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Tritium enric.1-ment of environmental waters kkr electrolysis:.

development of cathodes eibiting igh sotopic sparationU

and precise measurement of tritixmi enrichment factors

by

0. B. TAYLOR, International Atomic Enerrr Agonoy, Vienna
(on leave from Insti4ute of 'nuclear Sciences, Dept. of

Scientific and Industrial esearch, Lower Hutt, Rew Zealand)

Abstract

Equations are developed for the estimation of tritium
enrichment in batch, continuous feed ad periodic addition
electrolysis ells. Optimimi enrichment and minimum varlability
is otained ung developed eathode surfaces uhich caual-se ihe

separation of tritiu;mt as exhibitod by te results of experiments

using mild steel cathodes with WaOH electrolyte.

The equations and various simple refinemerits of technique
to A

are applied the determination of tritium enrichment factors

by the ike cell method: for batch cells te standard orrors

are less than 1�--
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20 INTRODUCTION 20
1.1though. the -obal environmental 11TO reservoir of hydror-en bmb oririn has been

4.. I I

steadily declininr circe the peak testing years 1901-62, the.applicaticn of bmb tritium as

22 a hydrological ad occarograpnic tracer is steadily increasinr. At present some de.re of
enrichment is sntial to obtain adequate not tritiu. count rates for most hydro"06ical23
camples. Electrolysis is generally used for the enrichment process. ost labora ories

24 report tandard errors of several per cent for enrichment factors (enricment factor

2� tritium concentration of water sample recovered for countinjtri-ir.-i con:�entratiorvof un- I
enriched water). Tbin paper will donstrate how to reduce tese errors siCnifimntly, ai

2 6 to achieve optim= nrichment withi a iven volume redixtion. At the lGotope isydrolof,-/ J

Laboratory of the International Ato-mic Ener. Ancy (WU), Vienna, the nrichment factors I -!

27 for a volume' reduction i 5-20 fb1d are ow deter-mined by t pike cell ethod rn wh I

28 standard errors less than 1he essential points the iproved technicrue are: correct

choice of lectrode aterial; accurate determination of weig reduction durinr elec-
2 

trolysis; application of the correct calculation procedures; sff-ple but riVrous pre-

VI) cautions in the handling of swnples and electrodes; rliable counting lechnique.

Typ-cs of Electrolytic Fnrichment Call

Three types.of electrolysis cell are used for tritiun enrichiment
52 s(a) Batch calls, in. which the entire water i eloctrolyced continuously from rn t-3

la final volume. The overall volume reduction is limited, because -the electrolyte normalitj

imust lie within a cortain working range dtermined by such considerations as onductivity,

.54 �solubility ad chemical effect on the lectrode materials. With alkali electrolyte a
35 !volume reduction of up to 30 times is feasible for most Estate.

- (b) Periodic-addition cll 2 in wich greater volume rductions are achieved ky

Iregularly topping u the cell with more sample. This procedure i effectively a srie of

lbatch enrichments, with successively greater tritium concentrations at the beginning; ofeach

tep.
39 16C) Continuous-feed cells. The cell is'directly connected to a feeding reservoir wich

3 ) ;supplies water to the cell at a rate balancing, or sliehtly less than the loss due to elce-
'trolysis. This type usually functions as a batch cell after the feeding reservoir i . tY-
I s mp

40 In principle te batch cell gives the highest enric)--ment,'becauee all the nTO mole-

t I joules participate in the enrichment for the entire electrolysis time, in contrast to te

,situa ion for the other two types; e.g. for a 10-fold weiGht reduction, using cathodes f

Is 2 good separation efficiency, h enrichment factors are 10-20;fo, highir for the batch cll.

il 'The practical advantage of periodic addition and continuous feed cells lies in the ppor-

Itunity to obtain much greater tritium enrichments in a single stage. Pr tritium enrich-

�ments over 25 times, te reduced handling for the periodic-additiolf br continuous-feed types

b r is is generally considered to outweigh the enrichment factor advantage to be gained by operating

ftwo successive batch tages. Comparisons between te various types will be made after

'developing ts relevant enrichment equations.

%5(



ITheerctica. Fxnewor` fnr nrichmon' Calcula.Ions
Following Bainbridge 1 3 the following cynbolo will be adortedsL

P, D, T nwiber of protium, duterium, tritiun atoms in lectrolyte
P + D + T

x atom concentration of protiu a P/n
y atom concentration of douterivi = D/n h
z atom concentration of tritium T/n
Tho ubscripts 0, 1, 2 are used with the bove ymbols.

6 0 rofera to initial conditiono in lectrolyte M tinie t -
7 I refers to conditions in electrolyte at tire t >0 7

2 refers to conditions at ime 0 in hydrogen as leaving the cell.
Y - -YI/Yo a enrichment factor for deuterium 1

9 Z - z M nrichment factor for tritium .1
10 10

N - no/n. " molo reduction factor for hydrogen in electrolyte
1 1 I 1 1

a - rate of e3ectrolysir, (e.g. Moller hydrogen per hour)
12 b - rate joll hyiiror-en loss ans spray i2
13 c - rate of hdrogen loss as water vapour 13

R - (a b + c) - total loss rate of hyd-rogon from cell
14 r - ii/R; rb = b/R; r - /R

a
I 5 CL, instantancous lectrolytic reparation factors for deuterium, tritium, dofined by

16 dD dIr
P D - P 

17 fractionation factors for loss of deuterium, ritium by evanora-tion. 17
Is For a batch cell, he deuterium and tritium balancis n.V be represented by the is

equ�-Lions
1 9 -n (b + ye)yj (1) -1 1 z R - az + (b + 6c)z (2) C,

lyl --11 a V2 + I I - 1 2 1
20 %di i ch iriay be solved 1 asseuming that the variables are n,'y and 7 other parameters remain-- o

4.21 ing constant throutfacout the electrolysis. 7. e solution of (1) is: 21

22 r 1 A. - 3 alr.Y In yo K (3) L2
V. (cLK 1) + K

23 1 2

I r I )
2 4 'wit Y and K (4)

1 2 1)

215 ra

26 For environmental water sampler., yl and y. are both negligible compared to X so t 3
Isillplifies to: 21

27 1 aInY 27
raI ruf - (aK -1) (5)

I's 11 ., S
For tritium, the solution of 2) is-

InZ [r. (I r (1 6)] lV (6)

1which may be rearranged to give:
r

InZ
32 rair"1 ) +

On the right hand side of (7), the econd term is of order 0.vp of tho first torm (e.g. take
ift 25, r, 002, r - 98 6 05) a iin variation from call to cl is ngligibl if

Pa r 7
: milar 'et is operated:under eual conditions. Equation ( herefore sugrests'lha a
iset of cells with uniform separation factor P, w1hen run simultaneously, hould sow unvro=.-

36 iity of the parameter nZ/r-.1nN. Mis parameter, hich m,-,y be assigned the symbol B, is te
a

;..I iparameter which should b used to evaluate enrichment factors, and to onitor he perform-
.). lance of a set of btch electrolysis cells.
38 In routine running it is impossible to achieve uniform opray and evaporation losses in'
3(1 all calla despite the passing of identical total charge (series connection of cells). For

.example, the calls at the IEA laboratory have proad ca. 03 g. around initial voigin Of
hi% i -ca. 250 g. water; final weileat is ca. 15 g-, with spread ca. I g. This mans a spread in

imolar reduction N of ca. 7j�. When laboratory otandard watex7s are enriched, -the pread of'
!final tritium concentratii;ns i correspondingly large. If this spread is taken as a direct

4 2 :indication of the measurement error for unknoun camples (aW is apparently the are i mst
11aboratories), the calls appear to be non-uniform, and he standard rrors are of Order

43
:several per cent. But if instoa4 the cello are weighed, and the enrichment parametors E re
calculated it can b conclusively demonstrated whether a et of' II3 i uniform or nt.
In the case of uniformity of 0, the standard error for batch cll nrichment factor c be

!lowered below I.
6 Although some lboratories G*ge Matson 43)uee colls in hic t food xactly

'!I:- V
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balances the removal o sampio rom the electrode comPart-ment, it coem tchnically simpl arV .1 Sample :SS, GO that eto u acll in wliich feed th nly parl ially. balvices le laval r.
in the cell and reservoir lowly decrease together C5 . ?nriement parwAetero can alco be
developed for continuous food calls, as ollows.

The tritium atom balance equation for the c.-itinuou fd cell m.N b expressed as:
-n ill -ZI I a2 + (b + 6z I (8)

where n. is number of hydrogen atoms in the lectrode compartment, and CI rpresents the
feed from. the rcocrvoir O<C:51). 2 is given exactly by:

CILZ1

Z2 a(I-yl) y (9)

but may bp approximated for'enviroyimental samples with Y of order 10, by z Z /. -vith
this approximation, the olution of (8) for the aco of inexact balance 0;�:S<J i:

A
(i + [,,1(1-g) + C) g) - - (10)

A

where A I- - . r - 6r, (11)

For C - batch cell), equation (10) becomes equation 6). For exact balance (M 1). the
solution is; 1 B I -B(l.'-l)

z ;. i B e (12)

In both (10) and 12), i he reduction ratio of the whole sample, and
r

B a + rb + 6rc (13)T
As a practical examplo, consider a 10-fold weight reduction with ra 090P, rb 0, r.-O.02,.
6 - 0.8. 25- For the partial balance ace with 19 - 5; in tho xact
balance case Z - 7.70. Bozh figures compare unlavourably agains-L a 10-fold -,,tci(:ht reduct-
ion in a similar batch call, hich gives Z - .81, uing 6).

From (10), it is ore difficult, to arrive at a wo�.kinr, enrichment parameter for
contilraous feed cello than was the case fOr the batch cell. The problem, wriser. bcause 4ac
transition volume fro.-.. continuous feed to batch operation differs Slightly Afrom cell 10 c:-rL
To overcome tre proble- he ollowing formulation may be adopted. If the volume
reduction had been conducted under bach conditions t4e nrichment would be

ZB - N(A G (14)

Let Z(total) triliun enrichment of continuous feed and following betch proct-cs
Z batch total - tritium enrichment if ent-kre e.-iriclument had been a batch procesu
f - Z(total)/Z(batch total)
N(total) overall volumc reduction.
The censitivity of f o variation of the volu;-,3 reduction of the continuous A'COCL

portion only) can be latermined by evaluating to how that -n practical case f
varies by niuch less than 1� within a set of sinilar cells. Z(total i given by

A -# g)
Z(total) CX(total)(A (15)

.which ay be adapted to Give' r
InZ(tota,) 1) + q 6)'+ Inf ](16)
ralraf(totla r raln-N(zotaly

The last two terms on the right hand side of 16) remain effectively constwit. Therefore
the batch cell enriclunent parameter lnz/r.1n% can also b applied for continuous feed ccllo.
'Uniform starting weight in all cells is essential to avoid lrge changes in f.

For the case of periodic addition cells, the overall tritium enrichmen Z al" er
several additions i is given by:

z (D X X Z +(i m (17)

where N 's the volume reduction of substage ii -xi is the factor iven in Guare brackets on the right hzmd side of equation 6)
D WAVI. +V.' is the dilution factor for addition after ubstage iWiAi , Iweighl of wter after substag i
d a weight of water added after substage 

Z(i-l) a tritium enrichment factor after revious addition.

To take advantage of the inherently uniform properties of a set of priodic addition
cells, the essential procedure is to begin with losely equal sample weiGhts in each call,
and to nsure that equal weights -W are added to all cells at dry addition tep. Howovor,i



AW i need not be the same for all additions. Udai� uch conditions the parzmeter E can
again be applied o 'evaluate trititrA enrichment factors.

line application of enrichment parameters -to the calculation of tritium enrichment
1 factors will. ba demonstrated after te followinC sec-Lion. which deals with coice and -treat-
seen', of electrode aterials.

Choico of enterials for Electrodes: Seraration Factors
6- With slight modification of -, te enrichment parameter ay be represented by:

1.10 W, r
+ - (I - 6 (10)

7 ra
where I , W represent initial, final, electrolysed uoight of wator. W , V, an N W

8 0 e 0
can be dtermined accurately by weirhin.w. I W cannot be moasurcd accurately,'then i:. cvan%�

9 be madc constant for ll cells by pacring series urrent for the care time. Because the
second tll. on the rien hnd ide of 13) 4-9 so small, the separation factor is the

0 pa=neter which nost affects the magnitude and variability o the electrolysis parreneler E. i
11 One must herefore dtermine what cathode conditions rive maxim-am tritiu;r enrichr-ent �;"i A

12 minime--n variabilit E I.-;
According to' 18) the ritium erichment factor increases with at f ixed volume

13 reduction N. An exa-.ple is iven in ig. la, %finich sho-.,;s the variation of Z w1th 1,3 for a I 3
batch cell with volu-me reduction 2 and no spray or vapour lose aximum theoretical 121
enrichment). ',ho curve lbegins at 6, which is close to the equilibrium value r at
room temperature for the reaction: 15

HT + H 0 H + HTO (19) 1�16 2 2 I.,

-4-7 19- 0.14- )7
A Z

18- 0.12- z
19

20 17- 0.10- I 0
21

16- 0.08-
22 FIG.1o FIG. lb

2- 15- 0.06-
4

14 0.04-

13- 0.02 3 A3
27 _;3
28 12-
29 10 20 30 40 50 10 20 30 40 50

J30
31) J3o J3

Fie. la. Tritiu;m enrichment factor Z as iiG. lb. Variability tZ of as
function of athode separation factor A function of for various values of
for a btch cell with volume reduction AP/A, safe conditions as Fig. la.
20 imes and no spray or vapour loss.

1he gradient of -the eurve.in Fig. la decreases with incre asnI g according to te relation-
ship: r I n.1a (20)

z
37 1uhich demonstrates -that enrich-mant variability decreases at higher , provided A 5/0 does

A q:not change too drastically. h is illustrated in ig. lb for various values of

Xquations (18) and 20), 'and Fie I show that enhanced separation factors increase
the enrichment factors Z and reduce heir variability (see also 71 ). It is clearly
advantageous to wor1. with cathodes exhibiting hi,-h separation facto.-G.

The attainment of high separation factors requires a catalytic effect at the cathode
surface. The exact nature of the processes which enhance the separation actors are still

:not clearly understood, and i is beyond the scope of the bresent paper to go into the
complexities of the problem. The catalytic effect depends on the ability of the cathode
surface to maintain a layer of chenisorbed hydrogen atoms, thus developing a teep potential

f gradient lectrical double layer) adjacent to the metal urface. Metals which earily
absorb hydrogen are those uhich Aend to exhibit high separation factors; those include iron,
mild steel, platinum and palladium. High separation factors ae aparently not exhibited by
such metals as nickef, sainless steel, ilver or mercury, all of wich how little tdency

I to adsorb hydrogen. Even potentially good metals may not exhibit hirh separation because
0



I !the adsorptio dpends critically on the coeditor. 'of the notal cr)-ace. aboratories use
lVarious chemical Procedures for treating cathode urfaces. Some use a co-called phosphate-
piecling mothod and others sub-act the cathodes to strong; acid washes between runs

3 [51 ) -to ention only two cases. it i particularly diffic-al. to judr;e thether there
I rocedurta are justified by prformance bause the overall experimental enrichment preadIP nad and analysed in terms of the contributinp factors. The cathodeis often not clearly dcfi
effects can only be isolated if the sources of error in the Vhola measurement procedure are
thoroughly known, are kpt to a practicable ninimum, and an also be accurately estimalved:

vemong-st these ources of error are storaSe ad handlin,-, f smples prior to eectrol.'sis;
7 use of dry, uncontaminated electrolyte; determination of waien rduction; handlin.t of

c&T.ples after electrolysis neutralisation a-id distillation); preparation of colunins
samples; countini; procedure.

9 B/ takin;r all the forcaoinG factors into account, cathode effects have been ex-mined
in a series of experiments at the Ma and New Zealand laboratories. Specific rcommend- I

10 ations regarding choice and hardline of electrodes are based on the lindings f thaso A

11 experiments.
At the TAEA Iabo!ratorar, a new set of mild steel cathodes for batch clls were brought

into service (for design see r93 ). Apart from washinj i wall water h vwre ot trCAted
13 at ll. They ore rn three times with starting weight 250 -. dstilled tnp water

01 to unich
A

1 g. of Na 0 was added. Af.er Abbe 4th a-id 5th runs, h nriched mples were counted andI 2 2 1 i4enrichment -aramaters a -W,)InZ/1n.! were calculated (a psent is no' accurazelY I
15 dotenmined). 1 of he a20 elTs ad already developed flood catalytic su!.�faccs; their 10

ralues W E were hi,-;h a-ad uniform within calculated experimental error. 'The remaining 6 cr,16 " .P

exhibited lower and ore varia'ble W E values; thoir subsequent behaviour wno followed by
17 further enrichmonts usinS spike wat ir, W E values bing compared to a ean 7' 17

e- r, stablished
8 by simultaneous enrichment of the same spike in 3 of the good cello. 7he rcosults are hown i 3

in Fig. 2.
19 10,-
20 Cell 2 Cell 12 Cell .18

21 21

22 :)26

0.
2 Ii 4 O'
2

2 0 00

2 6
-2

O 12 -

Cell 13 Cell 17 Cell 
10

6 0.

T.)
0

-I:i Fie. 2 Slow conditioning of 6 cathodes from a sot of 0 new calls (IAEA laboratory).
r1ho ordinates rpresent values of Vo - de for uccessive enrichment's of spike wter.
VOV was established from spikes 6rariched.simultaneously in 3 of tbo 14 cllo VAlich wore
already satisfactorily conditioned fore these eperiments wore performed. Succosaive,
experiments are joined by full lines. ahed lines join experiWento which were ot
consecutive; where values-are missing, the calls wore r ith 'tritium-free or distilled
tap water. The errors represent I standard error of W�E.

7



i !In all cases the cathode surface developed a.-ccessfully over fw rn..ns, and war. r-bacquent-
hy maintained. This runnin-in process would pralmably as een accelerated b a cid wash

iof the electrodes before tha' first use, thereby exposing lean etchad urface ril;h at
3. beginning of th eperiment.
4 Results from the New Zealand experiments povide further evidence. Fig. 3 hows

enrichments from one cell using ild steel cathodes, in which the parameter E was measured.
5 1.00GROUP A GROUP GROUP C f
6 to

7

9

10 10

11 -0 14
12

13 13

.0.93

17 1 17

Is

19

20 1':% 0.
ENRICHMENT 1

21 PARAMETER 0.90
22 2 2

2
InZ3C21.

ra nN
2

2A

27 ENRICHMENT 27L= >
ORDER2 S I

17N

30 MEMORY_11 x x x x 0TESTS
Fig. 3 Snrichment parameters E (ordiniate) for successive enrichments -An a sall call
(voluie reauclion ca. 2- l. to ml.) usinG mi14 atcol cathodes as described in text, (ew
Zealand labora�or7). Eror bars represent 2 standard errors for reparation ad Geizer-

33 counting hdrocon gas from enriched nples. Enrichicnt parameters read X t -
3.,j indieato absence of tritium memory (less than 3 10-4 of quantity present in previous

S&T.Ple) in nrichments of tritium-free water interposed between te experiments using
3" active sample.
3 1. 'In Group A, a old chode was used; although the enrichment was acceptably high averagoo

,the variability of E from run 'to run war. uch greeter tan had been expecteS. For Group Bto
3 "' :the old cathode was replaced by a new cathode. At first uch reduced nrichment -arresters

were obtained, and variability as even higher. Then it was discovered hat he electrodes
Moro being rinsed in nitric acid before washing after cac'h run. T acid washes were dis-
:continued, and the improved results of Group C were subsequently 7btained h nrichmenz

h 0 is ag th
gain hgh and A e variability of E remains within expected experimental spread. The

!course of events illustrates the pointlessness of acid or chemical washing, hich acts Only
Ito destroy or poison a dveloped cathode surface.

42 1 During use with alkali electrolyte, ild steel cathodes acquire'a bluisl-black surface
'appearance with a black film which can be rubbed off on the finger. it is probable -that he'

43 ;catalytic surface evelopment rults from the epulsion of near-surface interstitial carbon
atoms as graphite, leaving aorption sites free for hydrogen atoms. 'whether this inter-
-pretation is correct or not, mild steel cathodes do quickly develop ood catalytic surfaces
A0>20). The author has orked with mild steel cathodes and alkali lectrolyte for over 0

46 iye�ars. No deterioration occurs provided.they are subjected only to warm ater whing

�iu 0 3 �:-o (if:.%'



bet-ocean runs. They m- be dried i hanging up at toom itniperature o in a drying oer.
However, as with all catalytic surfaces, poisonin- can occur i inad;::qcate precatations e
taken. It is essential to pro-diGtill all swaples to remove alls. Traces of alcohol and
other organic liquids an produce severe electrode corrosion. 71he introduction of new
anodes can also affect he cathode urfaces adversely. 'All cells hould herefore be
monitored rogalarly by enriching spike wters, as described in the calibration procedure
below:

Mild oteel is thorcrore specifically recommended a the cathode material for tritium
enrichment calls. Vickel, stainless steel or monel a nuizable for nodes. With alkali
electrolyte (prepared by dding Ka 20 2 or t.-iti-tim-froo NPOH to the pre-distilled water
sample) he catalytic chode surfice is developed end maintained.

A Comnarison of FnrichnPnt Ffficiencies for he Various Citli Tnes
For the safe voltrae reduction and cell parameters h batch cl gives he highost

tritium enrichment, followed by unbalanced continuous feed banced continuous f0ed nd
periodic addition. In practices however, where the continuous feed cclls finis.i an a atch
process, h balanced cell gives hiffiner nrichment than the unbalanced type, becaus it
nwitches over earlier'to batch oeration. To illustrate te difference in enrichment
factor involve4 for enrich-mentr. greater th.--i can be achieved in a b:.tch cell, fur proccsr-�-
will be considered, each of hich rduce te sample fro 2 . to 10 ml. in all cases 25,
ra. 0.98, r b - 0, ro 002, 6 - M.

A. A 2-ctaze batch process. In tag 1 volume is reduced lo 20 1. After nou'ral-
isatio.-1/dislillation 195 ml. are recovered, and reduced sta-e 2 to 10 l. Overall
enrichmen' factor 31 16-55 - 145-8.
B. A balanced continuous feed cell of volume 20 ml. reduces the sample volume rom
2 1. to 200 l., ad the subsequent bch process zompletes the electrolysis to 10 r-1.
Over01 enrichment ftor - 770 x 16.95 10-5.
C. An unbalanced continuous feed call of volume 200 l. reduces the olume fro 2 .
to 100 cil. with g - 89, and the subsequent batch arocess co::-plc6ee he lectrolysis
to 10 rl. Overall nrichment factor - 14.01 x 8.81 - 12-1-4.
D. A periodic addition cell in which ach tep involves volumes reduction from 200 r1.
to 50 l.. followea by the addition as' 150 ml. of eample, the process bein.- consistent
by a batch electrolysis from 200 l. to 10 ml. Ovarall nrichment actor - 652 x
16.95 110-4.
Temnerature Effects
The offect a& Achange with temperature is neglioi'ale compared o the evapora 4ion0 41

effect indicated b equation 6) for I..-. bc cl; at 25, each lr,.' evaporation. oss
reduces the enrichmenl factor b 17% for a 10-fold vlues reduction. voration can 'r-e
cut by reducin- 4%le temperature. At OOC, the evaporation would be If, of total wigh. lose
if s outgoin hydro-er./oxygor. mixture i saturated. ith eicient water-cool"r5 at

10-15 C. the loss wouli be 2-3tfj aximum. Evporation shwild be cut o a practicable minmmu=
by using water or refrigerat on cooling. However, the artall tritium enrichment. gain to o
gained y cooling close o 0 C nay not outweigh the extra cost of he coolin- system. EVenwith evaporation losses up o V, hip enri

U gh-P cathodes produce much hisser ch.-onto than low-
evaporation cells operating with close to the equilibrium value.

Calibration of Ce113: Calculation of Tritium Enrichment actors
To use the parameters '--' for calibration purposes, ona of wo procedures may e

adopted, depending on he quality of the availa�ble DC current supply. 10,'ith a table current
supply which cn be accurately set to predetermined values ocurrent, W e is clculated
using FaradzC11u.jaw. By enriching pike waterer of moderate tritium conclantration (high
enough to provide low counting error, low enough o avoid coit&Aination problezs) in a few
calls, the parameter E of equation (18) may be established, and applied to calculate
enrichment factors i for the other ells containing urknown samples. F. hould remain con-
mutant from run to run a can be ued to establish whether changes in the call performance
are occurring with use as in Fig. 3). In the second pocedure, if the total harl;e passeds m
cannot be tablished accurately, the cells are ran in series or the ame on3th of iine,
malking W identical for all cells. The alues V E may then be measured for the spikes ad
used as the nrichment parameter for this run, But cannot be compared from ran to run
becaus W is never xactly the same. The first method is probably preferable for Conlin-
uous feedecollc since it can be applied even if the individual cells are uncoupled at
different times; this nay be necessary 'because of difficulty in controlling the final
volume due to spray and evaporation variability.

By rotating the pikes amongst he cells, the enrichment efficiency of each cell is
regularly chocked, so that the spikes serve control as wall as calibration purposes A.
the 1AEA laboratorythe enriched spikes are counted by liquid scintillation after a nutra.-
isation/distillation process using load chloride aording to the reaction:
PbC12 + Xa0H->2NaC1 + b(011)2' Fiber advantages of this method lie in the low dissociation

-temperature of Pb(OH)2 (1500C) and the fact that'commorcial lead chloride contains no water.
,The distilled sampled. are mixed with Instagol (8 ml. water 14 l- Instaj;ol in glass



counting vials). 16hen mixed, both 8omponent mst- have temaeraturcs between 25 0C and 00C.':
The gel is imnediately cooled to 10 and ounted at 7 to C. 19,'sins this technique no
gelling problems occur, nd he oiriting, performance i completely satisfactory in -the
sense that the spread of the counting rates correcpondu exactly to the theoretical siatis-
tical counting rrors*

Table shows a procedure now used at the IAF-A laboratory for the calculation of
enrichment factors. In n earlier pocedure described by Sauzzy and Sell 10 te
enriched ;pike wters were related o simultaneous counts of the unanriched pike wter.
However, this introduecc unnecessary increaso in standard error of bcauae ha statis-
tical counting rror or the unenriched epike is relatively high. 'In the new procedure the
liquid scintillation counting standard water and the spike were prepared b Separate
dilutions of the same standard - Their concentration ratio ir. therefore stablished
accurately t h time of dilution. h counts of te enriched pike waters czuri I.hc. be
compared directly against the counts o the liquid scintillation standard, both cwants
having a standard error o less than 0.5% for a 300-minute count. Thic increases accuracy
and caves counting time.

The calculaliorfG are performed using a program..ied Wang calculator. Error calculai-ion
is based on a modificetion of euation (18) viz.n I (21)

In a D i W E nx/(w --wa o
where D is any hift of tritium concentration produced by the nutral�-.Catior./cils'lilla'4,iorx
process after eectrolysis. In practice D wa3 ound to unity b the processing oes
increase the overall error spread uthic i etimated ccording to the formula:

2 2 2 2 v.V2+ O'W 2
C, I ) O'.-+ (Inz) + (22)

Z D Wj)2T% 
where the Guffixes on the standard errors a are self-oxploaiatory. 41j/D -,ras neasured to e
0.6�. Trio varialion of -the saration factor from cell 1.0 COIL nUS; be ten Insto kccot�nt

in te alculation of err, because he parameter E is et.nential 'Ay proportional o (I -
as hown by quation la. The contrilratior. of P-variation o VE was estimated by o.-.;-
paring the aual pread of -valucs with te spread calculated on he basis of he oher
errors counting, waitfiing, neutralisation/distillation) for a set of spikes enric'ned
simultaneously in 15 calls- rho actual spreai was only marginally Greater, indicating

that the P-variability plays a inor role. Te P-sprea& value Of 0114 E est.-mated ."rom
this dta is not part-icularly accurate, but, 'the rsulting uncertainty in he inal standard
error of Z is less thar. 0.05i in the typical case of Table 1. e tandrrd spread of can
be estimated from the relation

00 (23)

For - 25, and arAZ - 013A, o /P ould be 319.% but 1his value is not vez-1 accurate.
The essential poiYst it; 'hat 'he Auniformity and cagnitude of the ft-factors are uch that
enrichment factors are ?Letermined with a low error, because -the erro'r contrilbuion'ol P
variation from cell o cell has been vappressed.

In Table 1, the net count ratesof the 3 enriched spikes vary fom 3S2 to 411 cpm,
but the spread of J is only 227.0 to 227.6 g. his is typical of te performance
achieved by his ethod.
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!MITIUMI M-RICID-MaT

RunFi026 Data 1-'oncountirg c Cra.

RkCKGROWD COMMS No. of vialc.El

4 Vial Counts Total Tirc' Gross cpm Sigma Si&-n
aTotal(%)

5 3 353 354 -88 383 371 1849 250 7.39 -172 9.33
6 12 386 375 .380 366 388 1895 250 7-58 -174 2.30

7 22 384 422 374 409 380 1969 250 7.87 0177 2.25

8 Yeanbackground cpm 7.617 Siama 132 - .104 cpm

9 STAIMM COUNTS No. of vials

10 Vial Counts Total Time Gross cp.-A SiGma Si

11 2 12297 12311. 12102 12294 12200 61204 250 244.81 .989 .43

12 11 12461 12239 12432 12229 12158 61519 250 246.07 .992 .43

13 .21 12228 12314 12222 12343 12212 61319 250 245.27 .990 .43 13

1 4- Yean ross epm, 25-389 Sivia 241% - .610 c 1 .
I 5 Net t'd opm 237-772 Sigma, 619 qn 26% .15

36 SPIKE CELL COUNTS 16

17 N'eutralisation/distillation sigma 17

is Ho. of vials 3
Vial Counts Total Time Gross cp.-n Si C.-, a S i C.

19 23 19420 250 1.248 rTotal 1920 19593 19373 19515 19560 97461 389-84 .70
.A 20277 20270 20310 101524 250 tos.09 1.274 -70

24 23,60 20307 20
21 21

25 23979 21084 20723 20950 20998 104-734 250 418-93 1.294 .70
22

IZ = enrichment factor no, it initial, final water (C) IT

25 I ' Ifo-wj) lnZ/1nN 3
2 I0 2"i
20 M ratio std/spike 9.61 + .2 97A I

.
Vial cpm(net)..GiC.-.e z W-0 w x it Sigpa l/11--�. Sic7.3

0

26 23 382.22 .70 15-44 249.20 14-74 16. 90 226.989 .678 .9681 .032- U

27-
24 398-47 .70 16.10 249-43 13-99 17-82 227-136 .669 .9647 .0028

26 0 - �:'-;
25 411-31 .70 16.62 249.18 13.58 18.34 227.613 .664 .966i .0028

Yean C E 227.250 + .. 170%

MrRICID21.11 FCTEORS
04.Beta-siZma ED% A WOE

Coll wo z % rigma
33 I 249-32 13*48 18.495 14.630 .88

2 249.16 14.21 17-534 15-963 .67
5 249-58 14.62 17-071 15-553 .87

3-, 6 249.24 14-15 17.614 16.007 .87
7 249.21 .14-49 17-198 15-710 .87
8 249.23 13-74 18-139 16-389 .63
9 248-94 13-72 18-144 16-447 .88

3S ilO 249-18 14-19 17-560 15-978 .87
249-23 13.97 17-81-10 16.173 .87

i3.56 I'-584 .88
112 249-08 18-368 0
!13 248-99 14-07 17.696 16.111 .87
:14 249.24 14.57 17-106 .15.637 .87
!15 249-25 14,23 17-515 15-933 .87.
116 249-41 14-04 17-764 16.085 .87

17 249-37 13-17. 18-934 16.93-1 .88
249-32 14*46 17.242 15-722 .87

19 249-19 14.58 1 17-091 15-635 -87.

j�4.� Table 1. Sampia, calculation of 6tch cell enrichment factors using programmed MG
calculator

41; !Nuabars in boxas are typod in, all othor priAtipg being produced by calculator output.
--j

i Z
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