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The ex per i men tal neu tron cap ture cross-sec tion for the 139La(n, g)140La re ac tion at 0.0334 eV 
was mea sured for the first time us ing ac ti va tion tech nique. The ob tained cross-sec tion value
amounted to 7.86 ± 0.55 b is in agree ment with the eval u ated data li brar ies ENDF/B-VII and
JENDL-3.3. The pres ent value mea sured at 0.0334 eV and the pre vi ous data at 0.0536 eV
were ex trap o lated to the en ergy 0.0253 eV as sum ing 1/v de pend ence and the re sults were
com pared with the in te grally mea sured val ues re ported in the lit er a ture. The new data are
thus use ful to check the eval u ated ex ci ta tion func tion.
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IN TRO DUC TION

Lan tha num-139 (139La) is es sen tially the only
sta ble iso tope (nat u ral iso to pic abun dance 99.91 %) of
the rare Earth el e ment La. This sta ble iso tope is gen er -
ally used to pro duce the 140La ra dio iso tope via the
139La(n, g)140La ther mal neu tron cap ture re ac tion.
Study of iso topes with closed neu tron shells such as
139La (N = 82) are of spe cial im por tance in nu clear
phys ics. The cross-sec tions and nu clear struc ture of
these nu clei pro vide use ful in for ma tion for fun da men -
tal nu clear phys ics stud ies [1], as well as for ap pli ca -
tions in nu clear as tro phys ics and nu clear tech nol ogy.
We chose to study the ther mal neu tron-in duced re ac -
tion cross-sec tion of the 139La iso tope mainly for three
rea sons: first, 139La is not only an abun dant fis sion
frag ment (5 % fis sion yield [2]) but, it is also widely
used for neu tron do sim e try in nu clear power plants be -
cause of the rel a tively long half-life (t1/2 =1.67855 d)
of 140La; sec ond, 139La, known as the neu tron magic
iso tope, is of spe cial im por tance in the s- and r-pro cess
in di ca tor in stel lar nucleosynthesis [3, 4]; third, ex per -
i men tal ther mal neu tron ac ti va tion cross-sec tions are
very rare at en er gies other than the av er age en ergy
0.0253 eV due to the non-avail abil ity of mono-
energetic neu tron source in this en ergy re gion.

The per for mances of the ex ist ing nu clear data li -
brar ies e. g., ENDF/B-VII, JENDL-3.3, JEFF, etc. de -
pend on the pres ence of ac cu rate and pre cise ex per i -
men tal re ac tion cross-sec tion data. How ever, in some
cases the eval u ated data by the ex ist ing li brar ies dif fer
sig nif i cantly, as the ex per i men tal data that have been se -
lected by the eval u a tors are sig nif i cantly dif fer ent.
Thus, it is es sen tial to de ter mine ex per i men tal
cross-sec tion data at new en er gies other than 0.0253 eV
which will help for the eval u a tors to eval u ate ac cu rate
and pre cise data li brar ies. More over, ac cu rate mea sure -
ments of neu tron cap ture cross-sec tions for a large num -
ber of nuclides, at the ther mal en ergy re gion, are cur -
rently of great im por tance in neu tron trans port
cal cu la tions and in re ac tor safety as sess ments. A num -
ber of au thors have re ported ther mal neu tron cap ture
cross-sec tions on 139La mostly at av er age ther mal neu -
tron en ergy of 0.0253 eV [5-20] and there are dis crep -
an cies among the data (8.1 to 9.5 b, where 1 b = 1×10–28

m2, dif fer by about 17 %). In most of these stud ies, ther -
mal neu tron cross-sec tions were de ter mined ex per i -
men tally by the ac ti va tion method us ing cad mium
cut-off en ergy tech nique. In this tech nique spe cial at -
tempt is needed to cor rect the ef fect of fast neu trons,
which were not ab sorbed of by Cd-shield ing. More -
over, ther mal neu trons can not reach one side of the bare
sam ple due to Cd-fil ter ing. These ef fects may add a
large un cer tainty in the mea sured cross-sec tion [21].
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The ex per i men tal de ter mi na tion of neu tron cap -
ture cross sec tions for var i ous tar gets us ing the re flected 
monochromatized neu tron beam (0.0536 eV) from the
tri ple axis spec trom e ter (TAS) in stalled at the BAEC
TRIGA Re search Re ac tor (BTRR), Dhaka is well es -
tab lished [22-24]. Re cently, a high res o lu tion neu tron
pow der diffractometer (lo cally called SAND) has been
in stalled in the ra dial beam port-II of the BTRR for neu -
tron scat ter ing ex per i ments. In this diffractometer,  neu -
tron  beams are monochromized by (115)  plane  of   Si 
sin gle  crys tal with wave-length  l = 1.565×10–10 m,
which cor re sponds to 0.0334 eV neu tron en ergy. The
neu tron beam in ten sity is suf fi cient to make good ac ti -
va tion of lan tha num tar get. In the pres ent pa per, we re -
port on the mea sure ment of the ther mal neu tron cap ture
cross-sec tion of the 139La(n, g)140La re ac tion at the neu -
tron en ergy of 0.0334 eV us ing neu tron ac ti va tion tech -
nique. To our knowl edge, for this re ac tion there are no
ex per i men tal neu tron cap ture cross-sec tion data avail -
able at this en ergy,. The mea sured val ues are com pared
with 1/v based eval u ated cross-sec tions re ported in the
ENDF/B-VII [25] and JENDL-3.3 [26] data li brar ies.

EX PER I MEN TAL

Neu tron source

The BTRR is a re search re ac tor hav ing a max i -
mum con tin u ous ther mal power out put of 3 MW. The
re ac tor in stalled at the cam pus of Atomic En ergy Re -
search Es tab lish ment (AERE), Savar, Dhaka, has sev -
eral ir ra di a tion fa cil i ties in clud ing four ex ter nal neu -
tron beam tubes namely tan gen tial, ra dial pierc ing,
ra dial-1 and ra dial-2 beam ports. Neu trons com ing out
of the re ac tor are of var i ous wave lengths. For this ex -
per i ment at ra dial beam port of BTRR, neu trons are
monochromatized be fore reach ing the tar get for ir ra -
di a tion. In or der to ob tain ap pro pri ate mono chro matic
beam char ac ter is tics, a high per for mance neu tron
pow der diffractometer namely Savar Neu tron
Diffractometer (SAND) has been in stalled at the ra dial 
beam port of the BTRR. A de tail of the diffractometer
as well as neu tron mono chro ma tor fa cil ity has al ready
been re ported [27]. There fore, a brief de scrip tion is
given here. The neu trons of var i ous en er gies com ing
from the re ac tor core were passed through a sap phire
crys tal to fil ter fast neu trons be fore en ter ing the mono -
chro ma tor. Monochromatization can very ef fec tively
be done by Bragg re flec tion from a Si(115) mono chro -
ma tor us ing a suit able sin gle crys tal. The thick ness,
off set an gle and bend ing ra dius of sil i con slabs have
been se lected  to op ti mize the in ten sity and diffrac-
tometer res o lu tion for the Si(115) re flec tion of the
mono chro ma tor at 97 ° take-off an gle and a sam ple to
mono chro ma tor dis tance of 128.62 cm yield ing a
wave length  of l =1.565×10–10 m, which cor re sponds
to 0.0334 eV neu tron en ergy. The un cer tainty in the

wave length as well as en ergy was de rived from re fine -
ment of the Ni stan dard; it amounted to 0.004 %. The
diffractometer has been in stalled at the 334.91 cm
from the re ac tor core, ap pro pri ate for the Si(115) re -
flec tion. Af ter re flec tion, the mono chro matic neu trons 
pass through a collimator and then fo cus on the tar get.

Sam ple prep a ra tion

The pow der sam ple of high pu rity (99.99 %) lan -
tha num ni trate hexahydrate (La(NO3)3.6H2O) was
used as a nat u ral iso to pic tar get. The La(NO3)3.6H2O
pow der was pressed with a hy drau lic press (5 ton/cm2)
to pre pare pel let (0.544 g) hav ing di am e ter of 1.2 cm
and thick ness 0.2 cm. The pel let was sandwiched be -
tween two pure gold foils (hav ing 25 µm of thick ness
and 12 mm in di am e ter). The thin gold foils were used
to mea sure the ef fec tive neu tron flux at 0.0334 eV us -
ing the197Au(n, g)198Au mon i tor re ac tion.

Ir ra di a tion and ac tiv ity mea sure ment

The pel let sam ple sandwiched be tween two gold
foils was ir ra di ated with uni di rec tional monoenergetic
neu trons of 0.0334 eV for 2.5 h. Dur ing ir ra di a tion the
re ac tor was op er ated at 2.4 MW power. To fol low the ef -
fect of epi ther mal and fast neu trons, the cad mium cov -
ered gold foil and bare alu mi num foil were also ir ra di -
ated. The ac tiv i ties of tar get and mon i tor foils were
mea sured non de struc tively us ing a high-pu rity ger ma -
nium (HPGe) gamma ray de tec tor(Can berra, 25 % rel a -
tive ef fi ciency, 1.85 keV res o lu tion at 1332 keV of 60Co
source) as so ci ated with dig i tal gamma-ray spec trom e try
sys tem (ORTEC DSPEC jrTM) and Mae stro data ac qui si -
tion soft ware. The gamma ray spec trum was an a lyzed by
GammaVision soft ware. The spec trum was also an a -
lyzed by the pro gram Hypermet PC 5.12 and the re sults
com pared with that of GammaVision. To avoid in ter fer -
ence from gamma ray lines of un de sired sources and to
ob tain cross-sec tion value with ad e quate ac cu racy and
pre ci sion, the sam ple was mea sured 3 times (5, 10 and 20 
h) giv ing enough in ter vals. As an ex am ple, a gamma ray
spec trum of ra dio ac tive lan tha num ni trate hexahydrate is 
shown in fig. 1. In gamma ray spec tra of the ir ra di ated
Cd-cov ered gold and bare Al foils, no peaks at en er gies
of 411.8 keV and 1368.6 keV emit ted in the de cay of
198Au and 24Na, were found. It con firms the neg li gi ble
amount of epi ther mal and fast neu trons in the beam used
for ir ra di a tion of the tar get.

DATA ANAL Y SIS

Cross-sec tion de ter mi na tion

The gamma ray count rates of the re ac tion prod -
ucts were con verted to the re ac tion rates (R) by cor -
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rect ing for the gamma ray in ten si ties and the ef fi ciency 
of the de tec tor us ing the fol low ing for mula

R
C

N I t t tc m i

=
- -- - -
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e g
l l le e e( )( )1 1

(1)

where l is the de cay con stant (s–1), C – the to tal counts
of gamma ray peak area, N – the num ber of tar get at -
oms, e – the de tec tor ef fi ciency for the in ves ti gated
peak, Ig – the branch ing ra tio of gamma-ray, tc – the
cool ing time (s), tm – the  count ing time (s), and ti – the 
ir ra di a tion time (s).

For the monoenergetic neu trons, the cross-sec -
tion s(E) can sim ply be ob tained as

s
f

( )
( )

E
R

E
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where f(E) [cm–2s–1] is the neu tron flux.
The de cay data of the ra dio ac tive prod ucts were

taken from the NUDAT da ta base [28]. The de cay data
are quoted in tab. 1. The ef fi ciency vs. en ergy curve of
the HPGe gamma ray de tec tor for the count ing dis -
tance was de ter mined us ing the stan dard point
sources, 22Na, 60Co, 57Co, 133Ba, 137Cs, and 152Eu. The
com bined un cer tainty in cross-sec tion was es ti mated
by tak ing the square root of the qua dratic sum of the in -
di vid ual un cer tain ties as given in tab. 2. The over all
un cer tainty in the cross-sec tion is around 7 % (1s).

Neu tron beam in ten sity and
at ten u a tion in the tar get

The neu tron beam in ten si ties at the en trance
and exit of the tar get were de ter mined us ing the
197Au(n,  g)198Au re ac tion in duced in the Au-mon i tor
foils. The mon i tor foils were ir ra di ated si mul ta -
neously and mea sured with the same de tec tor and in a
com pa ra ble ge om e try as the lan tha num tar get. The
main prob lem with the mon i tor re ac tion lies in the se -
lec tion of the stan dard cross-sec tion, be cause no rec -
om mended cross sec tion value has been re ported at
0.0334 eV en ergy. We eval u ated the stan dard
cross-sec tion of the 197Au(n, g)198Au re ac tion at
0.0334 eV from the ex per i men tal data re ported in dif -
fer ent lit er a tures [29-31] by a fit ting pro ce dure. The
ob tained value is 86.3 ± 2.1 b at 0.0334 eV. The de -
tailed eval u a tion of the mon i tor re ac tion cross-sec -
tion has been de scribed in our pre vi ous study [5].
From the cross-sec tion value and mea sured ac tiv ity
of 198Au, the neu tron beam in ten sity was  cal cu lated 
us ing  eqs.  (1) and (2). The neu tron beam in ten si ties
4.75×104 ± 2375 cm–2s–1and 4.15×104 ± 2075 cm–2s–1

were found at the en trance and exit of the tar get, re -
spec tively. The av er age value of these two, which
was 4.45×104 ± 2225 cm–2s–1, was used for cross-sec -
tion de ter mi na tion. The neu tron beam in ten si ties at
the en trance and exit of the tar get show that their dif -
fer ence is 13%, which de scribes the neu tron at ten u a -
tion as they pass through the lan tha num tar get dur ing
ir ra di a tion.

Gamma ray at ten u a tion

The cor rec tion fac tor for gamma ray at ten u a tion
in the sam ple at a given en ergy, with  fixed ge om e try
for the case of  cyl in der, co ax i ally po si tioned with the
de tec tor, was cal cu lated by con sid er ing the at ten u a tion 
co ef fi cients for lan tha num, ni tro gen, hy dro gen, and
ox y gen us ing the equa tion

F
x

xg
e

=
- -

m
m1

(3)
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Fig ure 1. Gamma-ray spec trum of the lan tha num ni trate 
ir ra di ated with ther mal neu trons

Ta ble 2. Sources of un cer tain ties in the mea sured
cross sec tion

Sources of un cer tainty Un cer tainty [%]

Sta tis ti cal un cer tainty of gamma-ray
count ing 1-2

Peak area anal y sis 2

De cay branch ing ra tio 0.5

Ef fi ciency cal i bra tion 4

Sam ple mass 0.01

Half-life 0.01

Iso to pic abun dance 0.016

Self-shield ing fac tor 0.01

 Neu tron flux 5

To tal ~7

Ta ble 1. De cay char ac ter is tics of the in ves ti gated
 nuclides [28]

Nu clear re ac tion Half-life Gamma-ray
en ergy [keV]

Branch ing
ra tio [%]

139La(n, g)140La 1.678 ± 0.001d 328.76 20.3 ± 0.3

487.02 45.5 ± 0.6

815.77 23.28 ± 0.02

1596.21 95.4 ± 0.1
197Au(n, g)198Au 2.695 ± 0.002 d 411.8 95.5



where m [cm–1] is the lin ear at ten u a tion co ef fi cient and
x [cm] – the sam ple thick ness. The at ten u a tion is also
de pend ent on den sity r, which was de ter mined from
the mea sured mass, di am e ter, and thick ness. The mass
at ten u a tion co ef fi cient m/r [cm2g–1] for con sti tut ing
el e ments was used from Lide, [32]. The to tal mass at -
ten u a tion co ef fi cient for the com pound lan tha num ni -
trate hexahydrate was con verted to a lin ear at ten u a tion 
co ef fi cient by mul ti ply ing with the den sity of the sam -
ple. The cor rec tion fac tors for gamma ray at ten u a tion
along the pel let 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 en er gies, re spec tively.

RE SULTS AND DIS CUS SION

The radionuclide 140La was iden ti fied by its
char ac ter is tic gamma ray lines of en er gies 328.76,
487.02, 815.77, and 1596.21 keV as shown in fig. 1.
The cross-sec tion val ues de ter mined in di vid u ally for
the above gamma lines are con sis tent with each other
and the av er age cross-sec tion value de duced by the
gamma ray en er gies is re ported. The co in ci dence loss
at 815.77 keV was con sid ered to be 8 % in cross-sec -
tion cal cu la tion. The nec es sary cor rec tions for neu tron 
ab sorp tion and gamma ray at ten u a tion in tar get were
also taken into ac count dur ing cross-sec tion cal cu la -
tion.

As far as our knowl edge goes, this is the first ex -
per i men tal neu tron cap ture cross-sec tion for
the139La(n, g)140La re ac tion at 0.0334 eV. The mea -
sured cross-sec tion with un cer tainty at this en ergy is
quoted in tab. 3 to gether with other lit er a ture val ues at

neu tron en er gies of 0.0253 eV and 0.0536 eV. The
mea sured cross-sec tion at 0.0334 eV and our pre vi ous
data at 0.0536 eV [5] are in di vid u ally ex trap o lated to
the val ues at en ergy of 0.0253 eV by fol low ing the 1/v
de pend ence in the ther mal re gion and the re sults are
9.03 ± 0.63 b and 8.92 ± 0.44 b, re spec tively. These
val ues are in good agree ment with each other. The av -
er age of these val ues at 0.0253 eV is also listed in tab.
3. In or der to val i date the mea sured val ues, we con -
structed the ex ci ta tion func tion for the re ac tion fill ing
in the data avail able at other en er gies which are shown
in fig. 2. 

A num ber of au thors have re ported ex per i men -
tal ther mal neu tron cap ture cross-sec tion for the
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Ta ble 3. Ther mal neu tron cap ture cross-sec tion of the 139La(n, g)140La re ac tion

Year Ref er ence Neu tron en ergy [eV] Cross-sec tion [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 (ex trap o lated*)

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 Mannhart [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 Har ris et al. [19] 0.0253 9.01 ± 0.05

1947 Seren et al. [20] 0.0253 8.40 ± 1.68

* Us ing the 1/v trend

Fig ure 2. Neu tron cap ture cross-sec tion of the
139La(n, g)140La re ac tion; solid cir cle-this work at
0.0334 eV and 0.0253 eV, open cir cle at 0.0536 eV [5]



139La(n, g)140La re ac tion and it is in ter est ing that all
of those val ues are at 0.0253 eV neu tron en ergy ex -
cept our pre vi ous data at 0.0536 eV en ergy [5] (tab.
3). The re ported data at 0.0253 eV are in the range of
8.1-9.5 b. To mea sure cross-sec tion at av er age ther -
mal neu tron en ergy of 0.0253 eV, they ex posed the
tar get in a mixed neu tron beam of ther mal and epi -
ther mal en er gies for ac ti va tion. They sub tracted the
con tri bu tion of the epi ther mal neu trons by the Cd
cut-off en ergy tech nique. The Cd cut-off en ergy
tech nique is rather com plex. On the other hand, in
the pres ent study, a care ful mea sure ment at neu tron
en ergy 0.0334 eV has been car ried out and the ob -
tained cross-sec tion is 7.86 ± 0.55 b. The pure ther -
mal neu tron beam of 0.0334 eV en ergy was used for
ir ra di a tion of the tar get, where the com plex Cd
cut-off en ergy tech nique was not in volved. Our
tech nique is very sim ple to ob tain data with good
pre ci sion and ac cu racy. Data re ported both in the
ENDF/B-VII and JENDL-3.3 li brar ies are eval u -
ated  and no  mea sure ments have been done at
0.0334 eV en ergy. In these li brar ies the value at
0.0334 eV is cal cu lated from the ther mal cross-sec -
tion at 0.0253 eV us ing the 1/v re la tion ship. The cal -
cu lated value of ENDF/B-VII at 0.0334 eV is about
1.4 % higher than that of JENDL-3.3. As sum ing a
1/v cross-sec tion de pend ence ENDF/B-VII and
JENDL-3.3 give neu tron cap ture cross-sec tions at
0.0334 eV of 7.88 b and 7.77 b, re spec tively. Our
mea sured cross-sec tion 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 com pare the pres ent
nor mal ized value at 0.0253 eV from the mea sured
val ues at en er gies 0.0334 eV and 0.0536 eV with the
pre vi ous in te grally mea sured val ues, it is ob served
that the pres ent value is con sis tent with the pre vi ous
in te grally mea sured val ues within as so ci ated un cer -
tain ties. It is clear that the pres ent cross-sec tion
value at 0.0334 eV en ergy can play an im por tant role 
to check the en ergy de pend ence of neu tron cap ture
cross-sec tions in the ther mal re gion.

CON CLU SIONS

The neu tron cap ture cross-sec tion of the
139La(n, g)140La re ac tion at 0.0334 eV neu tron en ergy
was mea sured  for the first time us ing mono chro matic 
uni di rec tional neu trons com ing out of a high res o lu -
tion neu tron pow der diffractometer es tab lished at the
BTRR in Dhaka. The cross-sec tion at 0.0253 eV was
also de duced from the mea sured val ues at 0.0334 eV
and 0.0536 eV en er gies as sum ing the 1/v de pend ence
in the ther mal re gion. The ob tained new re sults are in
good agree ment with the eval u ated data li brar ies
ENDF/B-VII and JENDL-3.3. The pres ent value at
0.0334  eV and our pre vi ous mea sured value at
0.0536 eV, for this re ac tion, would be use ful to con -
firm the re li abil ity of the data eval u ated by 1/v re la -

tion in the nu clear data li brar ies. Our study may en -
cour age cross-sec tion mea sure ments for var i ous re -
ac tions, at dif fer ent en er gies in the ther mal en ergy re -
gion, at many places in the world where neu tron
diffractometer and spec trom e ter are in stalled.
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MEREWE  PRESEKA  ZA  SUDAR  REAKCIJE  139La(n, g)140La  KORI[]EWEM
REFLEKTOVANOG  NEUTRONSKOG  SNOPA  ENERGIJE   0.0334  eV

Presek za zahvat neutrona u reakciji 139La(n, g)140La na 0.0334 eV eksperimentalno je po
prvi put odre|en kori{}ewem aktivacionog postupka. Dobijena vrednost preseka za sudar
iznosila je 7.86 ± 0.55 b, u saglasnosti sa proverenim bibliotekama podataka ENDF/B-VII i
JENDL-3.3. Izmerena vrednost na 0.0334 eV i raniji podatak na 0.0536 eV ekstrapolisani su do
energije 0.0253 eV pretpostavqaju}i 1/v zavisnosti i rezultati su upore|eni sa integralno
izmerenim vrednostima dokumentovanim u literaturi. Otuda su novi podaci korisni pri proveri
procewene funkcije pobude. 

Kqu~ne re~i: monohromatski neu tron, presek za zahvat neu trona, lantan, aktivaciona
.........................tehnika, istra`iva~ki reaktor


