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(Rcccivud May 6, 1981)

A proix'tliirc is dcsfribed for neutrón activation analysis of chlorine in zirconiiini and 
íifconiiini alloys, CalcuLilion of chlorine concentration is pcrfornied rclaíivc to zirconiiim 
conccniralion in (lii; ninlri.x in ordcr to minimizo ell'ccts of diffcrcnccs Jn irradLition and 
oountiiif: geonietry. Principios of tlic ¡nctliod, and tlic rcsults obíaincd are üiscusscd.

Introduction

Zirconium and /irconimn ntloys dcsigncd for nuclear application are subjcct to 
several preciso spccil'icatioiis rcgardiiig tlie concentration of soine iinpurities. Tims, 
tlic iipper Icvol acccplcd for ciilorinc concentration is 20 ppni.

Neutrón activation analysis is a suitabie tcchniquc for thc dctenniiiation of chlo- 
riiic, as it lias nn activatablc isotopo whicb can be succcssfuliy uscd, ¡lowcver, 
some diffiriihics ¡nay arisc \̂ ■i'h rcspt.'cl to thc nrcp:ira!ion o!' a suitahie standard 
whcn saniplcs have to be analyzcd as slabs or shaviniis. wliich aio tl>c usual shanes 
v/lmi tlicy aro laken fioni in¡íots; dilTcrcncos in irradiation and counting gconictry 
can affoct tlio accuracy ol' dotorininatiun,

An altoinativo niotiiod lo mininii/o thosc drawbacks is tlie utili/ation of a inatrix 
major clomonl, namcly /irconiuni, as a coi\iparator. Suc¡> a tccliniquc ha? aircady 
bccn api’licd for cadniiuiii dctoinnnation in cadiiiiuni doped sodiuni ciiloridc cu s ­
íais. using ai\ apptoxinialo formula for calcnlations,' In wiiat follows. thc principios 
of thc ¡iicihod will he ri(;oiously discussed and its application describcd for deíer- 
«lination of chlorine traces in /ircoiíiinii.
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Thcory

If self-sliieldinR fnctors nre not spcciflcally incUidcd. thc amount of nn rlcmcnt 
is caloiliticd in thc Rtisoliite mclhod froni Ihe acfiviiy imiiiccil over oiie of ils 
strtble isotopcs, by tlic ronnula:

I. M. COm-N ct ni.: NAA OI' Cl.OllINi; IN ZIHCONIUM

C AW Xt,„
ni = ----------------- ----- ---- ------------------------------------------

* ‘í ’ti, [v 'W 2  n/To/T gü + L{1 + A I ) ) (1  -

whcre m -  mass of Ihe eleinont,
C -  count rato,
i, e -  absoluto intcnsity and detector cfficicncy for thc mcasurcd radia- 

tion,
AW -  atoniic weight,
0  -  isotopic abundance,
Nav -  Avogadro’s niimber,
<I>,h -  tliennal <̂ ,h = nv, n: neutrón density; v; mean vclocity of 

MaxweU’s distribution, 
t( -  time of irradiation,
t j  -  time clapscd bctween tlie eiid of irradiation and the beginning of 

measuremcnt, 
tn, -  time of measurcmcnt,
X -  decay constant of tlie nuclide,
To -  normal teniperature of Ihe distribution; To = 293.6 K,
T  -  neutrón leniperafure,
g -  factor wiíich corrccts dcpartures of the cross-section from 1/v be- 

havlour in the thennal componcnt of tho neutrón specli'um, 
a -  cross-scction at 2,200 m/s,

‘••cpt
L  = ----- ; ‘I* : parajueter which defines the cpithcrnial flux;

‘l'ih

1 -  rcsonance integral from E c j,  cadmium cut-off encrgy;
«  a (E )d E  '■■cd o (E )d f i

1 = / -------  ; 1 = / ------- ; pkT: equivalent cut-off
Ecd ^ A‘*‘T E

1/E spcctruin. #í : empirical constant (m = 4 for ligth water rcac- 
tors), k: DoKzman's constant.
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The cxprcssion of thc conccntration of an element with respect to anollicr can 
be casily dorivcd; conccrning cliloriiic conccntration in /irconinm alloys as a func- 
tion of irconinm conccntration, tlie formula is as foilows:

I. M. COIIKN el «I.: NAA OI- CLORINE IN ZIRCONIUM

c „  A W „  I n/tt/2 V T o/T g „  o „  + L ( I „  + AU,)1 ( l  -  c
( c i j = [ Z í ] -----------------------z — = -----------------------------r r ~

id fe. AW„ ( ^/n|2 >Ao/T + L(i„ + -  e’ •)

(C l], (ZrJ: clilorine and zirconium concentrations, respectively; subscripts denote 
elcmcnts or tlicir corrcsponding nuciides.

Use of tiiis ncw formula results in a significant diminution of crrors caused by 
solf-shiclding effccts, as the matrix for botli the element to be determined and the 
comparator is tlie same. Thermal flux is removed and relativa efficiencies may be 
substitutcd for the corrcsjxmding absoluto valúes, thus lessening the error, AU other 
factors of the cxprcssion are eitlier tabulated or can be measured during the ex- 
porimont, cxccpt T and L, which are characteristic parameters o f tlie reactor and 
the Irradiation position and must be known beforehand.

Selection o f conditions for chiorine determination

As concerns a purciy instrumental method o f analysis, all factors which can 
coniributc to iniprovc tl\c scnsitivity should be reviscd. Ncglccting the small-yield 
threshold reaclions, chiorine produces by iwutron activation only onc isotope suit- 
able for analysis, wheroas zirconium has two activatahlo isotopes. The reactions 
occurring are;

i^C I »»Cl — ^  »»Ar (stable)

99.1%

Mo (stablo)
Nb
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’ *Z r ’ ’ Zr '•T (Stnl)lc) ■

2.7% H'

Sincc ^"Cl is sliortcr iivcd tlian ’ *Zr :tmi *'’ Zr, thcrc is no possiliilil)' o f sclcclin{, 
optimiiin coiulitions for irriuliiition or liccay times, as tl»o clilorine to /.irconiuni 
aclivity ratio always docrcascs as botli times are incrcascd. l-picailmium iira<.li.ition, 
somclimcs uscd as a mctliod Ibr impioving thc activation of an elcmcnt witli rcspcct 
to an intcrfcrcncc. would rcndcr the siiuation worsc in tlús case, hccaiisc llic cad- 
miiim ratio is by far highcr for clilorinc than it is for botli ¿irconiiun isotopcs.
A factor wliich can hcip chlorine dctcrmination is that cmits more cnctgcüc 
gamma-rays than do ’ *Zr and ” Zr. so that its measiircmcnt can be accompiishcd 
witiioiit serious intcrference, althougii with low efficiency. llowevcr, as thc bulk , 
of total activity results froni zirconium, tho irradiated sample has to be mcasurcd 
in a geometry far froni thc detector in order to avoid dist\iibanccs that would bo 
caused by a high dead time, thus lessening thc sensitivity. This situation could be 
ciianged by nieasuring the sample nearer to the detector, lead-covcrcd in such a • 
way that zirconium activity facing thc detector be reduced to an acccptahlc levcl, 
providing chlorine counting was not so diminished. This possibility of enhancing 
conditions for chlorine dctcrmination appcared as the only practicable alternative, 
and therefore, was studicd. Experimental dctails will be seen next.

Experimental
Equipment .. ...................... . ; . , ¿

AH measuremcnts were pcrformcd wifh a 70 cm’ G c ( lJ )  detector (l’rinceton 
Gamma Tech.), having a 2.4 keV resolution for the “ *Co 13.32 keV poak. Tho 
signal passed through a preamplifier (PG T  R G - llA ) and an amplifier (Ortec 450) 
to a 40 )̂6 multichannel analy/.er (Hewictt-l’ackard, niodcl 5401 A/13) with digital 
output by tcletype.

A desk Computer (Hewlett-Packard 9810 A ) was used in order to carry out 
the mathematical trcatment o f data.

Detemünation o f  rclative cfficiency curves

Sourccs o f ' '® '" A r ,  *^Na and ®*Co wcre produced hy thc rcactions: 
‘ ° ’ A g (n ,7 ) ‘ ' ° ' "A g ;  ’ ^Na(n,7 y ' ’ Na and * ®Mn(a, 3n)'''’( ’o, from AgNOj,
N a jC O j and mctallic manganese tarpcts, all chcmicals of hií’Ji purily. Irradiations 
wcre pcrformcd for ' '® '" A g  and '̂’ Na production in thc core of the UA-3 reactor
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I. M. COMEN el al.: NAA OF CLORINI' IN ZIRCONIUM

Fig. l.Efflcicncy curve for unshicldcd sources (aibitrary units). • - “ Co, X - " " " A g

l'lj!. 2.l'fflclcm;y Ciitvo for lc.nl shioUloil soiircos (urbiltary units). • *• “ Co, X -
o -.««Na . . . .
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I. M, rOlll'N ct al.; NAA OI' C’LülUNi: IN ZIIU'ONIUM

Kncrgy, kcV Kfliiíivf liilcii.iity NuclKle

446.«12*0.(HM 38.910.4
620.35Hil).003 29.410.5 " “ "’Ag
657.761 m.ÜOi 1000
677.627f0.00-t I12tl " “ "'Ag
6H7.010iO.004 68.310.5 " '" 'A g
706.680 i O.U05 172.811.5 "* '"A g
744.279iO.OOS 49.310.8 "<""Ag
763.949*0.005 23612 ’ " “ "Ag
81 «.03210.005 77.110.5 " » " ’Ag
846.772iO.OI 3 100 000 •*Co
884.684.*0.005 77116 ■"""Ag
937.491 íO.OOS 363t3 ” “ " ’Ag

1037.840i0.015 14 OOOilOO “ Co
I175.102i0.016 2 280t20 “ Co
l238.282iO.OI7 67 6001700 “ Cü
I360.250i0.070 4 330140 “ Co
I368.643i0.020 100 '•Na*
1384.300i0.004 26115 •” ""Ag
1475.786i0.005 42.410.8 1 * 0 m ̂

1505.036i0.005 140.111.2 " “ "Ag
1562.301i0.006 12.610.2 "« '"A g
1771.35li0.026 15 7001150 “ Co
2015.181i0.02S 3 080130 “ Co
2034.75510.029 7 890170 “ Co
2598.458i0.033 16 900tl50 “ Co
2754.034i0.036 100 "N a *
3009.59110.042 lOOOilO “ Co

*Nul usccl Tur unsliiclded suurcc mcnsuremonta.

whilst '*C u  was obtaiiicti upon irradiation wilh 54 MeV a partides in llie interna] 
beain of tlic I'liilips syiicrocyclotrot).

Aitcr tiic oiid of cacli irradiaiioii, Ihe liirncts wcic placed in such a way os to 
gut extended süurtcs icscMiblinj; zircaloy sainplcs in sliapc and si/.c. Gannna-rny 
spcctra wcrc rccorded Cor each .source; tlic occurring nuclidcs wcre cliHractcri/cd
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I. M. COIII-N et al.: NAA OF Cl.ORINE IN ZIRCONIUM

Table 2
Ufflciciicy tatios fot clilurinc aml zircoiiiuni cncrgicj

Energy rudo F.rficli'iicy ratio 
(bnrc sources)

Efflcicncy ratiu 
(sliii'IUcd sotirccs)

1642/724 0.380 1.352
1\G1IT14 0.237 0.937
1642/743 0.388 1.297
2167/743 0.240 0.899
1642/756 0.393 1.262
2167/756 0.243 0.875

throufji Iheir encrgies and their purity w!>.s checkcd. Radiations from ®*Co
and * ’ Co wcrc identiticd in Ihe irradiated inaiiganese, but thcy did not interfcre 
with thc uicasurcmcnt of tlic outstanding pcaks from ’ *Co.

Two sets üf nicasurcmcnts werc made, one with bare sources located 11 cm 
from tlic detector, thc other after placiiig iheni inte a 2.5 cm thick lead container, 
which rcsted on the dcteclor. Both coiiditions reproduced tlic actual geoniciry in 
which /iiconium sajnpies siioiild be measured, as has been preved by prcvious 
cxperience.

After smoothing of the data, peak areas were found by C O V EL L ’s niethod, 
then calculation of relativo efficiencies were performed for each nuclide. Finaily, 
datu of cn'iciency vs. cnergv’ were fitted for both experimental set-ups by thc 
least-squarcs inethod to a function of the type: iog e -  a log* E + b log E + C 
(e: efltciency; E: eneig>')- 1‘itting correlation factors were Ü.996 and 0.989 for 
toCHSurements with unihielded and lead shielded sources, respectively.

Ratios o f relativo cfficioncies for ^®C1 peaks with respcct to some of tlie inost 
prominent zirconiuni related peaks are suniniarized in Table 2, showing an miprove- 
mcnt for chlorine deteiniination by a factor of nearly 3-4. concerning individual 
penks. T!ioii¡;h both curves are presonted in arbitrary units. thcy can be iionnaüzed 
agiiinst uno aiiuther; this nonnali/.ation was made and rcvealed that, far from the 
iosses in •"'‘'C l counting wiien measuring with shielding, it is increiised by factors 
tanging front 4.7 fi>r 1642 kcV peak to 5.2 for 2167 keV.

Otluriiic (ictcrmination in iircunium and zircaloy sumiik’s

Ziiconium «nd zircaloy 4 samples, weighing about 100 mg, were treated with 
H niixluie of dihite ItNO i and HF, in order to lomove .surincc impurities, vvashed 
with bidÍNtilk'd water, diied, placed in polyethylene vlid.s and mounted into irra- 
diatioa capillos iii such u way that thü goometry could bo reproduced in all of

J. HtiJiojiiul. Clicni. 67 (IVSI) 399



(he cxpoiiinoiits. l'ivo-mimilo íikkííuIíuiis wcro c:iirici) oiit in ono of tlic positioni 
üf tlio RA-.' iciictor core. As '*’ Zi is higl\ly ilo|ioniiciit on opilhcnnal activution 
thc /‘I’ ih li'lio w:is incvioiisly dcU'rmiiK'd' \vitl\ lliioo inonitois (lii. Au, Mn) 
so as lü chcck possiblo licvialions Ironi tlic \¡ll law. lU-sults olHainoil wilh tlicsc 
tinco luoiiitors worc coiiiciilont witltin tlio liniits ol' cxpcruiu’nt;)! error, tlius proving 
tliat tlic cpitliornial componoiil coiild be consiOereil us a vciy neaily \¡\í spcclrum.

Aflcr tlie ciul ot' tlic irraiiiations, thc capsules weie opeiioil aiul thc sampics 
transt'crrod tü measureineiit vials, this operatioii lastinj’, appioMinalely 2S mili. 
Measiircineiits of 75 min wcre i’orroniicd; ilata correspoiuliiig tu •'*'C1, ” Zr and 
” Zr wcrc sinoothed and peak arcas caloulatcd as bct'orc. C/i c ratios wcrc füund, 
a wcightcd averagc was calculated for cach nuciide whcn more ihan onc pcak was 
uscd.

Cldorine conccntration was found rclativc to zirconiuin, utilizing thc corrcspond- 
ing formula.

Cnlculations nnd nuclear data

Accuratc kiiowledgc of the nuclcar paramctcrs invoivcd is a prcrcqulsilc lo ob* 
tain suilablc rcsults by tiiis mcthod, which in this scnsc rcscmblcs thc classical 
absoluto niethod. Tablc 3 sliows the sckctcd valúes uscd for calculations which 
wcrc available from current literature; most of thcm are in rcasonable agrccmcnt 
so that thc "bcst" data could be thosc wilh thc Icast error, as quolcd by iheif 
aiithors. Mowcvcr discrepaiicics wcre found with rcspect to cross-scction and re- 
sonance integráis for zirconiuin nuclides, especially ®’ Zr (Tablc 4). In order to 
test thcir self-consistency, cach group of data-was used for c:ilc\ilating ratios o f 
tlie zirconiuin niass, as derivcd from ” Zr activity, to that obtaiiicd from **Zr 
activily, in series of irradiations carried out at diflcrcnt positions of thc reactor. 
Obviouslyj the theorcticíd result should be 1. Tablc S sums up thc rcsnlts; cal* 
culatcd ratios wcrc near onc for irradiations pcrformed at thc core, but signific-mt 
departurcs for two of the cases wcrc observcd whcn irradiating in thc thermal 
coliimn. The most consistcnt rcsults wcrc obtained using the valúes publishcd 
by FU LM C R  ct al. and thercfore they wcre taken as thc prcfcrtcd oncs. Similar 
conclusions wcre icaclicd in a comj)arative study on data of cross-sections and 
resonancc integráis for scveial isotopes.’

Rcsults and discussion

Two valúes for chlorine conccntration wcrc obtained in cach experimcnt, ene 
for cach zirconium iiuclidc which acts as comparator. Accordnig to sclccted valúes, 
tliey diffcr by approximatcly 10% for irradiations in thc reactor corc. Probably,
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■I. M. COHEN et ni.; NAA OI' CLORINI; IN ZIKCONIUM

Tablc 3
Scicctcd vulucs for nuclear paramolcrs of clilorinc and zirconium isotopcs

Nutltde Cross'Sc-ct(on,
b

Rf.s<»i)uncc 
lntt't;ral, b HalMIfe Gamma cnerglcs, 

koV
Intciisity,

%

'*CI 0.43310.006 0,21310.009 (37.29i0.0-») m I642.42t0.l5 
2167,4 lO.l

32 t2 
42 í2

••Zr 0.052t0.003* 0.30 tO.03* (63.98t0.06)d 724.2310.04
756.7410.04

44.210.7
54,610.5

*’ Zr 0.020i0.003‘ 5.0 tO.4* (16.90t0.05)h 743.36i0.10*'' 92,8i0.3**

•Sec: Catcutniloiis nnd nuclear dtifa. 
••I'rom

Table 4
Cross-scctions und rcsonance integráis for zirconium isotopcs

Nuclldc RICAUAURA 
ct al,**

FULMI-R 
ct al.’

lAEA
Handbüok*

*«Zr 0 0,063 10.008 0,052±0,003 0.07510,008'
I 0.396 10,037 0.30 t0.03 0.38

•‘ Zr 0 0.005710.0010 0.020*0.003 0.05 lO.Ol
1 4.97 10,50 5.0 10.4 5.0

•Normnllzcd wlth addilion of 1/v contrihutinn, not includod In 
tho original rcfcrence.

Tablc 5
Results of mZr (’ ’ 7,r)/ni(>»Zr) ratios for differcnt 

piiblislied data

Posltlon '̂ ‘cpi/'f’th’ Rcf.* Ref.’ Rcf.‘

Cote 0.0164 1,24 0,89- 1,00 .
Coro 0,0164 1.25 0.89 1,01
Ttierinal column 2.97 • 10 * 3.70 1.04 0,63
llivrnial colunin 1.7 . 10* 4.01 1.05 0,62
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uso of tlu' rosvill i rom ’  '/.r \vo\iKl lie pu’foKiblc. lu\'a\isc ihe **Z r
¡iclivity is sv> liii'lily iiifliiciK-oit by cpillicimal ;uMiv;iiioii cvrn smitll sliifls 1»
Iho 'l’ fpi/'l’iii sovoioly alToci llio iuvniai'y of (lio ;^la!y^is. Ai(lu)ii(;li botll
•'"Cl poaks can bo useii l'or i.al>;rilati(Mis. tlu' l'onipiun backi'.iumul f’ciu'vatcil ’oy 
somo |H'aks fioin '” /,r or oihor iitipuritics ' " ' " ‘ In) wiih cmoikícs l»ighor
than 1(>42 koV niakcs (he coiiiitin¡; crior oC )his poak larjío in iclation )o tliiil 
ol' 2167 kcV; o.̂ ;. statistical cnois associatoil witli an analy/ivl s.iniplo of 2'5.5 ppm 
cliKvrino conconlration rcaolunl l r/'l’ aikl SV.'' for tlic l(i42 kcV ami 2(>17 kcV pcaks, 
icspoctivcly. Tiic l'ornicr is not Uctoclable wlicn tlie cliloiinc concc'nUatlua is sinal- 
1er tiian l ppni.

Systciiiatic crrors froni paranieicrs uscil in caiculations nuisl bo iiicliulcil in (lie 
final cxpression so ihal Iho total ciror is lar îcr than Ihat of tlie cxternal slamiard 
inethod. Neverthcloss, staiisiical connting dispersión has more weight than systcm- 
alie error wlien analyzing low concentration sampies.

The inethoil is reprocluciblc cven nt concentrations near the detection liniit. Two 
succesive dcterniinations in saniplcs of low chlorine concentration gave; (1.3 ± 0.3)ppnt‘ 
and (1.6 + 0.3) ppni. Applymg crileria sup^csted by RCXíliKS," tlie detection linnt 
is 0.6 ppni for a ‘).Sv,'. confidencc intcrval.

The prceeding considerations are valid when a single saniple is irrndiatcd and ‘
nieasurcd each lime. Sonie losses of precisión and sensitivity will occiir if moro 
•saniples are analyzed sinuiltaneously, but as the presen! detection liniit is luf sinal- 
Icr than the nppcr leve! reijuircd, such a schenie can be adopted ¡n routinc lor 
{■roups of up to four without affecting the ultimatc purpose of the work.

J. M. COni:N el NAA 01- CLOKINI- IN ZIKCONIUM
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