
in reaction rate due to sample presence is known as self-
shielding of the foil. It can be estimated from the ratio
of reaction rate produced in the sample to reaction rate
produced in an infinitely diluted sample.

There are analytical methods to estimate the ther-
mal self-shielding correction factor and epithermal self-
shielding correction factor [16–19]. The macroscopic cross
section and the thickness of the foil are used to esti-
mate the thermal self-shielding correction factor analyti-
cally [17]. In order to estimate the resonance self-shielding
correction factor, macroscopic total cross section and the
ratio between capture width to total width at the most
prominent resonance energy are utilized [18]. These an-
alytical methods are universal irrespective to the irradi-
ation channel. However, the self-shielding correction fac-
tors specific to the irradiation channel can be estimated
using the Monte Carlo method by incorporating the ex-
perimental setup accurately. Hence, in the present work
the self-shielding correction factors are estimated from
the reaction rates simulated using the Monte Carlo code
MCNP [20, 21] and compared with the values calculated
analytically as described in ref. [19].

Neutron spectrum at the irradiation location was sim-
ulated using the MCNP taking care of the geometrical de-
tails. The resultant spectrum is used as the incident plane
isotropic source distribution along with the exact dimen-
sion and material properties of the foils under irradiation
to estimate the reaction rates in the sample. Neutron flux
in the sample is estimated using track length estimator
tally (F4) and modified using a perturbation tally (FM4)
using the capture cross sections from JEFF 3.1 [22]. Re-
action rates are estimated for an infinite dilution sample
by changing the material density to 0.001 g/cm3. While
estimating the reaction rates, no structural material is in-
corporated in the simulation in order to avoid the scatter-
ing effects. However, the scattering effects were taken care
while simulating the neutron spectrum at the irradiation
location. Reaction rates are further classified into the en-
ergy range 10−9 MeV–5.5×10−7 MeV and 5.5×10−7 MeV–
12MeV to estimate thermal self-shielding correction fac-
tor (Gth) and epithermal self-shielding correction factor
(Gepi), respectively. The self-shielding factors estimated
using the MCNP simulation are compared with those es-
timated using analytical formula in table 2. A good agree-
ment between both methods is seen especially for thermal

Table 2. Thermal self-shielding correction factors (Gth) and
epithermal self-shielding correction factors (Gepi) of the sam-
ples under study estimated using Monte Carlo method and
analytical formula.

Monte Carlo method Analytical method

Foil Gth Gepi Gth Gepi

197Au 0.97 ± 0.01 0.27 ± 0.01 0.98 0.27

55Mn 0.99 ± 0.01 1.06 ± 0.01 0.99 0.93

138Ba 1.00 ± 0.01 1.01 ± 0.01 0.99 0.95

142Pr 0.97 ± 0.01 0.60 ± 0.02 0.98 0.66

self-shielding correction factors. The self-shielding correc-
tion factors estimated using the MCNP method are used
in the subsequent calculations.

2.2 Estimation of epithermal spectrum shape factor

In an ideal moderated (i.e., no absorption of neutrons)
neutron spectrum, epithermal flux is proportional to the
neutron energy as 1

E . However, a real neutron spectrum
deviates from this dependency and the estimate of this
deviation is known as the epithermal spectrum shape fac-
tor represented by α. In a real spectrum, the epithermal
neutron flux may be represented by a function of energy
as 1

E1+α . Cadmium covered multi monitor method, cad-
mium ratio of dual monitor method and the cadmium
ratio of multi-monitor method are the widely used tech-
niques for accurate determination of α [23–25]. The accu-
racy will be superior in the case of multi monitor method
compared to the dual monitor method. Computer codes
for reactor spectrum unfolding based on multifoil activa-
tion technique is another possible way of obtaining the
epithermal spectrum and thus the shape factor [26]. In
the present study spectrum unfolding from multifoil ac-
tivation is utilised to determine the α. Various foils of
(n, γ)[Au, In, Mn, Sc, Cu, Mo, Na], (n,p)[Fe, Ni] and
(n, α)[Al] reactions are irradiated in the experimental fa-
cility. Reaction rates of all these foils were corrected for
self-shielding effect and used to unfold the neutron spec-
tra using SAND II code [27,28]. In this code the required
spectrum is obtained by adjusting with the guess spectrum
using the iterative method. The results of the SAND-II
code depends crucially on the a priori guess spectrum
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supplied. In the present case neutron spectrum obtained
using the MCNP simulation as shown in fig. 2 is used as
the guess spectrum. Neutron energies from 10−10 MeV to
18MeV are divided into 620 groups and the correspond-
ing cross section data are also provided as input. Reaction
rates are calculated with the guess spectrum and the cross
sections. Measured reaction rates are compared with the
calculated reaction rates and the guess spectrum is ad-
justed to improve the agreement between prediction and
measurement. This procedure continues till convergence
or user defined accuracy is achieved. In the present case
the iteration continued till convergence and the standard
deviation between the measured reaction rates and the
calculated reaction rates is 3.68%. Once the neutron spec-
trum is unfolded, epithermal spectrum shape factor α is
determined by fitting the specrum using a non linear re-
lation of the form φ(E) = A × 1

E1+α in the energy range
0.55 eV–100 keV.

Figure 2 shows the neutron spectra unfolded using
SAND II code as well as the non-linear fit line. Spectrum
shape factor α is estimated as −0.148 ± 0.007 and it is
used in further calculations for estimating the resonance
integral. The sharp reduction in the flux near 2 keV is
probably due to the iron capture resonance absorption in
the surrounding concrete. A direct comparison between
the SAND II unfolded spectrum and the simulated guess
spectrum is not possible due the difference in energy bin-
ning. However, the total neutron flux obtained from SAND
II method is 5.39×104 n/cm2/s and from the MCNP sim-
ulation is 5.7×104 n/cm2/s. Similarly, the thermal to total
neutron ratio obtained from SAND II method and Monte
Carlo simulations are 0.134 and 0.138 respectively. These
observations show the agreement between SAND II un-
folded spectra and the MCNP simulated spectra. This
indicates that the experimental geometry as well as the
materials are incorporated faithfully in the Monte Carlo
simulation.

3 Formulation of thermal capture and
resonance integral

The thermal-neutron capture cross sections and the res-
onance integrals are determined from the reaction rates
measured from the induced activities of the irradiated foils
using gamma spectroscopy. The thermal-neutron capture
cross section of the sample is determined relative to that
of reference sample using eq. (2) [4, 5]

σ0,S =
(R − RCd

FCd
)S(Gth)S

(R − RCd

FCd
)Rf (Gth)Rf

gS

gRf
σ0,Rf , (2)

where reaction rates for bare and cadmium covered targets
are represented as R and RCd, respectively. The subscripts
S and Rf are used to indicate the sample under study and
the reference monitor respectively. Here, g is the Westcott
correction factor accounting the deviation of cross section
from 1/ν behaviour and σ0,Rf is the thermal cross section
of reference monitor used. FCd is cadmium transmission

±

Fig. 2. Neutron spectrum unfolded using SAND II code. Ep-
ithermal spectrum fit line used to determine α is shown in bold
line. The guess spectrum used for SAND II is also shown.

factor which accounts for the specific count rate differ-
ence due to cadmium cover. The spectrum-dependent res-
onance integral for a real spectrum (with 1

E1+α behaviour),
I0(α) is estimated from the reaction rates following the
formulation explained for example by De Corte et al. [23]
as given below:

I0(α)S = I0(α)Rf
gS

gRf

(σ0,S)(FCdCR − 1)Rf

(σ0,Rf )(FCdCR − 1)S

×
(

Gepi

Gth

)
Rf

(
Gth

Gepi

)
S

, (3)

where CR is the ratio of reaction rates (R/RCd), and
I0(α)Rf is the real resonance integral of reference mon-
itor. The ideal resonance integral (I0) of the sample is
estimated from the spectrum dependent quantity I0(α)
using eq. (4)

I0(α) = (1 eV)α I0 − 0.426σ0

(Er)α
+

0.426σ0

(2α + 1)(ECd)α
, (4)

where Er is the effective resonance energy, ECd is the
cadmium cut off energy and 1 eV is the reference energy.
I0−0.426σ0 is known as reduced resonance integral where
the contribution from 1/ν tail is eliminated. This relation
is valid for ECd = 0.55 eV since the value 0.426 is obtained
from 2(E0/ECd)0.5, where E0 = 0.025 eV. Equation (4) is
used to estimate the spectrum-dependent resonance in-
tegral of the reference monitors from the corresponding
known ideal resonance integrals. Then eq. (3) and eq. (4)
are used to obtain the I0(α) and I0 of the samples studied.

4 Measured thermal-capture cross sections
and resonance integrals —results and
discussions

The experimental uncertainties in the thermal-capture
cross section measurements and resonance integral mea-
surements are listed in table 3 and table 4, respectively.
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Table 3. Relative uncertainties (%) of various parameters that
contribute to the total uncertainty of the thermal-capture cross
section estimation.

Sources of uncertainty 55Mn 197Au 138Ba 141Pr

Counting Statistics (ΔC) 2.87 0.74 3.41 2.23

Half life (ΔT1/2) 0.01 0.04 0.34 0.21

Gamma emission 0.30 0.06 1.01 10

probability (ΔIγ)

Detector dead time 0.1 0.1 0.1 0.1

Detector efficiency (Δε) 2.4 2 1.8 3

Sample mass (Δm) 0.5 0.5 0.2 0.2

Isotopic abundance (Δθ) – – 0.59 –

Monitor cross 0.37 0.09 – –

Section (Δσ0,Rf )

Self-shielding correction 0.4 0.8 0.9 1.0

factor (ΔGth)

Total uncertainty 3.83 2.34 4.15 10.72

The relative uncertainties in the resonance integral mea-
surements are multiplied by the error propagation fac-
tor due to the nonlinear dependency of various parame-
ters [24]. Major sources of uncertainty in the present mea-
surements are counting statistics and detector efficiency.
Error obtained from Monte Carlo simulations are taken as
the uncertainties in the self-shielding correction factors. It
is seen that use of 55Mn reference results in a higher un-
certainty arising from the counting statistics due to the
smaller weight of sample. There exists a large uncertainty
of 10% in the gamma yield of 142Pr (3.7 ± 0.4). Thus the
overall uncertainties in the estimation of thermal-capture
cross section and resonance integrals of 141Pr are always
greater than 10%. The overall uncertainty in the case of
139Ba is between 5%–8%. The thermal-neutron capture
cross section and resonance integral values obtained from
the present measurements are compared with other litera-
ture values and listed in table 5. Literature values include
both experimental measurements using reactor neutron
flux as well as evaluations.

4.1 138Ba(n, γ)139Ba

The presently measured thermal cross section for 138Ba
with respect to 55Mn is 0.410 ± 0.023 b and with respect
to 197Au is 0.386 ± 0.019 b. Similarly, the resonance inte-
gral for 138Ba with respect to 55Mn is 0.380± 0.033 b and
with respect to 197Au is 0.364±0.027 b. The above results
are average values obtained from different irradiations as
well as repeated counting. The thermal-neutron capture
cross section for 138Ba determined relative to 55Mn is in
agreement with the recent experimental measurement and
with the evaluated values (1.48%) and the agreement in
the measurement with reference to 197Au is 4.5%. The
agreement with other experimental values are between
8%–40% with 55Mn reference monitor and are between
7%–43% with 197Au reference monitor except with that

reported by Lyon et al. [29] (78% and 68%). It is observed
that the resonance integral value for 138Ba obtained from
the present study using 55Mn reference is comparable with
the recent experimental values with deviations 0.5% and
using 197Au reference is 4.7% [4,30]. All other experimen-
tal values are from old experiments and hence the devi-
ations with the present values are also varying between
18%–48%. In addition, the uncertainty in the measure-
ment reported by Heft [31] is more than 10%. The present
measurement with reference to 197Au is in agreement with
various reported values between 4%–38%. All the avail-
able evaluations deviates from the recent measurements.
However, the Q value (I0/σ0) obtained in the case 55Mn
reference (0.92 ± 0.09) and in the case of 197Au reference
(0.94 ± 0.08) are in reasonable agreement to the recently
reported value 1.04 ± 0.3 [14] within the uncertainty. It
is observed that the thermal-capture cross section as well
as the resonance integral estimated with respect to 55Mn
reference is greater than those estimated with respect to
197Au reference. However, they are in agreement with each
other within the uncertainty.

4.2 141Pr(n, γ)142Pr

The thermal-neutron capture cross section and resonance
integral values obtained from the present measurements
for 141Pr are compared with other literature values in ta-
ble 5. The measured thermal cross section for 141Pr with
respect to 55Mn is 11.36±1.29 b and with respect to 197Au
is 10.43±1.14 b. Similarly, the resonance integral for 141Pr
with respect to 55Mn is 21.05 ± 2.88 b and with respect
to 197Au is 15.27±1.87 b. The estimated thermal-neutron
cross sections in the present measurement using 55Mn and
197Au reference monitors are in good agreement with each
other (8.2%). The thermal-neutron capture cross sections
estimated relative to 55Mn and 197Au standard are in
agreement with the reported value by Yoon et al. [10] by
2% and 10%, respectively. They are in agreement with the
evaluated and recommended data by 1.2% and 9.3%. The
estimated values with reference to 55Mn and the evaluated
values are in good agreement within the experimental un-
certainty. The deviations from the other experimental val-
ues are between 1%–33% (most of the values are between
1%–12%) when the reference is 55Mn and are less than
24% when the reference is 197Au. The reported resonance
integrals of 141Pr are scattered over a range starting from
9.3 b to 21.4 b. The deviation of the present estimation
with the other reported values vary from 2% to 126% in
the case 55Mn reference and from 1% to 64% in the case
of 197Au reference. This is due to the wide spread in the
reported data. However,the resonance integral estimated
in the present work reference to 197Au is comparable with
various evaluations within 12% to 13% agreement. The
estimated value with reference to 55Mn is in good agree-
ment with the 1974 measurement (1.6%) [32] though the
deviation from various evaluations are 19%–21%. The Q
value obtained are 1.85 ± 0.33 and 1.46 ± 0.24 relative to
55Mn and 197Au, respectively, and are comparable with
the recently reported value 1.41 ± 0.07 within the uncer-
tainty [14].
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Table 4. Relative uncertainties (%) of various parameters that contribute to the total uncertainty in the resonance integral
estimation. Reference monitors are indicated in the parenthesis along with the sample.

Sources of uncertainty 138Ba[55Mn] 138Ba[197Au] 141Pr[55Mn] 141Pr[197Au]

α-shaping parameter (Δα) 1.6 3.2 0.23 2.09

Cadmium cut-off energy (ΔECd) 0.11 0.15 0.22 0.18

Cadmium ratio of reference (ΔFCd,Rf ) 2.77 0.30 3.61 0.42

Cadmium ratio of sample (ΔFCd,S) 2.5 2.5 3.23 3.12

Thermal-capture cross section of reference (Δσ0,Rf ) 0.09 0.04 0.02 0.03

Thermal-capture cross section of sample (Δσ0,S) 6.50 5.8 11.38 10.97

Resonance integral of reference (ΔI0,Rf ) 3.82 1.25 4.98 1.56

Thermal self-shielding correction factor of reference (ΔGth,Rf ) 0.18 0.35 0.09 0.23

Thermal self-shielding correction factor of sample (ΔGth,S) 0.40 0.40 0.22 0.22

Epithermal self-shielding correction factor of reference (ΔGepi,Rf ) 1.03 1.86 1.35 2.32

Epithermal self-shielding correction factor of sample (ΔGepi,S) 0.82 0.82 2.70 2.70

Effective resonance energy of reference (ΔEr,Rf ) 0.71 0.68 0.92 0.85

Effective resonance energy of sample (ΔEr,S) 0.25 0.25 0.45 0.45

Total uncertainty 8.70 7.53 13.71 12.27

Table 5. Comparison of thermal-neutron capture cross section and resonance integral of 138Ba(n, γ)139Ba and 141Pr(n, γ)142Pr
obtained from the present study with other measurements and evaluations.

138Ba(n, γ)139Ba 141Pr(n, γ)142Pr

Reference σ0 (b) I0 (b) σ0 (b) I0 (b) Monitor

Present work 0.386 ± 0.019 0.364 ± 0.027 10.43 ± 1.14 15.27 ± 1.87 197Au

Present work 0.410 ± 0.023 0.380 ± 0.033 11.36 ± 1.29 21.05 ± 2.88 55Mn

Dauenhauer (2012) [30] 0.404 ± 0.018 0.382 ± 0.020 – – 197Au

Agbemava (2011) [4] 0.530 ± 0.010 0.380 ± 0.007 – – 55Mn

Yoon (2003) [10] – – 11.6 ± 1.3 – 197Au

Knopf et al. (1997) [33] – – 12.7 ± 0.6 – –

Heft (1978) [31] 0.447 ± 0.007 0.256 ± 0.050 8.36 ± 0.1 10.47 ± 0.2 45Sc

Van Der Linden et al. (1974) [32] – 0.330 ± 0.020 – 21.4 ± 1.8 197Au

Stennes (1972) [34] – – – 14.1 ± 0.12 197Au

Zimmerman et al. (1967) [35] – – 11.5 ± 1 – Transmission Method

Kramer et al. (1965) [36] 0.360 ± 0.036 – – – 197Au

Lyon (1960) [29] 0.230 ± 0.023 – 10.9 – 55Mn

Fehr et al. (1960) [37] – – 9.2 ± 1 15.1 ± 3 59Co

Macklin (1956) [38] – – – 11.3 197Au

Pomerance (1952) [39] 0.680 ± 0.102 – – – 197Au

Pomerance (1951) [40] – – 11.2 ± 0.6 – 197Au

Harris (1950) [41] – – – 9.3 197Au

Seren et al. (1947) [42] 0.511 ± 0.102 – 10.1 ± 2.02 – 55Mn, 115In

Mughabhghab (2006) [7] 0.404 ± 0.04 0.320 ± 0.040 11.5 ± 0.3 17.4 ± 2 Evaluations

ENDF-B.VII(1) [8] 0.404 0.265 11.5 17.85 Evaluations

EAF [9] 0.359 0.263 11.49 17.94 Evaluations
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The presently measured thermal cross section of 138Ba
is within the range of previous measurements having a
wide range as well as evaluations. However, there is no
clear agreement between measurements and evaluations
which indicates a need for more study. As far as present
measurement of thermal cross section of 141Pr is con-
cerned, there is a good agreement between other measure-
ments and the evaluated data. Resonance integral mea-
sured for 138Ba with respect to 55Mn shows good agree-
ment with recent measurements, but different from evalu-
ations thus showing the need for revising the evaluations.
The present measurements for resonance integral of 141Pr
is found to be supported by the evaluations rather than
the other measurements which are relatively old.

5 Summary

The thermal cross sections and the resonance integrals for
138Ba(n, γ)139Ba and 141Pr(n, γ)142Pr are measured using
an isotopic Am-Be source. The measured thermal cross
section for 138Ba with respect to 55Mn is 0.410 ± 0.023 b
and with respect to 197Au is 0.386±0.019 b. The resonance
integral for 138Ba with respect to 55Mn is 0.380 ± 0.033 b
and with respect to 197Au is 0.364±0.027 b. The measured
thermal cross section for 141Pr with respect to 55Mn is
11.36± 1.29 b and with respect to 197Au is 10.43± 1.14 b.
The resonance integral for 141Pr with respect to 55Mn is
21.05± 2.88 b and with respect to 197Au is 15.27± 1.87 b.

Although, the thermal cross section of 138Ba from the
present study compares with one of the recently reported
values [30], the difference among various evaluations and
measurements indicate the need for further study. In the
case of resonance integral measurements of 138Ba, the dis-
crepancy between the evaluations [7–9] and new measure-
ments [4,30]including the present study can be attributed
to the pre dated evaluations compared to the measure-
ments. This observation suggests the need for revising the
evaluations. Various evaluations and measurements sup-
port the thermal cross section of 141Pr measured in the
present study. Present measurement of resonance integral
of 141Pr is in agreement with various evaluations. There
has been no other recent measurement of resonance inte-
gral and older measurements show an unacceptably high
spread. However, uncertainties in the thermal cross sec-
tions and resonance integrals of 141Pr are more than 10%
due to the larger uncertainty in the γ branching ratio
of 142Pr. The following conclusions are drawn from the
present study.

– The present study proves the viability of a high in-
tense Am-Be isotopic source placed in a thick concrete
bunker for thermal cross section and resonance integral
measurements.

– The Monte Carlo based self-shielding correction are
more suited to account for changes in irradiation chan-
nel.

– The presently reported thermal-neutron capture cross
section for 138Ba and 141Pr are in reasonable agree-
ment with the evaluated data available. However, the

old evaluated resonance integral data need to be re-
vised taking into account recently available data in-
cluding the present measurements.

The authors are thankful to Dr. V. Gopalakrishnan and Dr. M.
Gupta, Manipal Centre for Natural Sciences for their valuable
suggestions during various stages of the present work.
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