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The experimental neutron capture cross-section for the 13°La(n, y)14%La reaction at 0.0334 eV
was measured for the first time using activation technique. The obtained cross-section value
amounted to 7.86 £ 0.55 b is in agreement with the evaluated data libraries ENDF/B-VII and
JENDL-3.3. The present value measured at 0.0334 ¢V and the previous data at 0.0536 eV
were extrapolated to the energy 0.0253 eV assuming 1/v dependence and the results were
compared with the integrally measured values reported in the literature. The new data are
thus useful to check the evaluated excitation function.
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INTRODUCTION

Lanthanum-139 (*’La) is essentially the only
stable isotope (natural isotopic abundance 99.91 %) of
the rare Earth element La. This stable isotope is gener-
ally used to produce the '*’La radioisotope via the
“La(n, 7)'*La thermal neutron capture reaction.
Study of isotopes with closed neutron shells such as
La (N = 82) are of special importance in nuclear
physics. The cross-sections and nuclear structure of
these nuclei provide useful information for fundamen-
tal nuclear physics studies [1], as well as for applica-
tions in nuclear astrophysics and nuclear technology.
We chose to study the thermal neutron-induced reac-
tion cross-section of the '*’La isotope mainly for three
reasons: first, *’La is not only an abundant fission
fragment (5 % fission yield [2]) but, it is also widely
used for neutron dosimetry in nuclear power plants be-
cause of the relatively long half-life (#,, =1.67855 d)
of "**La; second, *’La, known as the neutron magic
isotope, is of special importance in the s- and r-process
indicator in stellar nucleosynthesis [3, 4]; third, exper-
imental thermal neutron activation cross-sections are
very rare at energies other than the average energy
0.0253 eV due to the non-availability of mono-
energetic neutron source in this energy region.

* Corresponding author; e-mail: liton80m@yahoo.com

The performances of the existing nuclear data li-
braries e. g., ENDF/B-VII, JENDL-3.3, JEFF, efc. de-
pend on the presence of accurate and precise experi-
mental reaction cross-section data. However, in some
cases the evaluated data by the existing libraries differ
significantly, as the experimental data that have been se-
lected by the evaluators are significantly different.
Thus, it is essential to determine experimental
cross-section data at new energies other than 0.0253 eV
which will help for the evaluators to evaluate accurate
and precise data libraries. Moreover, accurate measure-
ments of neutron capture cross-sections for a large num-
ber of nuclides, at the thermal energy region, are cur-
rently of great importance in neutron transport
calculations and in reactor safety assessments. A num-
ber of authors have reported thermal neutron capture
cross-sections on *’La mostly at average thermal neu-
tron energy of 0.0253 eV [5-20] and there are discrep-
ancies among the data (8.1t0 9.5 b, where 1 b=1-10"
m’, differ by about 17 %). In most of these studies, ther-
mal neutron cross-sections were determined experi-
mentally by the activation method using cadmium
cut-off energy technique. In this technique special at-
tempt is needed to correct the effect of fast neutrons,
which were not absorbed of by Cd-shielding. More-
over, thermal neutrons cannot reach one side of the bare
sample due to Cd-filtering. These effects may add a
large uncertainty in the measured cross-section [21].
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The experimental determination of neutron cap-
ture cross sections for various targets using the reflected
monochromatized neutron beam (0.0536 eV) from the
triple axis spectrometer (TAS) installed at the BAEC
TRIGA Research Reactor (BTRR), Dhaka is well es-
tablished [22-24]. Recently, a high resolution neutron
powder diffractometer (locally called SAND) has been
installed in the radial beam port-II of the BTRR for neu-
tron scattering experiments. In this diffractometer, neu-
tron beams are monochromized by (115) plane of Si
single crystal with wave-length 1 = 1.565-107"" m,
which corresponds to 0.0334 eV neutron energy. The
neutron beam intensity is sufficient to make good acti-
vation of lanthanum target. In the present paper, we re-
port on the measurement of the thermal neutron capture
cross-section of the '*’La(n, y)140La reaction at the neu-
tron energy of 0.0334 eV using neutron activation tech-
nique. To our knowledge, for this reaction there are no
experimental neutron capture cross-section data avail-
able at this energy,. The measured values are compared
with 1/v based evaluated cross-sections reported in the
ENDF/B-VII [25] and JENDL-3.3 [26] data libraries.

EXPERIMENTAL
Neutron source

The BTRR is a research reactor having a maxi-
mum continuous thermal power output of 3 MW. The
reactor installed at the campus of Atomic Energy Re-
search Establishment (AERE), Savar, Dhaka, has sev-
eral irradiation facilities including four external neu-
tron beam tubes namely tangential, radial piercing,
radial-1 and radial-2 beam ports. Neutrons coming out
of the reactor are of various wavelengths. For this ex-
periment at radial beam port of BTRR, neutrons are
monochromatized before reaching the target for irra-
diation. In order to obtain appropriate monochromatic
beam characteristics, a high performance neutron
powder diffractometer namely Savar Neutron
Diffractometer (SAND) has been installed at the radial
beam port of the BTRR. A detail of the diffractometer
as well as neutron monochromator facility has already
been reported [27]. Therefore, a brief description is
given here. The neutrons of various energies coming
from the reactor core were passed through a sapphire
crystal to filter fast neutrons before entering the mono-
chromator. Monochromatization can very effectively
be done by Bragg reflection from a Si(115) monochro-
mator using a suitable single crystal. The thickness,
offset angle and bending radius of silicon slabs have
been selected to optimize the intensity and diffrac-
tometer resolution for the Si(115) reflection of the
monochromator at 97 © take-off angle and a sample to
monochromator distance of 128.62 cm yielding a
wavelength of 1 =1.565-10"'" m, which corresponds
to 0.0334 eV neutron energy. The uncertainty in the

wavelength as well as energy was derived from refine-
ment of the Ni standard; it amounted to 0.004 %. The
diffractometer has been installed at the 334.91 cm
from the reactor core, appropriate for the Si(115) re-
flection. After reflection, the monochromatic neutrons
pass through a collimator and then focus on the target.

Sample preparation

The powder sample of high purity (99.99 %) lan-
thanum nitrate hexahydrate (La(NOs);.6H,0O) was
used as a natural isotopic target. The La(NO;)3.6H,0
powder was pressed with a hydraulic press (5 ton/cm®)
to prepare pellet (0.544 g) having diameter of 1.2 cm
and thickness 0.2 cm. The pellet was sandwiched be-
tween two pure gold foils (having 25 pum of thickness
and 12 mm in diameter). The thin gold foils were used
to measure the effective neutron flux at 0.0334 eV us-
ing the'”’Au(n, y)198 Au monitor reaction.

Irradiation and activity measurement

The pellet sample sandwiched between two gold
foils was irradiated with unidirectional monoenergetic
neutrons of 0.0334 eV for 2.5 h. During irradiation the
reactor was operated at 2.4 MW power. To follow the ef-
fect of epithermal and fast neutrons, the cadmium cov-
ered gold foil and bare aluminum foil were also irradi-
ated. The activities of target and monitor foils were
measured nondestructively using a high-purity germa-
nium (HPGe) gamma ray detector(Canberra, 25 % rela-
tive efficiency, 1.85 keV resolution at 1332 keV of “’Co
source) associated with digital gamma-ray spectrometry
system (ORTEC DSPEC jr™) and Maestro data acquisi-
tion software. The gamma ray spectrum was analyzed by
GammaVision software. The spectrum was also ana-
lyzed by the program Hypermet PC 5.12 and the results
compared with that of GammaVision. To avoid interfer-
ence from gamma ray lines of undesired sources and to
obtain cross-section value with adequate accuracy and
precision, the sample was measured 3 times (5, 10 and 20
h) giving enough intervals. As an example, a gamma ray
spectrum of radioactive lanthanum nitrate hexahydrate is
shown in fig. 1. In gamma ray spectra of the irradiated
Cd-covered gold and bare Al foils, no peaks at energies
of 411.8 keV and 1368.6 keV emitted in the decay of
"% Au and **Na, were found. It confirms the negligible
amount of epithermal and fast neutrons in the beam used
for irradiation of the target.

DATA ANALYSIS
Cross-section determination

The gamma ray count rates of the reaction prod-
ucts were converted to the reaction rates (R) by cor-
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Figure 1. Gamma-ray spectrum of the lanthanum nitrate
irradiated with thermal neutrons

recting for the gamma ray intensities and the efficiency
of the detector using the following formula

ae AC

= (1)
Nel, e HMe (1= Hm ) (1= i)

where A is the decay constant (s '), C— the total counts
of gamma ray peak area, N — the number of target at-
oms, & — the detector efficiency for the investigated
peak, /, — the branching ratio of gamma-ray, ¢, — the
cooling time (s), #,, — the counting time (s), and ; — the
irradiation time (s).

For the monoenergetic neutrons, the cross-sec-
tion o(E) can simply be obtained as
R

¢(E)
where ¢(E) [cm *s '] is the neutron flux.

The decay data of the radioactive products were
taken from the NUDAT database [28]. The decay data
are quoted in tab. 1. The efficiency vs. energy curve of
the HPGe gamma ray detector for the counting dis-
tance was determined using the standard point
sources, 2*Na, ®°Co, *’Co, **Ba, '*'Cs, and *’Eu. The
combined uncertainty in cross-section was estimated
by taking the square root of the quadratic sum of the in-
dividual uncertainties as given in tab. 2. The overall
uncertainty in the cross-section is around 7 % (1o).

o(E) )

Table 1. Decay characteristics of the investigated
nuclides [28]

Gamma-ray | Branching
energy [keV]| ratio [%]

La(n, »)'*La| 1.678 £0.001d | 328.76 20.3+0.3
487.02 | 455+0.6
815.77 {23.28+0.02
159621 | 954+0.1
YTAu(n, ) Au|2.695 £ 0.002d| 411.8 95.5

Nuclear reaction| Half-life

Neutron beam intensity and
attenuation in the target

The neutron beam intensities at the entrance
and exit of the target were determined using the
¥TAu(n, 7)"”*Au reaction induced in the Au-monitor
foils. The monitor foils were irradiated simulta-
neously and measured with the same detector and in a
comparable geometry as the lanthanum target. The
main problem with the monitor reaction lies in the se-
lection of the standard cross-section, because no rec-
ommended cross section value has been reported at
0.0334 eV energy. We evaluated the standard
cross-section of the '’Au(n, 7)'”®Au reaction at
0.0334 eV from the experimental data reported in dif-
ferent literatures [29-31] by a fitting procedure. The
obtained value is 86.3 £ 2.1 b at 0.0334 eV. The de-
tailed evaluation of the monitor reaction cross-sec-
tion has been described in our previous study [5].
From the cross-section value and measured activity
of '®Au, the neutron beam intensity was calculated
using eqs. (1) and (2). The neutron beam intensities
4.75-10* £ 2375 cm s 'and 4.15-10* £ 2075 cm s ™!
were found at the entrance and exit of the target, re-
spectively. The average value of these two, which
was 4.45:10% £ 2225 cm %s”', was used for cross-sec-
tion determination. The neutron beam intensities at
the entrance and exit of the target show that their dif-
ference is 13%, which describes the neutron attenua-
tion as they pass through the lanthanum target during
irradiation.

Gamma ray attenuation

The correction factor for gamma ray attenuation
in the sample at a given energy, with fixed geometry
for the case of cylinder, coaxially positioned with the
detector, was calculated by considering the attenuation
coefficients for lanthanum, nitrogen, hydrogen, and
oxygen using the equation

ux
F, =t 3)
R
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where 11 [cm '] is the linear attenuation coefficient and
x [cm] — the sample thickness. The attenuation is also
dependent on density p, which was determined from
the measured mass, diameter, and thickness. The mass
attenuation coefficient u/p [em’g '] for constituting
elements was used from Lide, [32]. The total mass at-
tenuation coefficient for the compound lanthanum ni-
trate hexahydrate was converted to a linear attenuation
coefficient by multiplying with the density of the sam-
ple. The correction factors for gamma ray attenuation
along the pellet were found to be 1.04, 1.03, 1.02, and
1.01 for the 328.76, 487.02, 815.77, and 1596.21 keV
gamma ray energies, respectively.

RESULTS AND DISCUSSION

The radionuclide '“’La was identified by its
characteristic gamma ray lines of energies 328.76,
487.02, 815.77, and 1596.21 keV as shown in fig. 1.
The cross-section values determined individually for
the above gamma lines are consistent with each other
and the average cross-section value deduced by the
gamma ray energies is reported. The coincidence loss
at 815.77 keV was considered to be 8 % in cross-sec-
tion calculation. The necessary corrections for neutron
absorption and gamma ray attenuation in target were
also taken into account during cross-section calcula-
tion.

As far as our knowledge goes, this is the first ex-
perimental neutron capture cross-section for
the'*La(n, y)”oLa reaction at 0.0334 eV. The mea-
sured cross-section with uncertainty at this energy is
quoted in tab. 3 together with other literature values at

neutron energies of 0.0253 eV and 0.0536 eV. The
measured cross-section at 0.0334 eV and our previous
data at 0.0536 eV [5] are individually extrapolated to
the values at energy of 0.0253 eV by following the 1/v
dependence in the thermal region and the results are
9.03 £ 0.63 b and 8.92 + 0.44 b, respectively. These
values are in good agreement with each other. The av-
erage of these values at 0.0253 eV is also listed in tab.
3. In order to validate the measured values, we con-
structed the excitation function for the reaction filling
in the data available at other energies which are shown
in fig. 2.

A number of authors have reported experimen-
tal thermal neutron capture cross-section for the
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Figure 2. Neutron capture cross-section of the
39La(n, y)'*La reaction; solid circle-this work at
0.0334 eV and 0.0253 eV, open circle at 0.0536 eV [5]

Table 3. Thermal neutron capture cross-section of the *’La(n, 7)'*’La reaction

Year Reference Neutron energy [eV] Cross-section [b]
2015 This work 0.0334 7.86 £0.55
2010 Chowdhury et al. [5] 0.0536 6.13+£0.30
0.0253 8.98 + 0.63 (extrapolated*®)

2014 Do et al. [6] 0.0253 9.16 £ 0.36
1999 Holden [7] 0.0253 9.2+0.2
1988 Corte et al. [8] 0.0253 9.43 +£0.09
1978 Heft [9] 0.0253 9.18 +0.05
1978 Takiue and Ishikawa [10] 0.0253 8.63 £0.34
1975 Gleason [11] 0.0253 9.15+0.25
1975 Mannbhart [12] 0.0253 8.93 +£0.03
1971 Ryves, Perkins [13] 0.0253 9.03 £0.33
1967 O'Brien Jr. et al. [14] 0.0253 9.5+0.5
1960 Lyon [15] 0.0253 8.10 £ 0.81
1957 Cummins [16] 0.0253 9.1+0.2
1951 Pomerance [17] 0.0253 8.80 +£0.44
1951 Benoist et al. [18] 0.0253 8.35+0.1
1950 Harris et al. [19] 0.0253 9.01 +0.05
1947 Seren et al. [20] 0.0253 8.40 £+ 1.68

: Using the 1/v trend
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La(n, y)'*’La reaction and it is interesting that all
of those values are at 0.0253 eV neutron energy ex-
cept our previous data at 0.0536 eV energy [5] (tab.
3). The reported data at 0.0253 eV are in the range of
8.1-9.5 b. To measure cross-section at average ther-
mal neutron energy of 0.0253 eV, they exposed the
target in a mixed neutron beam of thermal and epi-
thermal energies for activation. They subtracted the
contribution of the epithermal neutrons by the Cd
cut-off energy technique. The Cd cut-off energy
technique is rather complex. On the other hand, in
the present study, a careful measurement at neutron
energy 0.0334 eV has been carried out and the ob-
tained cross-section is 7.86 £ 0.55 b. The pure ther-
mal neutron beam of 0.0334 eV energy was used for
irradiation of the target, where the complex Cd
cut-off energy technique was not involved. Our
technique is very simple to obtain data with good
precision and accuracy. Data reported both in the
ENDEF/B-VII and JENDL-3.3 libraries are evalu-
ated and no measurements have been done at
0.0334 eV energy. In these libraries the value at
0.0334 eV is calculated from the thermal cross-sec-
tionat 0.0253 eV using the 1/v relationship. The cal-
culated value of ENDF/B-VII at 0.0334 eV is about
1.4 % higher than that of JENDL-3.3. Assuming a
1/v cross-section dependence ENDF/B-VII and
JENDL-3.3 give neutron capture cross-sections at
0.0334 eV of 7.88 b and 7.77 b, respectively. Our
measured cross-section 7.86 £ 0.55 b is 0.25 %
lower than that of ENDF/B-VII but 1.2 % higher
than that of JENDL-3.3. If we compare the present
normalized value at 0.0253 eV from the measured
values at energies 0.0334 eV and 0.0536 eV with the
previous integrally measured values, it is observed
that the present value is consistent with the previous
integrally measured values within associated uncer-
tainties. It is clear that the present cross-section
value at 0.0334 eV energy can play an importantrole
to check the energy dependence of neutron capture
cross-sections in the thermal region.

CONCLUSIONS

The neutron capture cross-section of the
La(n, y)'*’La reaction at 0.0334 eV neutron energy
was measured for the first time using monochromatic
unidirectional neutrons coming out of a high resolu-
tion neutron powder diffractometer established at the
BTRR in Dhaka. The cross-section at 0.0253 eV was
also deduced from the measured values at 0.0334 eV
and 0.0536 eV energies assuming the 1/v dependence
in the thermal region. The obtained new results are in
good agreement with the evaluated data libraries
ENDEF/B-VII and JENDL-3.3. The present value at
0.0334 ¢V and our previous measured value at
0.0536 eV, for this reaction, would be useful to con-
firm the reliability of the data evaluated by 1/v rela-

tion in the nuclear data libraries. Our study may en-
courage cross-section measurements for various re-
actions, at different energies in the thermal energy re-
gion, at many places in the world where neutron
diffractometer and spectrometer are installed.
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Moxamag A. UCJIAM, Cajex M. XOCAUH, ®ap3ana AKTEP,
Moxamap C. YIUH, Kampyn HAXEP, Yma TAMUM

MEPEILE IIPECEKA 3A CYJAP PEAKIMUIE 13La(n,y)14La KOPUIIKREHLEM
PE®JIEKTOBAHOI' HEYTPOHCKOI' CHOITA EHEPTUJE 0.0334 eV

IMpecek 3a 3axBaT HeyTpoHa y peakuuju 3°La(n, y)'*'La na 0.0334 eV eKcliepuMEHTAIHO j€ 1O
npBu NyT ofipebeH KopmimhemeM aKTHBAIMOHOT MOCTymKa. [JoOujeHa BpemHOCT Ipeceka 3a cyfap
u3Hocuna je 7.86 £ 0.55 b, y carnmacHocTtu ca mpoBepeHuM OubiaumoTekama mnopataka ENDE/B-VII u
JENDL-3.3. M3mepena Bpennoct Ha 0.0334 eV u panuju nogatak Ha 0.0536 eV excrpanonmcanu cy Ao
enepruje 0.0253 eV npernocrasibajyhu 1/v 3aBUCHOCTH M pe3yiTaTu cy ynopebeHu ca MHTErpajaHo
N3MEPEHNM BPEJTHOCTIMA JOKYyMEHTOBAHIM Yy TuTepaTypu. OTyja cy HOBH NTOfAIY KOPUCHA IPU IIPOBEPH
npouemeHe pyHkmje nodype.

Kwyune peuu: MOHOXpOMATCKU HeYUUPOH, Uipecek 3a 3aX6aill HeYUIPOHA, AaHIAH, AKIUUBAUUOHA

ULeXHUKA, UCIUPANCUBAYUKU PEAKULOD



