e

e o

' teca 03.81. A =4

A

RGO ".i-i:‘:ei \CACIONES
ne 4 ARO (04 . Bf‘ OO)

ey ). Doghomnsl Chow.
165N 0134-O719

Jouenal of Raitivenalviical Chentistry, Vol 87, No 2 (1981} 393-402

NEUTRON ACTIVATION OF CHLORINE
IN ZIRCONIUNM AND ZIRCONEUM ALLOYS
USE OF THE MATRIX AS. COMPARATOR

LM COHNEN.C. D COMEZ M. L MITA

Comiision Nacional de Encrgia Ardmica, Direccicin de Radioisétopas y Radiaciones,
Awda. del Libertador 8251}, {1429} Buecnos Aires (Kepublica Argentina)

(Received May 6, 1981)

A prowvdure is described for neutron activation analysix of chlesine in zirconitvim and
tirconium atloys. Calculahion of chlorine concentzalion is performied reliiive 16 zitconium
concentration in the mudrix in order to minienze eftects of ditferences i irradintion and
counting geometry. Principles of the inethod, and the resulls phiained are discussed.

Introduction

Zirconivm and zirconivm allovs designed for nuclear application are subject to
several precise specifications regarding the concentration ol some impurities. Thus,
the upper level accepled for chlorine concentration is 20 ppm,

Neutron activation analysis s a suitebic technique for the determination of chlo-
rine, as it Dias an activatable isotope which can be successfully used, Hawever,
some difficuttios nuy arise with respect 10 the preparntion of 3 suitable stundard.
when samples have to be analyeed a3 slubs or shavings, which wie the usual shapes
vhen they are faken from ingots; differences in ireadiation ‘and counting peentetry
can affect the accuracy of determination,

An altenative method 1o minimize these dvawbacks is the wiifization of a mitrix
major element, moncly zircaniung, a5 & comparator. Such a technique has aheady
been applied for cadmiinm detenmination in cadminm doped sodivm chioride crvs-
Lals, using an approximate fonmuly for cafenlations,' In what follows. the principles
of the mwethud will be rigemously discussed apd its application described for deter-
mination of chlorine traces e siiconjuns,
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Theory

If sell-shielding factors are not specifically included, the amount of an element
is eatculuted v the sbsolute mcthod from the sctivity induced over one of its
stable isotopes, by the formwla:

C AW At

m= o i
i€ © N, &, [VH2 VT go+ LA+ AN — ™) M — oMy

where m = mass of the elemnent,
C - count rate,
i, - absolute intensity and detector cfficiency for the measured radia-
tion,
AW — atomic weight,
8 -~ isotopic abundance,
Nav — Avogadro’s number,

by — theomal flux, ¢y, = nv, n: neutron density; v: mean velocity of
Maxwell's distribution,

t; — time of irradiation,

ty — time clapsed between the end of irradiation and the beginning of
measurement,

t — time of measurement, .

A — decay constant of the nuclide,

Te — normal temperature of the distribution: Ty = 2936 K,

T —~ newtron {emperature,

g ~ factor which corrects departures of the cross-section from tfv be.

haviour in the thenmal component of the peutron spectrum,
(1] - cross-section at 2,200 mfs,

P
epl . ,
L = -—l—; tl)em : parwmetcr which defines the epithermal flux;
(15
th

1 — resonance inlegral from E.4, codmium cut-off energy;

o g(E)dE Fea o(E) AR
= f = | = [ ————— ukT: equivalent cut-off
Ecd E #eT

I/E spectrim. g empirical constant {u = 4 for ligth waler reac-
tors), k: Bolrzman’s constant.
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The expression of the concentration of an element with respect to another ¢an
be casily derived; concerning cllorine ¢oncentration in zirconium alloys as a fune-
tion of zirconinm concentration, the formula is as follows:

e T [\/ﬂ—;" \/f;;-f By O t ulzr+ Al:r]] (- c_h”ti)

ccl izr €

(Cl} = [Z1] — ot
ctr icl € szr 9n'.:l [ V’le \/T‘T;T 801 %y + L(lcl + All':l}](l -e ")

‘“zr"*clj 4 A (1 ~ Aar m)

A, (- B‘?‘tl‘m)

(C1], {Zr): chlorine and zirconium concentrations, respectively; subscripts denote
elements or their corresponding nuclides,

Use of this new foermula results in a significant diminution of errots caused by
self-shiclding effects, as the matrix for botl the element to be determined and the
comparitor is the same, Thermal flux is removed and relative efficiencies may be
substituted for the corresponding absolute values, thus lessening the error. Al other
factors of the expresston are either tabulated or can be measured dunng the ex.
poriment, except T and L., which are characteristic parameters of the reactor and
the lrradiation position and must be known beforehand. S e

Il

Selection of conditions for chlorine detenmination

As concerns 2 purely instrumental method of analysis, all facters which can
contribute to improve (he sensitivity should he revised. Negleeting the smuli-yield
threshold reactions, chiviine produces by aeutron activation enly one isolope suit-
sble for enalysis, whereas zirconium has two activatable isotopes. The reactions
occurring are:

g

3 1CI WYy gcl . !ﬂAr (S‘able)

% ““'Nh ‘% .
Vg =l 987 —C 1” ¥SMo  (stable)
OSNb

P9.1'%
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97,30 PTNNG -

1 LT ""Mo {stable)

—— 9T ' '
7% ' Nb g

962? My

Since **C) is shorterdived than *$Zr and *72Zr, there is no possibility of selecting
optinun conditions Tor irradiation or decay times, as the chlorine to zirconjum
activity tatio always deercases as both times are increased. Epicadmium irradiation,
sometimes used as a method for improving the activation of an eement with respect
10 an interference, would render the situation worse in this case, hecause the cod-
minm ratio is by far higher for chlorine than it is for both zirconiwm isatopes,

A factor which can help chlorine determimation is that >*C1 emits mare encrgetic
gamma-rays than do **Zr and *7Zr, so that its measurcment can be accomplished
without scrious interference, although with low efficiency. Yowever, as the bulk |
of total activity results from zirconium, the irradiated sample has to be measured
in a geometry far from the detector in order to avoid distisbances that would be
caused by a high dead time, thus lessening the sensitivity, This situation could be
changed by measuring the sample nearer to the detector, lead-covered in such a -
way that zirconium activity facing the detector be reduced 1o an acceplable level,
providing chlorine counting was not so diminished, This possibility of enhancing
conditions for chlorine determination appeared as the only practicable alicrnative,
and therefore, was studicd. Experimental details will be scen next. ‘

Experimental

Equipment o e e " I PR

All measurements were performed with a 70 em® Ge(Li) detector (Princcton
Gamma Teeh.), having a 2.4 keV resolution for the *®Co 1332 keV pesk. The
signat passed through a preamplifier (PGT RG-11A} and an amplifier (QOrtec 450)
to a 4096 multichannet analyzer (Hewleti-Packard, model 53401 AfD}) with digital’
output by teletype. . ‘ o

A desk computer (Hewlett-Packard 9810 A) was used in order to carry out’
the mathenatical treatment of data,

Deiermination of relative cfficiency curves

Sources of 19" Ag, **Na and **Co were produced by the reactions:
09 Ap(n. ¥)' O™ Ag: 2P Na(n, ¥)?"Na and ¥ *Mn(a, 3nY* *Co, {rom AgNOy,
Na,CO, and metallic manganesc tarpets, all chemicals of high purity. trradiations
were performed for ''2™Ag and **Na production in the core of the RA-3 reuctor

396 - 2. Radioanal, Chem. 67 (1481
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Erergy beY

Fig. 1. Efflvicacy curve for unshiclded sources (arbiteary units),  — **Co, X — '10Mae
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Fig. 2. Efflcleney curve For lead shiclded sources (arbittacy units), @ « *4Co, X — 11 Map
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*Nust used for unshiclded source mensueements,

Tuhle ]
Nuciear data Tor ofliciviey cinver?

Enerpy, heV Helative hiensity Nugllde
446,81 20,004 AR,910.4 LIV
&20.3500.003 29.4:0.§ tem,
657.76110.002 1004 ALLFW
677.627,0.004 P12¢d vrottag
647.010:8.004 68.3:0.5 “N“AB
7006.680:0.05 172.81 1.5 trein .
4427910005 49,3108 Ve mpL
763.949:0.005 236112 Ve,
318.03210.005 T7.110.5 tleMag
B46.T12:0.013 100 000 1+Co
HB3.684:0.005 11126 tiompg
937.491:0.005 36)t3 tiemg
1037.840:0.015 14 000100 il
1175.102:0.016 2 280:20 *Co
1238.282:0.017 67 6001700 bl o
1368 250:0.070 4 330:40 _ 14y
1365.64310.020 104 Tape
1384.300+0.004 261§ troma,
1475.78610.005 42,410.8 hLEALY ¥
1505.036:0.005 140.121.2 tieihpg p
1562,30110.006 12.6:0.2 premp, .
1771.351:0.026 15 700+150 $*Ca
2015.181:0.028 3 080:30 4o
2034.755:0.029 7 890:70 *Ca
259H.458:0.033 16 9001150 $¢Co
2754.034+0.006 100 TANat
3009.59110.042 1000:10 FiCo

whilst *¢Co was obtaincd upon iradiation with 54 MeV a-particles in the internal
bewsn of the Philips syncrocyclotron.
Atter the end of cach iradiution, the lurgets were ploced in such 3 way as (0
get extended sources reseisbhing arcaloy smaples in shepe and size. Gannina-ray
spectra were reeorded tor cach source; the occurring nuclides were charucterized

398
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Table 2

Lfficicucy ratios for chlorine and Zirconium energics

Efflciency rutio Efflciency ratio

Encryy tatlo (bare suurcues) {shicvlded sources)

1642/724 0.380 1.352
21671724 0.237 0.937
1642{741 0.388 1.297
2167/743 0.240 0.899
1642/756 0.393 1.202
21671156 0.243 0.875

through their energies and their purity was checked. Radiations from ¥4Mn, %%Co
and *7Co were identiticd in the irradiated wanganese. but they did not interfere
with the measurement of the outstanding peaks from *4Co.

Two scts of  measurements were made, one with bare sources focated 11 cm
from the detector, the ‘other after placing them into a 2.5 ¢m thick lead container,
which rested on the detector. Both conditions reproduced the actual geomeory o
which zilconium samples should be measured, as has been proved by previous
experience,

After smouthing of the data, peak nreas were found by COVELL's method,
then culeutation of retative efficiencics were performed for cach nuclide. Finaily,
datu of cfticiency vs, energy were fitted for both experinmental set-ups by the
least-squarcs method to a tunction of the type: jog e==u log* E+blogE+C
(e: efficiency; E: encigy). Fitting correlation fuctors were 0,996 and 0989 for
measurements with unshielded and lead shiclded sources, respectively,

Ratios of relutive efficienvies for *8C1 peaks with respect to some of the most
prominent zirconivin related peuks are summarized in Tuble 2, showing an improve-
ment for ¢hlotine deteimination by o factor of nearly 3—4, concerning individual
_ peoks. Though both cutves we presented in grbitraey units, they can be nermalized
apuinst one snother; this noonnalization was made und reveled that, far from the
fosses in **Cl counting when measuring with shiclding, it s incrensed by foctors
rnging from 4.7 for 1642 keV peak to 5.2 tor 2167 keV,

Chlorine determinition in zirconium and zirealoy samples

Zitconium amd zicenloy 4 sumples, weighing about 100 mg, were treated with
& mixture of dilite HNO, and HE, in order to remove suriace impuritics, washed
with bidistilled water, dned, placed in polycthylene vids and mounted into irra-
dintion capsules in such a way that the geometry could be reproduced in all of

L Radioanal Chem. 67 {1981} . 399
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the experiments, Five-minute indiations were carricd ont in one of the positions
of the RA-3 1eactor core. As *77Z1 s highly dependent on cpithermal activation
the depp Py 1lio was previously determined® with thnee monitors (In. Au, Ma)
so as Lo check pussible devintans Trom the 175 law. Results obtained with these
three monitors were coincudent within the limits ol expernnental <rror, thus proving
that the epithermal component could be considered as a very neanly 1/E spectrum,

After the end of the irmdiations, the capsutes were opeasd and the simmples
transierred to mcasurement vials, this operation fasting approzunately 25 min,
Measurements of 75 min were performed; data correspondiog 1o *8CI, ¥ Zr and
#7Zc were smoothed and peak areas caleulatedd as before. Cfi ¢ ratios were found,
a weighted average was caleulated for cach nuclide when more than one peak was
used,

Cliorine concentration was found rclative to zicconium, utilizing the correspond.
ing fonmula, ’ :

Colculations and nuclear data

"Accurate knowledge of the nuclear paramcters involved s a prerequisite to ob.
tain suitable results by this method, which in this sense resembles the classical
absolute method. Table 3 sliows the selected values used for calculations which
were available from current literature; most of them are in reasonable agreement
s0 that the “Lest” dota could be those with the least error, as quoted by thelr
authors. However discrepancies were found with respect to cross-section and re-
sonance integrals for zirconivm nuchdes, especialty 7 Zr (Table 4). In order to
test their self-consistency, cach proup of data.was used for culeulating ratios of
the zirconium mass, as derived from ®7Zr activity, to that obtained from 957¢
activity, in series of irradiations carried out at different positions of the reactor.
Obviously; the theoretical result should be L, Table S sums up the resnlis; cal-
cutated ratios were near one for irradiations performed at the core, but significant
departures for two of the cuses were observed when irradiating in the thenmal
column. The nost consistent results were obtained using the values published
by FULMER ct al. and therefore they were taken as the preferred ones. Similar
conclusions were teached in a comparative study on data of cross-sections and
resonance integals for sevesal isotopes.”

Results and diS-Cl:lS‘iioﬂ

Two values for chlorine concentration were obtained in cuch experiment, one
for cach zirconium nuclide which acts as comparator. According to selected values,
they differ by approximately 104% for irrmliations in the reactor core, Probably,

400 J. Raitivanal, Chemt, 67 {1981}
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. Table 3 .
Selected values Tor puclear parneters of chilarine and zirconium isatopes
Crosysection, Resonunce - Gummima cnergics, lutensity,
Nucllde b Integral, b Half-life KoV %
QL | 043310006 | 020310009 | (37291000 m | 1642.42¢0.15 32 12
’ 21674 :0.1 42 12
ez, 0.052:0.003 0.30 10.03* {63.98:0.06) d 124.23:0.04 44.2:0.7
756.7410.04 54.6:0,5
b £ 0.020:0.003* 50 D4 (16.90:0.05) h 143.36:0‘10‘_‘ 92.8:0,3**
"$See: Calewlations and nuclenr data.
**irom * 7 MNb, ’
Table 4 _
Crosg-sections und resonance integeals for zirconium isotepos
.. Nuciid RICABARRA FULMER TAEA
¢ ctal** etal.? Handbook®
YZ1o 0.063 +0.008 0.052:0.003 0.075:0.008"
I 0.396 10.037 2.30 t0.03 0.38
YZr o b.005710.0010 0.020:0.003 0.05 :0.01
| 4.97 :0.50 50 104 5.0
*Normnllzed with addition of 1}jv contribution, not included In

the original reference,

Table 5

Resubts of mZs ("7 20/m(®* 21) ratios Tor diflerent
publizhed data

Pusition Cepifden’ Ref* Ret.? Ref.*
Core 0.0164 1.24 0.89 - 1.00
Core 0.0164 1.25 0.89 1.01
Thermal column 28T 10t 3.70 1.04 0.63
Thernal colwnn BT 1074 4.01 L.05 0.62

4. Radivanat. Chient, 67 (1981
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nse of the result obtained from **Zr would be preferable, becwuse the *$Z¢
activity is so lughly influeaced by epithennal activation that even smatl shifls in
he iy ratio may severcly affect the accnsaey of the saivais. Although both
SRC1 peaks con be used Sor caleutitions, the Compon backeround generated by
somie peaks fom "7 2 or other impurities (P Ma, T 0) wath encigies higher
than 1632 keV makes he counting erior of this peak large i relation 1o thal

of 2167 KeV: e statistical enoss associzted with aw aualyzed sample of Z9.5 ppm
chlotine concenteation reached 115 and 506 for the 1042 keV aad 2617 keV peaks,
“respectively. Tiie former is not detectable when the chlorine cancentratlon is smals
ler than 1 ppm,

Systematic errors from parameters used in caleulations must be inchuded in the
final expression so that the total ciror is larger than that of the exteenal standard
method. Nevertheless, statisticul counting dispersion has more weight than system-
atic crror when analyzing low conceniration swnples,

The method is reproducible even st concentrativns near the detection limit, Two
succesive determinations in samples of low chlotine concentration gave: (1.3 £ 0.3) ppm-
and (1.6 £ G.3) ppm. Applying eriteria sugpested by ROGERS.® the detection limit
is 0.6 ppm for a 98% confidence interval.

The preceding considerations are vatid when a single saple is irradiated and f
measured cuch time. Some lasses of precision and sensitivity will oceur if more
samples are analyzed simultancously, but as the present detection limit is far simad-
ter than the upper level required, sucht a scheme can be adopted in routine for
greups of up to four without affecting the ultimate purpose of the work.
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