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Thermal neutron cross section and resonance integral of th&>°Tb(n,y)*%°Tb reaction
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The thermal neutron cross section and resonance integral of the re&€libm, )'°Tb in the thermal and
1/E regions, respectively, of a thermal reactor neutron spectrum have been experimentally determined. Litera-
ture data on the resonance integral of the reaction show a large scatter ranging from 313 to 780 b. On the basis
of such data it becomes extremely difficult to produce a best value for application. In this work we performed
a careful experiment in an effort to produce a precise and accurate measured value, which will be a valuable
addition to the literature. ThE°Th(n, y)16°Tb reaction is studied by irradiating spectrographically purgOFb
powder samples with thermal and epithermal neutrons in the Pakistan Research Re@RAdRRE]) at
PINSTECH. Thermal and epithermal neutron fluence rates were determined with Au and Co activation detec-
tors. Thea parameter, which accounts for the deviation of the neutron spectrum shape fronktlaevlin the
epithermal neutron region, was obtained with good accuracy by using Au, Co, Mn, and Zn activation detectors
and adopting the regression and iterative analysis procedures. The induced activities in the target samples and
the activation detectors were measured with a high purity germanium detector system. The cadmium ratio
method was used to yield the thermal neutron cross section and resonance integral. The measured thermal
neutron cross section at 0.0253 eV and resonance integral are 23.6+0.4 b and 443+21 b, respectively. The
results are discussed and compared with the literature.
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I. INTRODUCTION 97Au(n, )1°8Au were used to determine theparameter to
Neutron cross sections are required in both fundamenticcount for the de_viation of the_: neutron distribution from th_e
. . ) . /E law in the epithermal region and the neutron fluxes in
nuclear research and in a wide range of applied nuclear fieldg thermal and epithermal regions of the neutron spectrum.
such as shielding calculations, nuclear fuel and waste marrhe regyits obtained for the thermal neutron cross section

agement, dosimetry, and nuclear medicine. Thermal neutrog,q resonance integral are compared with the literature.
cross sections and resonance integrals are required for reac-

tor neutron flux parameterization and neutron activation
analysis. It has been observed that the resonance integrals of
several nuclides described in the literat(it¢ show consid- The flux density in a thermal reactor can be characterized
erable discrepancies. A proper evaluation of these data th&y two components, a temperature dependent Maxwellian
may be useful for practical purposes requires a large popuhermal neutron component and an epithermal neutron slow-
lation of experimental data. This puts an emphasis on thég down component with an ideal B /distribution. A num-
need for new measurements. Several nuclides have be&egr of formalisms[8-10 have been suggested to describe
studied in the recent past for thermal neutron cross sectiothe reaction rates. A simple convention proposed by Hggdhal
and resonance integralg—7). [8] for 1/v nuclides is employed for the present purpose,
In this work we studied the thermal neutron capture crosgvhich is as accurate as the complex formalisms such as
section(the cross section at 2200 mtsand resonance inte- Westcott[9].
gral (epithermal neutrons in the Eegion) for the rare-earth The reaction rate per target nucl®&, of a sample irradi-
nuclide Terbium-159. The reported values of the thermaRted by reactor neutrons can be described according to the
neutron cross section 87°Tb range from 22 to 26 b whereas H@gdhal convention as
the resonance integral data of the same nuclide show a large
scatter and range from 313 to 780 b, see the Gryntakis and R=Rip+ Re= Pt + Celo, 1)
Kim compilation [1]. The present e_xperiment measures theyhere Ri(=Py0,) is the reaction rate induced by pure
thelrsmal neutlrgn capturg cross secyop anq resonance '”t‘?grtﬁ'ermal neutrons andR,(=d,l,) is the reaction rate in-
of *%9Th(n, »)**Tb reaction by irradiating six spectrographi- qyced by epithermal neutrongy, is the thermal neutron
cally pure terbium powder samples with thermal and epithj,x and @, is the integrated epithermal neutron flux per
ermal neutrons using the irradiation facilities of the Pakistan,p; In(E) with E being the neutron energys, is the ther-
Re_searg? React(gr;ARli-gj) at P”;'OSTE&H- The quclear ' mal neutron capture cross section2200 m s* and|, is
actions>Mn(n, »)>Mn, >*Ca(n, »)>*Co, **Zn(n,»)>Zn, and  the resonance integral for a E/spectrum. In practical
situations the slowing down neutron spectrum deviates
from the ideal 1E shape and requires a correction param-
*Corresponding authors. Email address: usman_rajputé@tera. The flux per unit energy is therefore approximately
@hotmail.com proportional to 1E**, with « independent of the neutron

II. THEORY
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energy[11,12. The modified reaction rate including the sides of the equation. It can therefore initially be set to
shielding effects can be written as zero followed by an iterative procedure until it converges.

R= + =@ G+ Dl G y 2
Rin + Re = @0Gip + Pl o(@) G 2 lIl. EXPERIMENT

where Gy, and G, are the thermal and epithermal self-
shielding correction factorsly(«) is the irradiation site 1. Target preparation

dependent resonance integral. h f terbi dqf hi
The reaction rate of a target irradiated under a cadmium | N€ targets of terbium were prepared from spectrographi-
cover is given by cally pure powder THO,; from Merck. A small quantity of

terbium powder2—6 mg was spread onto a Whatman-1 fil-
R, = ®gl o(@)GeFeg, (3) ter paper, covering a rglatively large circu_lar a(_ea as to
minimize the self-shielding effegtthereby simulating circu-
whereFq is the cadmium transmission correction factor. |ar foils of about 8—=10 mm in diameter. Four samples were
y Ray spectrometry of the irradiated sample with the useyrepared for bare irradiation and another four for irradiation
of an efficiency calibrated high-resolution detector enableginder a cadmium cover. The weighing of the target materials
the determination of the experimentally measured reactiofyas carefully carried out using a Sartorius semimicro elec-
ratesR (or R}) by employing the following expression: trical balance.
The irradiations of the activation detectors of Au, Co, Mn,
o NW (4) and Zn were carried out to characterize the neutron irradia-
N,0P,e,mSDC tion facility. The targets of Au weighing 1-4 mg were pre-

hereN. is the net peak counting rate corrected for Isepared from thin gold foils of thickness 3@m. The cobalt
w p! P unting : pu sampleg6—-10 mg were made from 10-mil cobalt wire. The
pileup lossesS,D, and C are the respective correction

. A o wires were cut into roughly equal pieces of length 2 cm and
factors for saturation during irradiation, decay betweenroIIed spirally. The manganese sampls4 mg were made
irradiation andy counting, and decay during counting/ i

: . . ; 4 : from manganese metallic pieces. Zinc foils-2 mg of
is the atomic _welghtNa IS Avpgadro S numper_ﬁ Is the 8 mm diameter were used. For the determination of dhe
natural isotopic abundanc®,, is the y ray emission prob-

- X Y deviation parameter, these activation detectors were pack-
ability, e, is the absolute efficiency of the detector foya b P

: aged together in standard polystyrene irradiation capsules of
rayEE)(ho:ic;np(ra]?Ii,ni\nm IS; t::qe r:r;as? t(;]f t?e ta;irgnetr etlemefnt. tQimension 13.5 mm in diameter and height 11 mm for bare
perimental measurements of the reaction rates ot aclic,, 4200 and another set of detectors was packaged into a

vation detectors with well-known nuclear data lead to thecadmium box of dimension 14 mm diameter, height 6 mm,

determination of the neutron flux parameters at the irradia- nd thickness 1 mm. Each of the activation detectors was

tion site and consequently to the measurement of thermaj%so encapsulated individually within polystyrene and cad-

neutron cross section and resonance |ntegral of the elemeﬂwium covers for the determination of thermal and epithermal
of interest. It is to be noted that the conversior g&) to |, nFutron fluxes and cadmium ratios

is necessary to provide a resonance integral independent o
the irradiation position which can then be compared to lit-

. . . 2. Neutron irradiation
erature values. This conversion can be made by using the

following expression: The Pakistan Research ReactBARR-1) at PINSTECH
was used for the irradiation of the samples. The reactor core
N T 0.31600{ 1 E“} )
= o) — — _— s
Y B LarpEL T

Reaction: '*Tb(n,7)"Tb

where E, is the effective resonance energy arky
(=0.55 eV is the cadmium cutoff energy.

10" 3
A. Determination of a parameter 3

1271.9

The a parameter can generally be determined by the bare
multimonitor method, the cadmium covered multimonitor
method and the multimonitor cadmium ratio mettjag,14.

In this work the « parameter is determined by using the

cadmium ratio method as it utilizes only the ratios, which

improves the estimates of the uncertainty. The slope of the
following straight line yields thex parameter,

962.3+965.1+966.2

Counts
1199.9
1312.1

10° <

10° 3

Yi =a+ aXi, (6)

T T v T T T T T T T T T
where Y =INE {G/ (FeqiReqi =D Qoi(a)Ge i} and X ° w0 A ey T 1o
=In E;;, with Qq (@) =lg;(a@)/ oy, the subscripi refers to

ith nuclide. In this equation the parameter exists in both FIG. 1. y Ray energy spectrum of the irradiated,Og sample.
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TABLE I. Nuclear and resonance data for the reactions used in this work. Uncertainties given in parentheses are in the last digits of the
principal values.

Effective
resonance
Atomic energy vy energy y emission
Nuclear weight Abundance [19] Half-life [21,22 probability[21,22  Q, value
reaction [17] [18] (%) ev) [20] (day$ (keV) (%) [14] Remarks
55Mn(n,y)%Mn  54.93804%9) 100 46851) 0.1074544) 846.7715 98.8) 1.05327) « Monitor
59Ca(n,7)%%Co  58.93320®) 100 1367)  1925.15) Eggégz gg'ggggg 1.99354) « and flux
647n(n.v)%zn 65.392) 48.6360) 256Q0260) 244.2626) 1115.546 50.6@2) 1.90894) « Monitor
7Au(n, y1%Au  196.9665862) 100 5.6%40) 2.6951721) 411.80203 95.582) 15.7428) a and flux
159Tp(n, ») T 158.9253@) 100 18.19) 72.32) 298.58 26.16)
879.383 30.06)
1177.962 14.8)

contains 20% LEU fuel. The reactor is of the swimming poolcollected for the irradiated terbium samples. A typical experi-
type and normally operates at 10 MW power level. The neumental y ray spectrum of the spec pure terbium sample is
tron irradiation of the samples was carried out at the irradiashown in Fig. 1.
tion position RS 3 of the reactor. Suitable irradiation times The induced radioactivities in the other irradiated activa-
were chosen(from 2 min to 10 min so as to induce the tion detectors were also measured at the same counting dis-
optimum activity for they ray measurements. The irradiated tances as above. The necessary nuclear data of the radionu-
samples were allowed to decay for an appropriate coolinglides used in this work is given in Table I.
time before they ray spectrometry of the samples.

) . IV. RESULTS AND DISCUSSION

3. Measurements of radioactivity

P _ The specific activities induced in the activation detectors
The y ray spectromeltry of the irradiated samples was car ere used to determine the cadmium ratios. Thermal and

ried out using a high-resolution gamma ray detection syste epithermal correction factors were calculated by using the
0 . . ; ;
The system employed a 40% relative efficiency high pumyexpression described by Zweifé23] and Baumann24]

germanium detector with energy resolution of 2.0 keV at thel_h . all d cadmi y di
1332.5 keV peak of°Co. A computer based 4096 multichan- € experimentally measured cadmium ratios were used in
xpression(6) to determine thex parameter. The linear least-

nel analyzer carried out the data acquisition. The efficiencf‘ N ; .
guares minimization was carried out and the function was

calibration of the detector was performed by measuring thé . ;
radionuclide$%Co 13%Ra. 13'Cs 15E‘)Eu and241A?1/1 The mea?— iterated to obtain a consistent value of thparamete(Table

sured efficiencies were fitted to a suitable functigs), II. Figure 2 shows the excellent fitting of a straight line to

which allowed for the interpolations at the particular energie hggzxq_irlmenta:hdata ;N'th da gt?]OdneTS'Of':'t c%ef;_:é'elnt of
of interest. Excellent efficiency fitting curves were estab- " - The pure thermal and epithermal neutron fly N

lished for 25- and 15-cm source-detector distances witth) Were determined from the reaction rates measured from

x-squared per degree of freedom between 0.9 and 0.95. A
detailed study describing the method of the detector effi- 4.8 ]
ciency response curves taking into account correlation ef- 4.
fects has recently been published elsewhéf. 4

The induced activities in the terbium samples were deter- 4.4+
mined by measuring the rays at 298, 879, and 1177 keV 4 2_‘
associated with the decay df°Tb while counting the o
samples at source-detector distances of 25 and 15 cm. The__-4.0
long counting distances were selected to avoid true coinci-

-3.8 -

dence summing losses. A large numberyahy spectra were |
-3.6 -
TABLE Il. Measured flux parameters of the irradiation position .
RS 3 of Pakistan Research React¢PARR-1). (®isinn 3.4
-2 cpsl 1
cm Sec ) -3.2 T T T T T T T T T T T T T
L 1 2 3 4 5 6 7 8
Deviation parameted -0.1623+0.0055 X,
Sub cadmium fluxdy, 1.98x 10%+3.18x 101!
Epithermal flux®, 2.53x101+1.11x 100 FIG. 2. a-Parameter measuremept; and Y; are defined in
Eq. (6)].
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TABLE Ill. Thermal neutron cross sectian, and resonance integrk) of 15°Tb(n, )1°Tb reaction.

ay(barn Io(barn
Present 23.6x0.4 443+21
Ref. [1] 25.5+1.11973 628+241965/450+501967/780(1967)
22+2(1967 402(1967/780(1969/352+351970
23.2+0.51979 429.51972/36540+1973/376.41972
23.2+0.51964 3131973/410.31973/430+401973

434+211974/400+241974/455.451975
331+251976/375+251976

Ref. [14] 23.8£0.24 426+1{1987)
Ref. [26] 23.2+0.5 400+261987)
MUGHABGHAB [27)2 23.4+0.4 418+2(1989
JENDL-3.3[28] 26.52 471

*Evaluations in Refs[26,27 include Ref.[1] compilation data.

the induced activities of the radioactive produéi€o and the true mean of the population of the thermal neutron cross
198Au with respective target samples irradiated under baresections of the reaction under study lies close to our value.
and cadmium cover conditions and by using E@sand(3). The resonance integrals in the literature, however, show a
The reaction rates of thé®Th(n,y)'®°Tb reaction were large scatter. If we look at the frequency of the literature
evaluated[Eqg. (4)] from the spectral data of the bare and values(Refs.[1] and[14] in Table Ill), we may divide them
cadmium irradiated samples. The uncertainties in the overalh three groups. We find that in seven cases the integrals are
measurements includ® statistical errors(ii) the error in the  within the range 300—400 (group J), in eight cases they lie
interpolated efficienciesiii ) errors in the nuclear datdable  between 400 and 460(group 2 and in the other three cases

), and(iv) target weighing errors. they are higher than 600 (group 3. The current measured

The transmission factor of thermal neutrons through theesonance integral falls within group 2 and is on the higher
cadmium,F4 was taken as 0.99R5] to take into account side of the range. The present result is in agreement, within
the low-lying resonance at 3.339 eV. the uncertainty limit, with the other measurements of the

The thermal neutron cross section of the reactiongroup. The present value of the resonance integral
159Th(n, )1%°Tb was determined from the ratio of the sub (443+21 b falls midway between the evaluations of Ref.
cadmium reaction rateR-R}) to the thermal neutron flux. [26] (400+25 1 and Ref.[28] (471 b and agrees with the
The same was also deduced from the ratio of sub cadmiuravaluation of Ref[27] (418+20 h. It is clear that the reso-
reaction rates of terbium to the same ratio of the coirradiatediance integral data in Table Il merit reevaluation.
cobalt monitor subsequently multiplied with the thermal
cross section of°Co. The weighted average was taken as the V. SUMMARY AND CONCLUSION
final value of the cross section.

The resonance integral of the reaction was measured by The thermal neutron cross section and resonance integral
using the cadmium ratios. The weighted mean of the meaef the reaction'**Th(n,)**°Tb have been measured. The
sured cadmium ratios of the choserrays was taken. The thermal cross section is in excellent agreement with those in
resonance integral was determined from the following exthe literature and supports the prevailing consistency in the
pression, which is evaluated from Eqg)—<4) followed by  data. The resonance integral measured in this work is in

its conversion td, [Eq. (5)]: agreement, within the uncertainty limit, with several of the
values compiled in Table Ill. Three ranges of resonance in-
tegral data have been identified. The group 2 data are sup-
lo(a) fGn

Q) = = , (7)  ported by the present measurement and are recommended for

0o (FeReg~ 1Ge the purpose of evaluation. The current results are recom-

_ _ _ mended for use in applications and are expected to help in
wheref is the thermal to epithermal flux ratio. new evaluations of the thermal cross section and resonance

The measured thermal neutron cross section and resitegral.
nance integral are presented in Table Il along with earlier
experimental and evaluated Ilte(ature data. Comparison of ACKNOWLEDGMENTS
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