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Abstract 

In Part 1 the general principles for the evaluation 
of low-Jevel counting systems are outlined. Part 2 
reviews current practices and experiences in tritium 
enrichment and counting systems. Part 3 describes a 
new approach to achieve high enrichment factors in a 
simple batch process. Sixty-fold tritium enrichment is 
achieved with an eighty-fold volume reduction. Specially 
designed large surface electrolysis colls are operated 
initially in series at 13A constant current, then for the 
final rundown at a constant voltage at 3-5 ' * n e cells 
are connected in parallel. 
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PART I 
COMPARISONS OF LOW LEVEL COUNTING 

SYSTEMS 

1*1 Introduction 

To evaluate the performance of low-level counting systems, 
several formulae are used. The following should illustrate the 
underlying concepts, their practical applications and inherent 
limits. I chose to subdivide the subject into the following 
chapters: 
- efficiencies and isotopic enrichment 
- background and lowest detection limit 
- accuracy at a given sample activity 
- reproducibility. 

It is evident that some of the concepts are inter-related 
(through the laws of Poisson statistics), but in practice the 
problems are somewhat intricate - in particular when 
approaching the lower detection limit. 

Tritium will serve as an example as this isotope presents 
most features and difficulties of low level counting. 

1.2 Efficiencies and isotonic enrichment 
1.2.1 Efficiencies 

The activity of a sample is usually expressed in dis
integrations per minute or second (dpm, dps). Some workers 
still use the curie (Ci), but this unit is less practical in 
this case, as counters are usually read in counts per minute or 
second. Counters accommodate various sample sizes, and 
specific activities are conveniently expressed in dpm/gf dpm/l, 
etc. In some applications other units have established them
selves, such as the tritium unit (TU). Defined as 1 TU • T/ll a 
lO , 1 TU corresponds to 7.2 dpm/l of water. The efficiency 
of a courtcr is defined as* 

counts por minute/disintegrations per minute (cpm/dpm), 
sometimes expressed in percent. 

In most counters this efficiency is a function of the actual 
sample size in the counter. 

If tr.ttiatcd water is measured in a liquid scintillation 
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counter, the efficiency will decrease with increasing water 
content in the scintillator as illustrated in Table 1. In 
this case the best performance was reached at 8gsample size 
with 111 TU/cpm, where the efficiency is well below the 
highest figure of 25-4$. The increasing sample siae was in 
this case able to offset the decreasing efficiency. 

Table 1 

Data measured on Beckmann LS-100 Ci liquid scintillation counter 
with Poly-Q vials and Packard Instagel scintillator. The window 
was set for a background of 4.9 cpm with the 8/8 mixture. Using 
25 ml standard vials higher sensitivities would be 
obtained. 

Sample size Scintillator Efficiency TU/cpm 

1 15 25.4 546 
2 14 24.6 282 
3 13 19-8 234 
4 12 20.1 173 
5 11 19.5 142 
6 10 19.1 121 
7 9 17-6 113 
8 8 15.7 111 

Therefore, the maximum counting efficiency alone is not 
suited for comparison of counting systems. Instead, usually 
the net effect per activity unit under optimum counting 
conditions is used, represented by the TU/cpm figures in Table 1. 
The best figure is 111 TU/cpm, i.e., a sample with an activity 
of 111 TU will produce 1 cpm in the counter. In many applications 
where the sample size can be varied to 3 certain extent, thir is 
a convenient way to express the counting performance. If the 
sample size is limited, the optimum sensitivity may not be 
achieved. In all cases counting systems have to be evaluated 
in conjunction with the whole measurement procedure. An 
example of such a problem will be discussed, involving electro
lytic enrichment followed by counting. 

1.2.2 Isotonic enrichment 

One starts with a large sample that is reduced in volume, 
wliile still retaining most of the activity of the original sample. 



3. 

Specific activity is thereby increased, but the total activity 
decreases as part of the activity is lost in the enrichment 
process. The final volume at the end of the enrichment 
process should match the optimum counting requirement of the 
counter. Overall sensitivity increases linearly with the 
enrichment factor. 

There is an upper limit of sample quantity that can 
reasonably be handled. Therefore we may now hold the initial 
sample size and vary the enrichment factor for a practical 
case involving the cells to be discussed further in Part II, 
as presented in Table 2. 

Table 2 
Initial sample: 6*»0 ml, (Z » V ), V: Volume reduction, 
Zt Tritium enrichment factor. 

Final volume TU/cpm Enrichment TU/cpm 
(ml) unenriched factor,Z enriched 

2 282 21/| 1.32 
3 23*» 1*»7 1-59 
k 173 H 2 1.54 
5 U 2 91.1 I.36 
6 121 76.9 1.57 
7 113 66.7 1.69 
8 111 58.9 1.88 

In this case the highest enrichment will give the best 
result; if used with the counting system described in Table 1 
though, it would Involve two practical difficulties! Firstly, 
it is difficult to achieve such a large volume reduction in a 
single cell, secondly, the relative ttrror in the determination 
of the enrichment factor increases with volume reduction. The 
aim is to approach as closely as practicable the theoretical 
optimum. 

1.3 Background and lowest detection limit 
1.3.1 The figure of merit 

In the following the figure of merit, often quoted as 
a performance indicator, is derived. This will lead also to 
the problems associated with measurements close to background 
levels. 
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The standard deviation (AN) of the net counts (N » nt) 
for Poisson statistics 1st 

AN I (n • b)t • bt with: 
n t net count rate 
b t background count rate 
t : counting tine. 

This relationship assumes that background and sample 
are counted for the sane period t. 

The relative error will then bet 

N n ¥? 
Close to background n is such smaller than 2b so we 

can simplify tot 

IT * IT ^=T (n<2b) 
2b The smaller —r, the smaller the error for a given counting n* 

period. The figure of merit is defined as 

-r- where n, the net count rate, has been replaced 
by counting efficiency (E)» commonly given in percent. 

A manufacturer may quote, e.g.y for C-lfct 
Efficiency t 90J& 
Figure of merit t kOQ 

wherefrom it can be concluded that this efficiency was achieved 
at a background of 20 cpm. However, such a figure of merit has 
little practical significance for measurements of any samples. 
The important aspect is to establish the relationship between 
background and efficiency, before choosing the operating con
ditions. ' 

If enrichment is considered, the figure of merit can be 
written asi 

V 2 
•"''• (enriclimont factor Z) thus a doubling of the back

ground can be offset by increasing the enrichment by a factor 
of l.h. 
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1.3.2 Tho lowest detection limit 

The behaviour of counting systems with respect to 
changes in background and efficiency is not only characterised 
by the figure of merit. To quote a lower detection limit on 
the basis of Poisson statistics alone is generally not 
admissible, but may be valuable for comparisons. The conditions 
and problems of statistics around background levels will bo 
further commented on in chapter 1.5* At this point one has to 
keep in mind that low backgrounds may be inherently unstable 
and even at the same figure of merit the system with the 
higher background may be preferable. 

For comparisons, the lowest detection limit (DL) 
defined in the following way is adequate. 

The sample activity needed to produce a not effect 
equal to twice tho standard deviation of the background is 

• • , and if we express the counter performance (p) as specific 
activity/cpm (TU/cpm): 

DL = 2 £ 

Theoretically the detection limit can always be lowered by 
increasing t, but obviously tho counting time cannot be extended 
indefinitely. It is common to refer to 400 min.(day count) or 
1000 min.(night count) counting time. Examples are listed in 
Table 3-

Tabic ") (lOOO min.counting time) 

Counter sensitivity* 80 TU/cpm 50 TU/cpm 0.66 TU/cpm* 
Background: 0.2h cpm 5 cpm 5 cpm 
Detection limit: 2.k8 TV 7.1 TU 0.09 TU 

corrospondxng to 75""fold enrichment from column 2. 

tor 2 " ~ is li« In .figure 1 the factor 2 -r- is listed as a function 
of the background at 1000 mimttos counting timo for quick 
reference. T.t should be noted that this do lection limit may be? 
difficult to achieve in practice. 
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7. 
1.4 Accuracy at a given activity 

It is also convenient to compare counters at an average 
sample activity;if we include an enrichment factor the formula 
for the error reads as follows: 

T(%) « j (*J& • b)t ' i g where: 
P 

A s specific activity 
a t enrichment factor 
p : counter performance 

nett effect (activity/cpm) 
t t counting time 

Two methods are customary: 
- the error -is indicated for a counting time of bOO or 1O00 

min at the average activity 
- the time needed to count to a specified error is indicated. 

The second solution has the advantage of directly showing 
the capacity of a system. In figure 2 the relationship is 

plotted for various backgrounds as a function of the enrichment 
factor. 

Note that if the background increases from 3 to 6 cpm it 
is sufficient to increase the enrichment from 75 to 100 for the 
same accuracy, 

In figure 3 time is plotted as a function of the enrichment 
factor to illustrate the second approach. 

Note that the influence of the background decreases rapidly 
with increased enrichment factor (or efficiency). 

1*5 Reproducibility 
Here we reach n particularly difficult, but important 

parameter to estimate. For system comparisons the data arn 
often not available or insufficient, A#ain wo have to consider first 
Iho problems clufto to n;ick(;round. fn tli.it> cns<; th« stability 

http://tli.it
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of the background on one hand and the reproducibility of the 
blank ( a processed "inactive" sample) on the other, determine 
the obtainable accuracy. Theoretically an increase in 
counting time would permit the determination of any sample to 
the desired precision, but evidently if *he measurement 
procedure involves steps that introduce additional errors, 
Poisson statistics mar be of minor importance. To be able to 
estimate a standard error and also to gain a general impression 
of the performance, a minimum of 30 individual blank samples 
have to be processed and measured. 

Further information must be gained by preparing and 
counting samples (>30) from the same batch of active material. 
Those reproducibility samples have to be processed in all 
stages exactly as any other sample, and should have sufficient 
activity to detect variations in counter performance (e.g. gain, 
quenching) and influences from the processing stages (e.g. 
fractionation). The resulting error usually differs from the 
variation in the blank sample. Contamination problems are 
reflected by the results of the blanks measurements as some 
activity is- often introduced into the sample. 
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PART II 
TKITIUM ENRICHMENT AMD COUNTING SYSTEMS 

2.1 General principles 

Although equipment costs are comparable, operator time 
varies from system to system in the order of one to eight man-
hours per sample, according to the system in use. Man-hours 
per sample is therefore one of the main considerations in 
selecting systems. 

Another aspect is the particular counting system. 
Counting systems presently group into two classes: 
- high volume, low efficiency. For example liquid scin

tillation counters which use 8 ml of water at up to 
25?o counting efficiency; 

- low volume, high efficiency. For example gas counters 
which use 1 ml of water and have counting efficiencies 
in excess of 50%. Furthermore, initial sample volume 

will influence handling, storage, the enrichment factor and 
clearly the available activity per sample. Experience in this 
laboratory suggests that a fy-5 litre initial sample volume can 
be considered as an upper practical limit. 

In the following, present opinions for successful 
enrichment are summarised. 

2.2 Parameters influencing electrolytic enrichment 
2.2.1 Volume reduction versus enrichment factor 

One way of expressing the relationship between volume 
reduction and tritium enrichment 1st 

VT/V 0T 0 • (V/V 0) 1'^ e (6'stlund and Werner, 1962), 
witht V Q j initial sample volume 

T Q : initial tritium concentration 
V t final sample volume 
T » final tritium concentration 
Pe 1 experimental separation parameter. 

This assumes constant P e throughtout electrolysis, which is not 
generally the case. It should be stressed though that a high p" 
is most important during the last stages of tho overall volume 
reduction. 



2.2.2 Volume reduction in one staffe 

For many years it was generally agreed that to avoid 
corrosion l-2?£ of NaOH is a lower and 20$ an upper limit for 
this most commonly used electrolyte. This sets the limit to 
single stage electrolysis with a volume reduction of 10 to 20 
(Brown, 1965; Cameron, 1967), however, according to Theodorssor-
{lljjh) higher values up to about 300 are possible, without 
serious corrosion problems. 

2.2.3 Current density 

The separation factor, and hence the tritium recovery, 
are often thought to depend primarily upon current density. 
Values range from O.06 A cm to 0.15 A cm (Taylor, 1973; 
Theodorsscn, 197M : L n the initial phase, increasing to O.k A 
cm (Taylor, 1973), towards the final volume. "Ostlund 
changes to a lower current during the final process to maintain 

—2 current density at approximately 0.1 A cm . Constant current 
operation is therefore the rule, although good results are 
reported with constant voltage (Theodorsson, 197*»)« 

2.2.4 Cell surface and volume, construction 

For ease of manufacture, two basic designs are in use* 
- parallel plates in a glass container; 
- cylindrical, concentric electrodes in glass or all 

metal containers. 
As the surface to volume ratio of cylindrical cells is greater 
than for parallel plates in a cylindrical container, a higher 
current can be used and electrolysis time reduced. The criteria 
for construction aroi 
- cooling of the cell surfaces (see also 2.2.5)f 
- easy recovery of the final volume from the cell; 

time required for dissembling, as the cells have to 
be cleaned thoroughly in between batches. 

2.2.5 Temperature 

It iB generally agreed that constant temperature operation 
0 C 

is necessary, suggested values range from 0 C to 20 C. The lower 
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temperaturns reduce vapour loss and improve tritium recovery 
(see also 3-1 and Appendix i). Too low temperatures can cause 
freezing in the cells with associated distortion, and a short 
circuit can produce cell explosion. Thoodorsson (197^) points 
to high temperature as a possible cause of corrosion. Effective 
cooling of the cell surface and electrolyte is therefore 
important for reproducible results. Glass cells with parallel 
plates are in this respect less suitable than cylindrical 
metal cells. 

2.3 Enrichment systems in use 
2.3^1 Single stage electrolysis 

According to the remarks in 2.2.2, enrichment factors 
between 10 and 20 are most widely used. From Table k it 
follows that even if associated with sensitive proportional 
counting,the performance of the present system at INS cannot 
be achieved with single stage electrolysis (Taylor, 1973)* 

2.3»2 Multi-stafle electrolysis 

Enrichment factors of up to 1800 can be successfully 
achieved (Taylor, 1973)• It has to be considered though that 
a considerable amount of work per sample Is involved. The 
system used by Taylor requires approximately eight man-hours 
per sample (Tablo fy). 

2-3»3 Periodic addition and continuous feeding cells 

Periodic addition of sample into the electrolysis 
cells has been developed by Ostlund and Werner (1962) with 
an enrichment factor of 75» To reduce the work involved, 
continuous feeding systems wero successful as well. This has 
been shown by Thcodorsson (l97^)»who reached tnrichmont 
factors up to 950. Continuous feeding cells do not require 
much more work than single stage colls. Both systems are 
inherently though less efficient than a batch cell for the 
same volume reduction. 
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2*k Knproducibilitv 
2. U.1 funeral 

Two factors have to be considered. The reproducibility 
from sample to sample at a specific activity and the lover 
detection lit it. Errors (l sigma) quoted are: 

3-6ji (50 samples, Theodorsson, 197*1) 
2?S (Ostlund, 1969) 
k.yp (10 samples, Taylor, 1973; highest enrichment factor). 

A discussion of the problems involved around the lower detection 
limit can be found also in Ostlund (1969); he quotes 0.2 TU. 
The original system at INS yielded 0.5 TO after enrichment of 
dead water. Whether this is a result of the remaining activity 
in the water, has not been established. Occasional values 
around 0.1 TU from e.g., deap-sea water, support this assumption. 

There is some divergence about the requirements to 
obtain reproducible data. At INS the problem was solved by 
measuring the deuterium enrichment after electrolysis. Most 
other workers prefer to operate under reproducible conditions. 
This is somewhat more difficult, but saves the work and cost 
involved with mass spectrometry. 

2.H.Z Factors influencing reproducibility 

It has been pointed out by Taylor (1973) that high 
separation factors improve reproducibility. This factor is 
influenced by the electrode material and the condition of 
its surface, voltage, current density, spacing of the 
electrodes and temperature, condition and type of the electrolyte 
(Ostlund, 1962). Research into the relationship between the 
factors mentioned was very limited and many arguments are 
insufficiently investigated. We quote here a summary of the 
current opinion on the subject. 

2.H.3 Requirements for reproducible operation 
Condition of the cell surfacet during operation a 
thin porous layer forms on the mild steel cathode. 
This seems to improve the separation. A good layer 
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builds up after about 10 runs, but deteriorates 
immediately if tho cathodes arc treated with acid or 
other chemicals. Therefore, the following rules have 
been established: 

operate cells continuously with only a thorough 
hot water wash between runs (Taylor, 1973, and 
others); 
avoid corrosion by keeping electrolyte concentration 
between l-205i. 

Constant current density operation to keep variations 
of the separation factor snail (Ostlund, 19&2, 1969). 
Constant temperature (Theodorsson, 197*1)» low temperature 
to reduce vapour loss. 
Avoid exposing the samples to the laboratory atmosphere, 
rigidly adhering to established routine procedures 
(Ostlund, 1969; Taylor,1973). 

Counting systems in use 

In tho following the principal systems ere listed with 
ir characteristics: 

Proportional gas counters 
Counter performance from 25 to 80 TU/cpm. 
Background 0.25 (internal anticoincidence) to 2 cpm. 
Generally difficult to operate) expensive shielding. 
Capacity limited in practice to one to two samples 
per day. 
Slow and often complex preparation of gas samples. 
Geiger counters 
Sensitivities 1100 to 160 TU/cpm. 
Background 2 to 6 cpm. 
Generally reliable. 
Capacity limited to one to two samples per day. 
Slow and complex preparation of gas samples. 
Liquid scintillation counters 
Sensitivities 35 (benzene synthesis) to 120 TU/cpm. 
Background 2 to 15 cpm. 
GeneralJy reliable. 
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Automatic sample changing provides high capacity, as 
little counting time is lost with standards. 
Simple and fast sample preparation (using vater-
scintillator mixtures). 
Flexibility in use, a» the machines cover a vide 
range of applications. 

2.6 Conclusions 
From those characteristics it is obvious why many 

laboratories use liquid scintillation counters whenever 
possible, though the relatively high backgrounds necessitate 
higher enrichment. If therefore a simple batch electrolysis 
process can be c'eveloped with at least 50-fold tritium 
enrichment, liquid scintillation counting becomes by far the 
most convenient counting procedure, except possibly for the 
lowest tritium levels. Furthermore it enables laboratories 
without experience with the intricacies of gas counters to 
quickly obtain reliable counting performance. 



Table 4. Comparison of systems for low-level tritium measurements 
(Theodursson, 1974) 

I.N.S, 
Goiger 
Coun
ters 

El ec t rol y &i » 
• prop'n 
counting 
I.A.E.A, 

Electrolysis 
• scintill

ation 
counting 
I.A.E.A. 

Direct 
proportional 
counting 
Hannover 

> Tht'otlnrsNon 

Initial volume (ml) 4500 a 50 a 50 100 300 1500 
Final volume (ml) 1 1 O 12 1 1 l! 
Tritium enriclimont factor IHOO IT 17 77 204 <)50 

Counter sensitivity 
TIT per c/min 1l40 50 80 30 164 164 16^ 

Counter background 3 3.0 4.6 0.6 5.6 5.6 5.6 

Counting accuracy) 100 TU 
vith a counting 1 10 TU 
time of 400 min ) 1 TU 

o.i*% 
1.4* 
6.8*4 

0.9* 
3.4* 

33% 

1.2* 
6.1* 

50* 

3.0* 
15* 

ISO* 
0.9* 0.5* o.a* 
3.9* It8* 0.65c 
30* 11* 3% 

lOOO min 1 TU 4.3* ik.r:% 33% 75* 16* 6.6* i.8# 
Work per sample 
(man-hours) 

8 4 Z 3 2 2 a 

Approximate price of 
equipment (US #) 17tOOO 14,000 30,000 8,000 

wvi . / J S T T B U 1 0 ° . -^2 LBL /, «. B -iM 
SU*J J\ TC D ' 1 a«TU «, rr—» Ja«TU » ' * * a«TU* 

where1 f » error in * 
a * enrichment factor 

TU * activity of sample in TU 
TC • sensitivity in TU per cpm, electrolysis not included 
t • counting time 
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PART III 
THE NEW" ENRICHMENT SYSTEM 

3-1 Limits of one stage electrolysis 
As pointed out earlier* it was generally assumed that 

initial concentrations of ljt NaOH »owJ final concentrations of 
about 20J&, limit the volume reduction in one stage. Beyond 
20 - 30^ (depending on temperature) NaOll will precipitate and 
recovery for neutralisation and distillation would be 
difficult, also sore corrosion was noted (e.g. Theodorsson, 
197*1). 

If we assume that running beyond saturation is not 
desirabley the only possibility for extended volume reduction 
is to start with lower concentrations. From previous work it 
was not evident why lower concentrations were not successful. 
Three factors are obviously involvedt 

Lower electrolyte concentration, 
increase in cell voltage for a given current, 
increased heat production at a given current. 

It was generally assumed that current density influenced 
the separation process. Often irreproducible measurements of 
separation performance versus cell overvoltage have been 
recorded by many workers. The geometry of the cell is of con
siderable importance,and largely determines the range of current 
and electrolyte concentration. 

As n working hypothesis it can be assumed that cell 
voltage was an important factor and that a lower starting 
electrolyte concentration can be offset by increased electrode 
surface area and lower cell voltage. The old stage-II cells were 
used for an experiment with lower electrolyte concentrations. 
Clearly below 0.$% NaOH at 7 A corrosion set in and the cell 
eventually exploded. In a second experiment the same type of 
coll was operated at a constant voltage of k V and no corrosion 
was observed. Whether this was due to the voltage directly or 
to the consequently reduced heat dissipation, is not easy to 
establish. Therefore if the cell voltRjos do not exceed 
approximately 3 to U volts, enrichment can be extended. The 
design of a new cell should then fulfill two main requirements!-



1!K 

1) Large electrode surface, to allow operation at low 
electrolyte concentration; 

2) efficient cooling, to keep evaporation losses to a 
minimum. 
Efficient cooling will contribute also to prevent 

corrosion and eventually improve separation factors (Roy,1962). 
Calculations of this effect are appended (Appendix I). 

3.2 Cell design (For details see Appendix III) 
- All metal construction ensures good heat transfer and 

large electrode surface for a given volume. 
- An additional central cathode increases the cathode 

surface even further. 
The anode is shorter, to provide automatic stopping 
when the cells are operated in parallel at constant 
voltage. This provides more reproducible final volumes 
even without constant currents. 

- Vacuum-tight construction ensures contamination-free 
ventilation, and offers the possibility of direct 
distillation. 
A spray catcher in the upper part reduces losses. 
Electrode gaps are kept within traditional limits, to 
achieve a compromise between sufficient room for the 
escaping gases and heat dissipation within the electro
lyte, {k-6 mm). 

3.3 Operating conditions (see also Appendix II) 
3-3-1 Current and voltage 

As outlined above, extended enrichment requires suitable 
cells, voltagos and currents. This can be achieved in several 
ways but a simple approach is to use tho colls in parallel at 
a constant voltage. If high currents are desired in parallel 
operation, more expensive power supplies must be provided. A 
compromise was achieved by running the colls in series at 
constant current during the initial phase and changing for tho 
final run-down to constant voltage operation at lower currents 
with the cells in parallel. 
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3-3-2 Temperature and pressure 
Low temperatures increase separation performance and reduce 

vapour loss (see Appendix i). The cells operated satisfactorily 
at -ft C and 13 A. Lowering the temperature still further vill 
freeze tho sample. 

Evaporation loss is inversely proportional to the gas 
pressure. Increased pressures also reduce bubble size of the 
escaping gases, therefore cutting down spray losses. To prevent 
contamination from outside it is desirable to fit airlocks,realised 
for example with bubblers. With an increased bubbler height both 
aims can be achieved. 

The operational conditions with the new cells conform to 
limits in voltages, currents and temperatures that have given good 
results in this laboratory and elsewhere. 

3. ft Performance data 
3.ft.l Enrichment 

The initial set of ten cells showed irregular final volumes 
due to a design error in the bottom part of the cells. One cell 
has so far been modified and even better performance should result 
in the future. 

The data refer also to a period where the operating con
ditions were still being tested. There are still insufficient 
data to assess the performance of the individual cells. Therefore 
the most conservative approach is to evaluate the data irrespective 
of final volumes and individual differences. In this way we obtaint 
z - 61.5 ± ft.l (6.7#). 

Rons 
Ce l l No. 1 2 3 k 5 6 

1 59.9 59.1* 64.6 73.2 68 .2 
2 65.5 58.0 6k.9 69.5 66.0 
3 59.0 5ft.8 56. ft 57.7 57.8 
ft 6 0 . 1 65.9 62.8 58.3 59.0 
5 63.6 57.ft 60;3 69.3 6ft. 2 
6 56.8 60.5 56.8 55.2 6 I . 9 
7 59.6 66.7 62. J 62.1 6ft.5 65 .I 
8 59.0 65.5 60.9 58.1 6ft. 1 56.2 
9 59.9 63.0 6O.5 53. ft 62.2 58.2 

10 63.5 60.6 66.1 61.7 57.1 

The mean volume reduction was about 80.8, yielding a cell 
parameter of 0.938. 
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This compares veil with a cell parameter of O.J>2 for 
the old stace-IIl cells with only about 20-fold tritium 
enrichment. From I962 until 1973» sample TV 207 was Measured 
21 times, yielding 11.7 ± 0.8 (75») TU. The new technique has 
therefore already reached in its initial stages a comparable 
reproducibility. 

3.4.2 Liquid scintillation counting 

To check the reproducibility of the sample preparation 
ten samples were prepared and each counted to a Poisson error 
of O.55S. The spread of the results corresponded to a standard 
error of O.565S. A second run on the same samples was counted 
then to a Poisson error of 0.25J* and in this case the spread 
was O.5096. The contribution of the sample preparation is 
therefore less than 0.5J4. Again, this can be compared with 
the Geiger counter No.66, which reached a standard error of 
2.k% for samples prepared from the same water, even when counted 
to better than ± 0.754. 

Repeated counting of the same sample over a period of 
one week after equilibration for 2k hours in the counter showed 
no variation larger than expected from Poisson statistics. 
Some problems were initially encountered with fluctuating back
grounds. 

This has been solved by irradiating the first sample 
five times with the external source after loading the 
scintillation counter, and from then on once for the following 
samples when they are lowered into the counting chamber. Overall, 
the contribution of the sample preparation and other eventual 
instabilities to the total error has so far been negligible. 

A more detailed assessment will only be necessary as 
mora experience with the electrolysis permits lowering the 
enrichment error substantially. 



22. 

REFERENCES 

I.rowii, R.M. and Grununit, W.E. , 1956. Can. J.Che*. , Vol 34, 220. 
Cameron, J.F., 1967. Radioactive Dating and Methods of Counting* 

5*13-568, l.A.E.A., Vienna. 
Ostlund, H.G. and Werner, E., 1962. The Electrolytic Enrichment 

of Tritium and Deuterium for Natural Tritium Measurements. 
Tritium in the Physical and Biological Sciences, Vol.1, 
95-104. l.A.E.A., Vienna. 

Ostlund, H.G., 1969. Tritium in the Equatorial Atlantic Current 
System. J. Geophys.Res., Vol.74, Mo.18, 4535-4543-

Taylor, C.B., 1973- Precision Enrichment of Tritium in Water 
using Electrolysis. INS-R-I35. 

Thoodorsson, P., 1974. Improved Tritium Counting Through High 
Electrolytic Enrichment. Int.J.Appl. Had. and Isotopes, 
Vol.25, 97-104. 

Roy, L.P., Can.J.of Chew., vol.40 (196?), pp 1452-60. 
Ostluud, H.G., 1975- Proc. Int.Couf. on Low Radioactivity Measurements 

and Applications, High Tatras, Czechoslovakia, Oct.6-10,1975. 



APPENDIX I 
1. Kinetics of T-H separation 

Let us assume that the rates of evolution at the 
cathode follow an Arrhenius relationship: 
k H = A|| exp (-E /kT) and 
ICj = Aj. exp (-E^kT) where: 
k , k : rates of hydrogen and tritium evolution 
H * 

A„, Kjt frequency factor (Collision theory) 
E H , E_: activation energies for the transfer of a hydrogen and a 

tritium atom respectively, over the rate controlling 
step to the cathode. 

exp (-E/kT): fioltzmann factor 
The separation factor is then defined as: 

p s JSj = (Aj/A,.) exp ( 5 L l i ) *»• 1 
k T kT 

Assuming nov no appreciable effect of temperature on the 
frequency factors, the logarithm of p should lie on a straight 
line as n function of (1/T): 

lnP a IIIA + —• - where A m %/*? and AE = E T - E H Kq. 2 
Roy (1962) has measured such a dependence on conditioned iron 
electrodes. Eq. 2. is confirmed in his data and supports 
therefore the assumptions made above. 
From his data ve can calculate: 
A = O.65H and AE « 9. Ik. 10"2eV 
(taking k = 8.f> Ik. 10*5eV/°K) 
For the separation factor we obtain: 
at 7°C P - 29.O and 
at 19°C P =26.5 

These values arc loss than tho.«.«- reported by Ostlund (1975)» 
H m 37 nt 7°<:. 
T h i s d i f f e r e n c e would have t o be dur e i t h e r t o a change i n A 
(= O.Hkk) „ r t o a change in AE (*9 .72 H)" f c eV/°k) f o r b o t h . 

The q u e s t i o n could be answered by r o - m c a s u r i n g the temporat.iirc? 
depciidetH-e unde r ffellund*» opcr rn l inc c o n d i t i o n * . 
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Looking again at Eq. 1 it is also not evident why constant 
current operation (changing voltage) should be preferable 
to the use of constant voltages. 

For the purpose of estimating *he influence of temperature, 
a changed frequency factor yields slightly more conservative 
results and is adopted in the following calculations* 

In this case, lowering the temperature to -2 C would result 
in Ostlund's (3 reaching ^2.2, taking A = 0.8H. 

We can conclude that lowering the temperature therefore 
from 14 C (tap water cooling) to-2 C would improve separation 
appreciably, though with a small influence on overall cell 
performance (Taylor,1973)• However to estimate overall cell 
performance we have to consider vapour loss as well. 

2. The influence of vapour loss 
The escaping gases during electrolysis are assumed saturated 

with water vapour. Following 'o'stlund (1975) we can define an 
experimental separation factor |3e: 
p e = (1 + l.5h + s)/(l/p +1.5 hy + s), with h = e/(b-e); o q . 3 . 

b: total pressure, 
e: water vapour pressure 
Y* T/H - fractionation between liquid and vapour phase (y * 0,91)» 
s: spray loss (not used in estimates). 

For piactical purposes we can also introduce a cell parameter 
as: 
6 » lnz/lri v with: xt tritium enrichment factor 
or z = v v[ volume reduction factor 
The cell parameter relates then to the experimental separation 
factor according to: 

6 = 1 - (l/pu) 
For 11»°C the term 1/fi + 1»5hy 
(taking p = 3 / + ) r o a c n e 8 J (2.9'4 + 2.19).10 - 2, the 
separation term 0/[) and vapour loss arc thus numerically almost 
t3io same. 

Reducing the temperature now to -2°C (j a 1\2.2) for the 
«2 

same term wo obtain: (2,37 + 0. "52 3). 10 , 
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The rwlrttlvo iraportHnrc therefore of vapour loss has 
decreased considerably. 

For a 100-fold volume reduction the following table 
illustrates the result: 

14°C 7°C -2°C 
h 1.6 . 10 0.998 . lO"4 0.523 . 10"* 
P 3* 37 1*2 

K 20 25 33 
z 79 63 87 
b 0.95 0.96 0.97 

1 

The 10$ improvement in the enrichment factor Z, may not be 
dramatic, but is equivalent to a 20% background reduction when 
considering the detection limit. Furthermore as the relative 
importance of vapour loss has decreased also, fluctuations in 
vapour loss will not have a large effect on the variability of 
the enrichment factor. 

Equation 3 shows that an increase in coll pressure would al 
reduce vapour loss. 

In practice it has proven difficult to control vapour and 
spray loss and many laboratories note unexplained variations 
in final volume among individual cells. In this case the final 
weights may be determined for optimum control and used in the 
calculation of the enrichment factor (Taylor,1973). 

To achieve more reproducible final volumes, we chose to 
use a shorter anode, with the cells connected in parallel for 
the final rundown. As the liquid level drops below the anode, 
eloctrolynis stops automatically. 



APPENDIX IT 
Details of the Operating Procedures 

Preparation and running in of a new cell 
For new cells or after repairs the following procedure 
adopted. 
Degreasing: 
Flush the cell with benzene. 
Refill with benzene and bruah clean. 
Refill and flush with benzene. 
Let dry. 
Phosphoric acid flush: 
Fill with ltl diluted orthophosphoric acid (700 ml). 
Mild steel part only. 

Leave the cell standing in hot water (80°C) for 
approximately lO minutes. 

Empty the phosphoric acid into a long cylinder and dip the 
stainless steel anode into the now warm acid until it 
looks clean (l-5 min.). 

Fill the cell twice with distilled water, shake and empty, 
then repeat with hot tap-wator. 

Fill immediately with 1% NaOH solution and leave the cell 
for at leapt h hours. This prevents instant rusting. 

Refill the cell with 1% NaOH (640 ml) prepared with 
distilled water and electrolyse for four days. This 
removes the last traces of phosphoric acid. 

Clean the cell with hot tapwater, refill with ljt NaOH and 
run it at 7 A constant current for 10 days. The voltage 
will be around 2.5 V for the present cells. Repeat this 
step until the cells have acquired a uniform grey layer. 
(2 to 3 runs). 
The culls should then have reached sufficient conditioning 

for routine operation, but the efficiency has to be checked 
by repeated analysis of spike water. 

Operating conditions for the electrolysis 
Preparation 
All samples,except rainfall, are distilled. In case of 
doubt test tho sample on the flame photospectrometor for 
Na. The sample is sufficiently clean if there is no 
visible difference in the flame with reference to dis
tilled water. A more convenient method is to chock the 
conductivity. 

Ensure that all, tubes and containers of the distillation 
apparatus are dry. At present tho vacuum still is pumped 
continuously if not used. In CQBO of doubt blow the system 
dry with compressed air. 

Lot tho sample roach room temperature nUtnr distillation, 
otherwise the reaction with Na„0„ will be too nlow. 




