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ABSTRACT

This study shows the development of k, neutron activation analysis (k -INAA) method at the Egyptian Atomic
Energy Authority MTR reactor. The study demonstrates the use of k -IAEA software. The Hegdahl and the modi-
fied Westcott conventions describing 1/v and non-1/v (n, y) reaction nuclides were used to determine the neutron
spectrum parameters. The accuracy of the method was evaluated by analyzing IAEA-Soil 7 and JB1 as reference

meaterials. The results show an acceptable level of consistency. © 2014 Trade SciencelInc. - INDIA

INTRODUCTION

Neutron activation analysis(NAA) usingk -stan-
dardization (k -NAA) iswell-known method for €l-
emental analysis. It isbased on the HOgdal and the
modified Westcott conventiong®Z, which describere-
action rate of neutronswith nuclides. Hdgdal conven-
tionismorepopular inliterature. It dealswith 1/v nu-
clides (thenuclideswhosethermal neutron cross sec-
tionvary with /v, vistheneutron velocity). However,
this convention does not deal with non L/v nuclides.
Themodified Westcott convention deal swith both 1/v
and non 1/v nuclides. Recently, the Internationad Atomic
Energy Agency (IAEA) hasdevel oped IAEA- k , soft-
ware*4, It is based on the physical principals of k -
NAA usingthe HOgdal and the modified Westcott con-
ventions. Thesoftwaremakestheana ytica procedures
eas er and fagter than thetraditiona manual procedures.

Inthiswork k -NAA isextended to deal withnon
1/v nuclidesusing the IAEA- k, software. Theinput
parameters: theaverage neutron temperature, themodi-
fied spectral indexes, the neutron flux ratio and the
epitherma neutron flux indexesneededink -NAA are

determined for threeinner irradiation positionsat the
MTR reactor.

THEORETICAL BACKGROUND

Accordingto HOgdal convention, the reaction rate
of neutrons per target nucleusisgiven by!*2:

R= Gth¢0 + |0¢ep’ )
where o, isthethermal neutron cross-section, ¢, is
thethermd neutronflux definedby ¢, = n(v)v,, n(v)

isthe neutron density at aneutron velocity v, v, isthe

neutron velocity a 2200 m/swhich correspondsto the
modal vel ocity of the Maxwell-Boltzmann distribution,

0, istheepithermal neutronflux, |, istheresonance
integral defined by

I0

_1o(E)
= [ @

Ew
where E ,; isthe cadmium cut-off energy (0.55 eV),

E istheneutron energy and o(E) isthe epithermal
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neutron cross-section. Indefining 1, in Eq. (2), theva
lidity of the 1/E- law isfollowed- theflux density of the
epithermal neutronsper unit energy interva isinversay
proportiona totheneutron energy E . Thefirst term of
Eq. (1), intheabsenceof resonances, (R = o,,n(V)v,)
describes therate of slow neutron capture and indi-
catesthat ¢ ~1/v (Uv-law). ¢ ~1/v meansthat thecap-

turerate of dow neutronsincreaseswith thetime dow
neutronsstay or spend near or withinthenucleus. It has

becometraditional totabulate 6, a o, which corre-
spondsto neutron velocity of v,=2200 m/sor neutron

temperature T, = 20 °C. ThusEq. 1 can berewritten
agta:

R=0f +1ofe (©)
Therefore, inHAgdal convention the cross sections
arecongtants. They neither depend onthe neutron spec-
trum nor the neutron temperature.
Asmost reactors do not operate at atemperature
of exactly 20°C, there must beA convention for con-

verting the cross-section, ¢, & thetabul ated energy to

the effective cross-section, ¢ , at theactua tempera-
ture of thereactor. Thisconvention should deal with
nuclides, which haveresonancesinthecross-sectionin
thetherma neutron energy range, i.enon-1/v nuclides.
Westcott!™ devel oped amethod for converting o, to
o by describing the neutron spectrum as acombina-
tion of aMaxwelian - Boltzmann vel ocity distribution
function whichischaracterized by atemperature, T,
and acomponent of epitherma energy neutrons, whose
neutron flux distribution isproportiond totherecipro-
cal of theneutron energy, i.e. dE/E. For anon-1/v nu-
clide, thereactionrate per target nucleusisgiven by:

R =0,0(T) =nv,c,[g(T) + r\/T/ToSO] : )
where o(T) istheeffectivecrosssection defined ag*29:

o(T) =c,[9(T) + r\/T/ToSO] , ®)
where g(T) isaparameter which representsthe de-

partureof thecrosssection from the /v-law inthether-
mal region (=1if thenuclide obeysthe /v law inthis
energy region) and which can be calcul ated from the

—— Fyll Peper
expression

o) = @17 E, o) [VE o(ENETE, ep(-E/E,) dE/E,  (g)
where E; =ET/

K, r{T /T, istheepithermal flux index which de-

notesthestrength of theepithermal flux; itiszerofor a
purethermal flux and s, isaparameter which repre-
sentstheratio of the reduced resonanceintegral and
thermal crosssection suchthat:

T,, E,=0.0253 eV and T,=293

s=@Iro) | (o(B)-oMaETE) dEIE=@I) (/) (7)

uKT

wherek isthe Boltzmann constant, p varieswith the

type of thereactor’s moderator and |, isfurther de-
fined as:

Iy = Ef (e(B)-9MonfETE,) dE/E+j (o(B)-9(Mow[ETE,) dE/E=AI"+1. ,(8)

where |, istheepicadmium resonanceintegra exclud-

ingthe /v partand A|' thepart, shielded by Cd-filter,
which depends on the neutron temperatureand isneg-
ligibly small for nuclidesobeyingthe /v law inthether-
mal energy region. However, for those nuclideswhere
resonance peaks lie near the cut-off energy, such as
Cd-113, Eu-151, Lu-176, Ta-182, 1r-191, Pa-231,
Pu-239 etc, thevalueof A|" becomesvery largeand
can not be neglected. For 1/v thermal cross-section
behavior, one hasto agood approximation:

s = (2/r ) Q,-0.484, ©)
I0

where Qo =—
0

Theconcentration of analyea, p, isdetermined by

k,-NAA interms of Westcott and HOgdal conventions
using thefollowing equationg?:

_ (N/WSDC) 1 (8T 8 (@) ey
pa_(N%wsDcJ @ [6M+1(@T/T s.(a)] &0 (10)
and

_(’%WSDCL 1 f+Q @) s,
* (N kow(@  F+Qu@) 2, »
’ ( %"WSDCJAu ) ) )

respectively, where “ Au” refers to the co-irradiated
gold monitor and Np isthe net number of countsinthe

(1)
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full-energy peak, W istheweight of thesample, wis
theweight of thegold monitor, t_isthemeasuringtime,

S=1-exp(-it.

irr

), A isthedecay constant, t, isthe
irediationtime, D = exp(—At, ) , t, isthedecaytime,
C = [1-exp(-4t,)]/ At,,, f is the thermal, ¢, to

epithermal,, ¢, neutron flux ratio, s (o) = s, (E/ )"

E, Istheeffectiveresonanceenergy, Q(a )= (I,(e)/
c,) (resonanceintegral to 2200 ms* cross-section o)
ratio, o isthemeasurefor theepithermal neutron flux
distribution, &, isthefull-energy pesk detection effi-

ciency and K »,(2) isacomposite nuclear datacon-

stant factorls”, g(T), r(a)/T/T, ,a andf.arethe

input parametersinthek -NAA. They should be de-
termined experimentally to performk -NAA

Deter mination theneutron spectrum parameters

Determiningf, e , r(a),/T/T, andtheaverage

neutrontemperature T are necessary to perform NAA
using k, standardization based on H@gdal and
Westcott’s conventions. The parameters f and

r(a),/T/T, asafunction of o are given by the so-

called bare bi-isotopic monitor method as:

Q@) - Qu () Ay T ko p 1) £ 5)  (Ag s T Ko (rEF) & ) —b+ b —4ac

fla) = :
(Agi T ko pa () € 5,) 1 (A T Ko pu(Tef) £ 5,6) =1 2a

(12)

ad

9 (M)~ G MNA TKopu 1) & 5/ (Aot T oo pu (TEF) € 5)
JTiT, =
() S @A ko) € ) (Ag e Ko (TEF) & 10) = 85 (a) ?

(13)

respectively, where A, = (N%WSDCJ , ref refers

to areferenceisotope, say Au-198, and i refersto any
other isotopes such as Zr-95/Nb-95 or Zr-97/Nb-97m.
Thus, the activated set Au-198, Zr-95/Nb-95, Zr-97/

NDb-97 isused to construct threecurvesfor f («) vs.

o . Every curveconsistsof apair of thefollowingiso-
topes: Au-198, Zr-95/Nb-95; Au-198, Zr-97/Nb-97;
and Zr-97/Nb-97, Zr-95/Nb-95. the plots of

r(a)T/T, Vs o intersectinauniquepointwhich
givessmultaneously and .Thus, the same set of iso-
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topes are used to determinef, ¢ and r(a)/T/T, .

Theneutrontemperature T isdetermined by co-irradi-
atinganon 1/v monitor such asLu-monitor, which has
astrong deviation from the 1/v shapein the thermal
regionand 1/v monitor suchasAuor Zr. Thefollowing
equationisusedtodetermineT:

(A kom 2oy _ 9LM+1()TIT, 8, (@)
(A om o], M+ (@ T @ 4

Since g,,,(T) =1, Eq. (14) yields g,,(T) and from
tablesgiving g, , (T) versus T, T can be determined.

EXPERIMENTAL

IAEA Soil-7 and Jol reference materid satogether
with Al-0.1% Au, Al-0.1% Lu and 99.8% Zr set'®;
wereirradiated in positionsA, B and C near the core of
the MTR research reactor for 2,3 and 3 hours respec-
tively. TheAl-0.1% Lu was irradiated only in position
A. TheJbl referencematerial wasirradiated in posi-
tionsA and B. The set of the standards consi sting of
99.98% Ni,99.9% Mo, 99.9% W, and 99.9% Fewere
irradiated inpositionA. Irradiation of delemntssuch as
FeAnd Ni isused to determinefast neutron flux, ¢,
viathereshold reactions. Thegammaray detection sys-
tem consists of p-type coaxid EG& G Ortec HPGede-
tector of 29.4 % relative efficiency and 1.66 keV
FWHM at 1332.5 keV of ®Co. A Canberra 10 cm
thicknesslow background lead shield with low carbon
sted casing isused in shielding the detector. A guine
card of 16384 channelsADC is mounted on PC for
dataacquisition and anaysis. The absolute efficiency
curves of the HPGe detector were performed asfol -
low: 22°Ragammaray point source was used to estab-
lishtherelative efficiency curve at adistanceof 15.5
cmaway from the detector head. Thisefficiency curve
was converted to absolutecurvesat 15.5cm, 10.5cm,
5.5 cmand 0 cm distances using the *¥'Cs, ®°Co and
Ey gammaray point sources of well known activi-
ties.

ThelAEA -k, programwasingtaledin accordance
with thefour step processrecommended inthe users’
manual of the k, -IAEA package. In the permanent
data base of the IAEA - k program, certificates of

Au Tudian Yournal



ACAIJ, 14(3) 2014

A El Abd

103

some radionuclides such as*'Cs, ®Co and ™°Eu and
monitorssuch asAl—% Au, AI-0.1% Lu, 99.98% Ni,
99.8% Zr, 99.9% Mo, 99.9% W, and 99.9% Fewere
created. The HPGe detector dimensionswere created
inthe counting facilities. The neutron spectraparam-
etersf, o, thermal neutron flux, fast neutron flux and
neutron temperaturewereinserted infacilitiesof the
software. Inthe seriesdatabase, the absol ute efficiency
valueswereinserted manually to the program at the
distance 15.5 cm. Background and energy calibration
spectraacquired by the HPGe detector were defined.
Weightsand irradiation timesfor the samplesin each
irradiation positionswereinserted.

RESULTSAND DISCUSSION

The flux ratio (f), the modified spectral index

(r(a),[T/T, )and o werecalculated (Eqs 12& 13)

using the activated isotopes of **®Au, %Zr/*Nb and
Zr/*"™Nb. The average neutron temperature’® of the
thermal neutronsintheirradiation positionA wasde-
termined (equation 14) using the activated "L uiso-
tope (non 1/v monitor) and the **®¥Au (1/v monitor).
Theaverage neutron temperature valuewasfound 38
+2 °%C (311 K). Results arelisted in TABLE 1. Fast
neutron flux were determined using thethreshol d reac-

tions *Fe(n,p)*Mn and *Ni(n, p)*coand result is

lisedinTABLE 1.

Thefirst runsof the program were performed to
determinethe elemental contentsfor some activated
standards such as Fe, Mo, Au, Ni and Zr which are
counted separately and at different distancesfrom the
detector. The gammaray spectraof the activated iso-
topes of these standardswereinterpreted successfully
by the IAEA - k, program. The program usestheval-
uesof theabsol ute efficiency at thereferencedistance
15.5 cm (inserted manually) from the HPGe detector
head to determine absol ute efficiency curveat any dis-
tance during the sample’s interpretation process. The
process of absolute efficiency calculation at any dis-
tancewiththeknowledgeof areferenceefficiency curve
iscarried out based on solid angle calcul ationg®4 at
different geometries.

The gamma ray spectra of the JB-1 and IAEA-
Soil-7 sampleswereinterpreted by program. Thenu-

—— Fyll Peper

TABLE 1 : The neutron spectrum parametersf , o,

r (a)‘ /T /T, ,Tandé,,fortheirradiation positionsA, B

andC.
» / §ras T
Position  f r (0{) T /To a (nem's'  (°C)
A 13.7 0.062 0.053 254x10%® 38+2
B 15.1 0.057 0.059
C 171 0.0505 0.061

TABLE 2: Theconcentr ationsdeter mined for thel AEA Soil-
7in (mg/kg or pg/g)

Concentration
Element pogtion Position Position

Recommended value
(95% confidence

A B C interval )

Na® 231 23 2.38 2.4(2.3-25)
Ca® 166.6 175 151.8 163 (157-174)
Sc 9.00 8.9 8.661 8.3(6.9-9)
Cr 62 60 65.27 60 (49-74)
Fe? 25.84 24.2 25.76 25.7(25.2-26.3)
Co 8.788 8.28 8.91 8.9 (8.4-10.1)
As 131 11.95 - 13.4 (12.5-14.2)
Rb 51.68 49.90 48.08 51(47-56)
Sb 132 16 179 1.7(14-18)
Cs 5.2 5.9 5.05 5.4 (4.9-6.4)
Ba 145 160 162 159 (131-196)
La 29.41 275 29 28 ( 27-29)
Ce 64.28 65.6 58.95 61.0(50-63)
Nd 30.00 32 31.66 30 (22-34)
Sm 4.90 5.70 5.40 5.1(4.8-5.5)
Eu 0.95 0.90 0.89 1.0(0.9-1.3)
Tb 0.52 0.58 0.61 0.6 (0.5-0.9)
Yb 2.22 2.35 247 2.4(1.9-2.6)
Lu 0.28 - - 0.3(0.1-0.4)
Hf 4.635 51 5.251 5.1(4.8-5.5)
Ta 0.792 0.75 0.70 0.8(0.6-1.0)
Th 7.94 8.1 8.82 8.2(6.5-8.7)

u 213 2.39 255 2.6 (2.2-2.3)

*mg/g

merical output of the elemental concentrations for
IAEA-Soil-7 and JB-1 samplesislistedin TABLES
2& 3, respectively.

Deviation of measured concentrationsfrom recom-
mended valuesfor IAEA Soil-7 and Jb-1 samplesare
sgowninFigures1and 2, respectively. Asone can see,
most determined e ementsarewithin 10% of therecom-
mended vaues. Larger deviations—beyond the limit of
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TABLE 3: Theconcentrationsdeter mined for theJb1

Concentration
Recommended value

Element

A B

Na? 21 21.3 20.5
Ca® 518  56.1

Sc 267 291 275+ 1.95
Cr 490 486 425+ 63 (469)°
Fe? 618  59.8 62.9

Co 34 38.3 38.2+52

Ni 140 - 133

Zn 84 83.7 85.2+9.9

w 19.6 16.5 17.1+ 3.5 (20)°
Rb 42 42.1 41.3+51
Ba 474 490 493+ 46

La 384 365 386+ 4.3
Nd 26.7 26.7 26.8+23
Eu 1.56 1.35 1.49+0.15
Tb 0.8 0.84 0.82+0.19
Ce 66 68.2 67.81 6.8
Yb 2.12 2.7 2.13+0.26
Lu 0.29 - 0.31

Hf 333 343 331+ 0.56
Ta 2.87 2.7 293+£0.79 (2.7)°
Th 85 9.2 9.3+0.71

Sr 456.4 - 444+ 29

Zr 135 141 141+ 22

U 1.6 1.79 1.7+0.28
Mo 26 28 274+ 10.2 (34)°

amg/g, ® ref 03

Position

easuredicertified

Element

Figure 1 : Deviation of measured concentrations from
recommended valuesfor | AEA Soil-7 sample-the horizontal
linesrepresent £10% deviations.
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Figure?2: Deviation of measur ed concentrationsfrom recom-
mended valuesfor Jb-1 sample— the horizontal lines repre-
sent £10% deviations.

10%- can be noticed (Figure 1) for Sb and U for the
s0il-7 sample. Theaveraged ementd content of both Sb
and U determinedfor irradiation positionsA,Band C
are2.35ug/gand 1.57 ug/g, respectively arewithin 10%
of thereported va ues. For the Jb-1 sample, thedevia-
tions (Figure 2) can benoticed for thedetermined ele-
ment Cr, W and Y b. It wasreported that concentration
of Cr in Jb-1 sample show some scatter*3. It can be
attributed toitsinhomogenousdigtributioninthesample.
Theaveragevaueof Cr (488 ng/g) iswithin 5% from
thevalue determined in ref*3, For W, in spite of there
somescater initsvauein literaturd®®, the determined
vauesinthiswork arewithin reported range. For Ybits
averageva ue(2.41) lieswithin reported uncertainty.
Strong non- /v nudlidesuch asLuwasdetermined
intheinvestigated samplesirradiated at positionA usng
thek -IAEA program. Thisrequirestheknowledge of
theaverage neutron temperature. So, concentrationsof
non-1/v nuclidescannot be determined at positionsB
and C. Moreover, more element are determined and
computation timewas shortened*-2 (Jonah et d ., 2009;
Moonet al., 2009). Thisin contrast totheusua proce-
duresof anays sthegammaray spectramanudly.

CONCLUSION

(1) Theneutron spectrum parameters needed to carry
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NAA usingthek -IAEA programweredetermined.
(2) Thek-IAEA program based onk - standardiza-
tion method of NAA was used successfully toin-
terpret spectraof somereference samples..
(3) Theconcentrationsof elementsdeterminedinthe
referencesamplesaremainly within reported ranges.
(4) Anaysistimewas shorted and moreelementsin-
cluding non-1/v nuclidewere determined.
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