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FOREWORD

The Consultants' Group was convened in Vienna,
2U-28 September 19T9a to discuss the present status and
developments in low-level tritium counting.

These Proceedings contain the working papers
presented by participants and recommendations to the
IAEA on future action in this field.
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PROGRESS OF 3H-COUNTING IN THE LOW LEVEL
COUNTING LABORATORY IN BERN

U. SCHOTTERER, H. OESCHGER
Physikalisches Institut,
Universität Bern,
Bern, Switzerland

Introduction

Since 1955 H measurements are carried out in the low level counting
laboratory in Bern. Tritium is an ideal tracer for the water cycle
and therefore an important tool for the main goal of our group which
is the understanding of climatic processes. It is applied to isotope
hydrology (i.e. residence times of subsurface water bodies) isotope
glaciology (accumulation rates, seasonal variations of snow deposits)
and to the study of isotope production by cosmic rays. Because of
the limited staff and the wide ranged field of application we need a
quick and safe instrumentation which was mainly developed in our
institute.

Equipment and shielding

At present we are measuring in two laboratories of the institute.
Laboratory one (U2) is covered by 5 m of water equivalent (concrete
of building). Two Oeschger-type counters are operating in a shielding
which consists of 20 cm Fe, 20 cm paraffine and 5 cm lead. Power
supply is current stabilized. Laboratory two, the underground lab-
oratory (70 m w.e.) was constructed in 1974, to enable lower detec-
tion limits with the existing equipment (e.g. direct H-measurements
in groundwater in spite of the decreasing atmospheric H-concentra-
tions) and to allow routine measurements of such important new gee—

39physical parameters as Ar in reasonable counting times. Here one
Oeschger-type counter and two one-liter copper counters in an anti-
coincidence counter surrounded by 10 cm of lead are in operation. To
increase sample capacity a commercial liquid scintillation counter
(Intertechnique SL 4000) is used. The room is shielded with 40 cm
special radioactivity-poor concrete (gravel sand from serpentine
from Torino and cement from Danish lime stone) and equipped with
a Faraday cage. Power supply is again stabilized. If high resolu-
tion between 0,2 and 2 TU is needed, the samples are enriched
approximately 15 times in a 12 cell electrolytical enrichment
equipment.



A. Gas counting

1 . Preparation

The counting gas methan is produced in a steel tank (Fig. 1) in a
one-step reaction using aluminum carbide and water as described
earlier (Siegenthaler et al., 1975). Increasing routine experience
(over 5000 samples) has simplified and shortened the sample prepa-
ration as described:

Cleaning of the reaction vessel from the foregoing sample by wiping
with smooth paper (3-5 minutes). About 1 cc of undestilled sample
water is filled into a glass ampoule which is connected over a
capillar (to avoid boiling of the water) to a vacuum system. After
short pumping (5 seconds) to provide underpressure, the ampoule is
sealed by flame and put into the reaction vessel as seen in Fig. 1
together with the aluminum carbide. After removing the air of the
vessel to approximately < 1 torr (5-10 minutes pumping) the ampoule
is crashed by the hammer and the reaction takes place at 150°C in a
furnace (commercial dry-furnace) for about 3 hours. After cooling,
the gas is filled directly into the counter (with one refreezing
step to avoid the dead volume of the reaction vessel). Operating
pressure is 1000 torr for the Oeschger-counter and 2700 torr in the
copper counter respectively.

An important limiting factor in H low level counting is the conta-
mination problem. Controlling the following factors, it should be
negligible:

- No H luminescent watch in the laboratory.
- Permanent control of H content of the laboratory moisture.
- Air-tight storage of the aluminum carbide.
- Use of different reaction vessels for different H concen-
trations (memory effect ^ 1 %) .

2. Background, calibration factor, reproducibility

A detailed study of background components in low level counting is
given elsewhere (i.e. Oeschger and Wahlen, 1975) but as the two
main sources should be mentioned cornsic ray muons and their inter-
actions and pulses originating from electronic noise, electromag-
netic disturbances, breakdowns in high voltage insulators, etc.
(sample contamination excluded, counter material and shielding as
"clean" as possible). The following table shows the results obtained
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with different shieldings (Oeschger-counter, ̂  1,3 It sensitivity
volume, filled with 1000 torr tank CH..

Mode of operation Background Cover of the laboratory
[cpm] [m of water equivalent]

Laboratory 02 ;
No anticoincidence 400
With shielding (20 cm Fe,
20 cm paraffine, 5 cm Pb) 160
With internal anticoincidence
and shielding 0,40
H window and with internal
anticoincidence and shielding 0,17

Underground laboratory;
With shielding (10 cm Pb) 17,2
With internal anticoincidence
and shielding 0,115
H windows and with internal

anticoincidence and shielding 0,059

5 + 1 0 (from overlying
atmosphere)

70+10 (from overlying
atmosphere)

These background values correspond to a typical calibration factor
of 74 TU/cpm using an initial sample volume of 10 ml of water. The
1 It copper counter is operating in the underground laboratory,
filled with 2700 torr CH. using the same initial water volume. With
an external anticoincidence counter and 10 cm Pb as shielding a
calibration factor of 26 TU/cpm and a background of 0,35 cpm is
obtained. The operating voltage is determined by the muon count rate
of the counter, assuming a constant flux. This is true for the under-
ground laboratory but causes an error in the U2 laboratory of less
than 0,5% which has to be compared to the 1% standard deviation of
the calibration factor, so this quick and easy method is justified.

The critical level of the measurement is highly controlled by the
reproducibility of the experimental blank values. These values are
slightly higher (0,03 cpm) than those for tank methane, possibly due
to a small contamination in the aluminum carbide. To keep this con-
stant for an individual sample, every new batch is mixed for one
day before portioned and sealed air-tight. For control tank methane
and experimental blank are measured weekly in different counters.



The standard deviation of all blanks and tank methane samples in a
given measuring period (i.e. 1 year, 40-70 blank and tank methane
measurements per counter) is 20 - 60% higher than the poisson error
of the single measurement.

The critical level n is defined as the lowest observed net count
rate, that we can distinguish with a given confidence level from
zero. For a 1300 min measurement of an Oeschger-counter in U2 labor-
atory the poisson error a p = 0,012 cpm, the experimental standard
deviation is atot = 0,020 cpm. The resulting non-poisson contribution
a = ̂ t̂o*-2 ~ °P = 0,016 cpm. Since for a very long counting time
(> 3000 min) the poisson contribution is very small, the critical
level is given by nc = k a , where k = 1 ,64 for a 95% confidence
level (one-sided confidence interval) .

The determination limit x. is defined as the lowest activity that
can be measured with an error of less than 10%, i.e. x, ̂  - 10 o .det x

It is the minimum concentration for which the measurement will yield
"a result which is satisfactorily close to the true value" (Currie,
1968). In table 1 these values are listed for the different counters.

Data handling

For each counter 5 count rates are recorded (guard counts, total
and muon count rate, anticoincidence rate in and above H window).

3 14In the last 3 years different counters ( H and C) were connected
on line to a central computer with a parallel independent visual and
manual registration. Since this needs a perfect organization to avoid
disturbance of individual measurements during filling the counter and
calculating results, we prefer now a decentralized solution: beside
the manual registration the raw data of each counter is collected on
its own tape recorder. Further treatment of the data may be done on
a desk computer or a greater unit (see Fig. 2).

B. Liquid scintillation counting

Since one year a commercial liquid scintillation counter is working
in the underground laboratory. Foregoing tests with different instru-
ments have shown the usefulness for measurements of environmental
tritium without previous enrichment if sufficient shielding is pos-
sible. High background countrates of commercial instruments compared
to gascounting systems are very often the limiting factor. At the
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moment experiments are running in different laboratories of our in-
stitute to study background components and different shieldings with
the aim to construct a simple sample changer on the base of LSC.

3 14Table 2 gives an overview of first results in the H and C energy range.
It demonstrates clearly the importance of active poor concrete in
the laboratory walls and the sufficient active-free lead shielding
around the counting chamber. Otherwise the advantage of an underground
laboratory is rather poor.
Because of the low background of the commercial LSC in the under-
ground laboratory (0,65 cpm) contributions which are possibly
hidden in the higher count rate on ground level could be detected
and eliminated:

- electronic noise (0,15 cpm)
- contribution of the external standard source (0,20 cpm)
- radioactivity from polyethylene counting vials.

The last point seems very astonishing, but we already found differ-
ences of 0,25 cpm for certain empty counting vials. It is reported
(New-Tron, Reactor Experiments, Inc.) that some polyethylene mate-
rials do contain trace amounts of uranium.

Another limiting factor of commercial instruments is the limited
sample volume. First results of a provisional large volume cell
(49 cc total volume) are promising. This cell, connected to the
electronics of the commercial LSC was situated in our routine lead
shield as seen in Fig. 3. To get reduction factors when using an
underground laboratory, the measurements were performed in identical
shields in the laboratories U2 and TL-| 4 . The advantage of an under-
ground laboratory for low level counting is obviously when the
background spectra are compared. Even more impressive is the result

1 4for C measurements. In Fig. 4 the signal of a 45000 year old sample
over background after 1400 min counting time is demonstrated.

Conclusion

The great advantage in LLC for our group was the construction of the
underground laboratory which is shown clearly by the obtained
results (c.f. table 1). Under "normal" conditions (U2 laboratory)
the Oeschger-counter is still a very sensitive instrument (after 24
years of construction!) in connection with modern electronics. High
pressure counters with external anticoincidence are promising but
they need very clean counter material, an underground laboratory
and/or more complicated electronics (rise-time discrimination). An
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Table 1

Counter Laboratory Shielding

Oeschger Counter U 2 20 cm iron.
20 cm paraffine
5 cm lead

Oeschger Counter 1̂4r 10 - 20 cm lead
(Underground)Copper Counter " 10-20 cm lead

(testing phase)

Liquid commercial " 3- 5 cm lead
(10 : 12)

Large volume " 10-20 cm lead
(23 : 24)
(testing phase)

Sample Vol. Cal. STD Dev.
[TU/CPM]

75 IX
10 cc H20
resp. M ,6
It CH., sens. vol.

72 IX

10 cc H20 26 IX
resp. 3,6
It CH., sens. vol.

10 cc 71,5 IX

23 cc 32 IX

typ. count, time backgr. STD Dev. Detection Crit. level
[minutes] [experimental] Limit [TU] [TU]

1300 0,205 0,020 20 1,9

1300 0,080 0.012 12 1,1

2600 0,330 0,018 6,2 0,6

600 0,656 0,047 45 3,9

1000 0.780 0.040 17 1,5



additional liquid scintillation counter is very useful: for routine
measurements in combination with electrolytical enrichment or very
good shielding and large volume cells for direct measurements. And
also as crosscheck with the gas counting system.

Table 2 Background with the LSC in the 14C range (15 -150 keV) and 3H range (0 ,5 -18 keV) in

different laboratories of our institute.

LAB.
CODE

U 2

U 2

TLHEn L

TL14c

SHIELDING INSTRUMENT/SHIELDING BACKGROUND CC BENZENE
OF THE LAB. [CPM]

[m of water equ.] C H

5 Large volume 7,8 2,8 49
counting cell
10- 20 cm lead

5 Commercial Counter 19,5 3,8 22
3 - 5 cm lead

70 Commercial Counter 10,9 2,2 22
3 - 5 cm lead

7n Commercial Counter 3,3 0,65 22
" 3-5 cm lead

«tÄSÄ«. as*'- '•< «." «
10- 20 cm lead

ccHpO : cc Scint.

23 : 24

10 : 12

10 : 12

10 : 12

23 : 24

References

Siegenthaler, U., Oeschger, H., Schotterer, U., and K. Hänni,
Conversion of Water to a Counting Gas for Low-Level-Tritium
Measurements by Means of Aluminum Carbide. International
Journal of Applied Radiation and Isotopes, 1975, Vol. 26.

Oeschger, H. and M. Wahlen, Low Level Counting Techniques.
Annual Review of Nuclear Science, 1975, Vol. 25.

Currie, L. , in Analyt. Chem. 40, 586, 1968.
New-Tron. Published by Reactor Experiments, Inc. San Carlos,

Calif., Volume XI, NO. 1.

13



Fig. 1 Scheme of the reaction vessel to convert the sample
water into a counting gas (CH.).
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Fig. 3 Standard lead shield for LLC systems (a) and the
background spectra of a water sample (23 cc water,
24 ce NEN Scintillator) in the U2-and the
laboratory (b).
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Fig. 4 Signal of a 45000 year old sample prepared of
diluted NBS oxalic acid over its background after
1400 min counting time.
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SOME ASPECTS OF TRITIUM MEASUREMENTS BY
ELECTROLYTIC ENRICHMENT AND
ETHANE GAS COUNTING

K. FRÖHLICH,
Bergakademie Freiberg,
Freiberg,
German Democratic Republic

Some parameters affecting the sensitivity and accuracy of
tritium measurements by electrolytic enrichment and ethane
gas counting, especially enrichment reproducibility, conta-
mination and memory effects, and long-term stability are
discussed. The presented data are based on experimental
results of the measurement technique at the tritium labora-
tory in Freiberg which is in routine operation since about
10 years.

1 « Introduc t i on

The results of the third inter-laboratory comparison of
low-level tritium measurements in water /1/ revealed
problems in control and assessment of measurement errors.
Therefore, some aspects of the derivation of a reliable
overall standard error will be discussed in this paper.
The discussion is related to the ethane gas counting
adopted by the Freiberg Tritium Laboratory /2/. The pre-
sented data have been obtained during routine operation
of the laboratory.

Ethane is synthesized from an about tenfold electrolyti-
cally enriched sample of hydrogen and acetylene prepared
from dead water. The electrolytic enrichment system is
similar to that used in the IAEA laboratory. 12 metal
batch cells are connected in series with a stabilized DC
current supply. Cells are placed in a cooling unit at a
temperature of about 0 °C. During the first 6 and last 10
hours the current intensity is 4 A, during the middle
period 8 A. As samples of higher tritium content are
measured by liquid scintillation counting the electrolytic
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enrichment is stopped at a rather high final volume of
slightly above 10 ml.

Pig. 1 summarizes the characteristic data of our ethane
gas counter. The routine counting gas pressure is 2.5 atm
yielding a reciprocal counting sensitivity of about
60 TU/cpm and an anticoincidence background rate of ca.
0,7 cpm. The ethane gas counts in the true proportional
region, as can be seen on the tritium spectrum in Pig. 1.
In routine operation a single channel analyser is used.
Upper and lower level gates are indicated in Pig. 1

Tritium spectrum

V = 757cm3

p = 2.5 atm
S =0/60) cpm/TU

cpm/mV
1400-

1000-

9I.

250 mV

1200

800

400

>m/mV

K»! 150 200

Background spectrum

- •'•:/•• -Vv".s'•>'." v-".-

15cpm,without anticoincidence
(0.7-0.8 cpmwith anticoincidence)

50 100 150 200 250 mV

Pig. 1. Tritium and backgroud spectrum of the ethane counter
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2. Assessment of measurement errors at concentrations
below about 10 TU __________________________

In that very low concentration region one has to take into
consideration, that the dead water (laboratory blank water)
used for acetylene preparation can have a non-vanishing
tritium content. During sampling, sample storage and
processing additional tritium can be picked up. A detailed
quantitative consideration of this situation shows, that
the gross detector count rate, n (in cpm) , obtained for a
certain sample after full analytical procedure, is split
up into six terms. These terms represent the net tritium
effect of the sample, the tritium effect of the laboratory
blank water, the analytical blank (mainly from distillations
and electrolysis), the memory effect during ethane synthesis,
the radon effect, and the counter background, respectively.
This equation for n can be derived:

n = SZC + SCb + B + M + n^ + nQ , (1)

where ,

C, C, = tritium concentration (TU) of the sample, and of
the blank water, respectively;

nQ, S = counter background (cpm), and counter sensitivity
(ratio of net count rate, obtained with a tritium
standard, and tritium concentration of this stan-
dard (in cpm/TU));

Z = electrolytic enrichment factor;
B = analytical blank (cpm);
M = memory effect (cpm);
nRn = raaon effect (cpm).

A pronounced memory effect is only observed, if the hydro-
génation of acetylene is catalysed by palladium on asbestos
fibre. The equation for M is

19



M - /U (2)

where,

= tritium concentration of the ethane gas of the
preceding synthesis.

moss of
2 4 6 asbestos fibre/g

Pig. 2. Memory effect

The coefficient /u increases with the amount of asbestos
fibre (cf. Pig. 2). Using 3 g catalyst of 10 % palladium

_pon asbestos fibre /u = 1.9 • 10 was obtained. The
equivalent amount of palladium without asbstos fibre
resulted in a value of less than 1 °/oo. Obviously the
memory effect is mainly produced by adsorption of ethane
molecules on the surface of the asbestos fibre. On the
basis of the values of the specific surface of asbestos

pfibre (16-24 m /g), the diameter of an ethane molecule
(2.4 • 10" m) , and the mole number of synthesized ethane
(0.1 mole) /u can be estimated. A molecular layer of
adsorbed ethane in the case of 3 g catalyst produces a
memory effect of /u = (2.2 ± 0.4) • 10~2. This value is
approximately equal to the experimentally obtained value.

In order to avoid a detailed memory effect correction,
the palladium on asbestos fibre catalyst should either

20



be heated up to about 500 °C after each synthesis or
palladium metal without asbestos fibre should be used.

Checking the radon effect we obtained an initial value of
about 4 cpm in each controlling run immidiately after the
synthesis of the counting gas (cf. Pig. 3)« Therefore, the
radon effect does not influence the overall measurement
error, if the synthesized ethane is stored over one month
before counting.

cpm
6

2

1.0
Q6
(U

02

2 6 10 U 18 22 26 30 days

Fig. 3. Radon effect

In order to determine the analytical blank (a storage
blank could not be observed within the limits of detec-
tion), laboratory blank water was subjected to the same
analytical procedure as the sample. Neglecting memory and
radon effect, the detector count rate, n, , is:

n, = (Z 1/2)SCb + B n (3)

Por a given blank water the difference between this count
rate and the corresponding count rate after abbreviated
analytical procedure (distillation and electrolysis are
omitted) is:

nb - nba B (4)

21



This count rate difference is a linear function of the
excess electrolytic enrichment, (Z-1), if B is indepen-
dent of the enrichment factor. Modifying the routine
procedure in order to obtain measuring points in a rather
wide range of (Z-1), WEISS et al. /3/ derived the tritium
concentration of the blank water and the analytical blank
from the slope and the intercept of the straight line.

However, our analytical blank depends on Z according to
the equation

B = /"(Z-1)kl + k2_7SCa (5)

where,

TU
J

200-

150-

100-

50-

C0 = tritium concentration of the laboratory airci

moisture;
k*, kp = relative portion of laboratory air moisture

picked up during distillation before electroly-
sis, and during the following steps, respecti-
vely.

The variations of G& observed in our laboratory are shown
in Fig. 4« Due to these variations B may vary considerably,
even if the enrichment factor is constant. This situation

f

1973 1974 1975 1976 1977 1978
Pig. 4. Tritium concentation of laboratory air moisture
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is illustrated in Pig. 5. At a typical value of (Z-1) = 10,
B may range between less than 0.01 cpm and about 0.04 cpm,
if k., =

B/cpm

0.04

0.03

OÛ2

OJ01

and S = (1/60) cpm/TU.

Ccf200TU

S=(1/60)cpm/TU
Pig. 5. Analytical
blank as a function
of the excess
electrolytic enrichment

12 (Z-1)

The actual blank value has been estimated from the count
rates obtained with laboratory blank waters (Table 1).
LBW 1 was extracted from strongly mineralized water of
a salt mine. According to hydrogeological considerations
it should be tritium-free. LBW 2 and LBW 3 were derived
from a certain groundwater deep-well in 1975 and 1978,
respectively. They should have a rather low or vanishing
tritium content, because their ^C model age is about
5000 years.

The second column of Table 1 shows the respective weighted
mean values of 12 individual measurements of the detector
count rate after full analytical procedure. The enrichment
factors, the reciprocal counter sensitivities (TU/cpm),
and the tritium concentrations (TU) of the laboratory air
moisture during analytical processing are indicated in
brackets. The comparison of the results in Table 1 shows

23



that a slight increase in the count rate is obtained
whenever the full procedure is used. The lowest increase
is found with LBW 1.

Obviously this blank water has the lowest tritium concentra-
tion, and from its count rate difference the upper bounds
of Cb and B can be estimated (cf. equ. (4)). If C^ is zero,
the count rate difference can be

Table 1 ; Weighted mean values of the detector count rate
obtained with three laboratory blank waters

laboratory detector count rate (cpm)
blank water full procedure abbreviated procedure
LBW 1 0.726 ± 0.005 0.694 ± 0.009_______________(8.5/57/60)_________(-753.5/58)_____
LBW 2 0.933 i 0.006 0.755 ± 0.006______________(9/53.5/70)________(-753.5/84)____
LBW 3 1.049 ± 0.011 0.893 £ 0.007

(9/57/72) (-757/75)

attributed to B, and vice versa. The analytical blanks of
the other blank waters can be estimated with the blank
value of LBW 1 taking the respective values of SC intoa
account (of. equ. (5)). Eventually, the tritium concen-
tration of these two blank waters can be determined on
the basis of equ. (4). The results of this evaluation are
summarized in Table 2. The weighted mean values of C, are
given in the last column.

Table 2; Estimated values of the analytical blanks and the
tritium concentrations of the laboratory blank waters

LBW 1

LBW 2

LBW 3

B (cpm)

l.b.+> u.b.+>

0 0.03+.0.01

0 0.04+0.01

0 0.04+.0.01

l.b.

0

0.92+-0.11

0.84+-0.13

Cb (TU)

u.b.

0.25+0.08

1.19±0.06

1.11+0.09

w.m.v.+'

0.13±0.13

1.1 ±0.1

1.0 ±0.1

l.b. = lower bound, u.b. = upper bound, w.m.v. weighted mean value
24



Having thus determined the various components of equ. (1),
the true tritium concentration of any sample can be evaluated
on the basis of this equation. There are two slightly diffe-
rent ways of determining the tritium concentration.

The routine background runs can be made either with full or
with abbreviated analytical procedure. Neglecting memory
and radon effect, C is calculated from the expression

(n-nb)
C = — 32 — + Cb •

preferring the first way, or from the equation

A (n-n ) - B + SO, J

adopting the second way. On the basis of these equations
the overall measurement error near the detection limit of
both methods can be calculated.

At the detection limit, the uncertainties of S and Z can
be neglected, and n «; n^, and n «* nfe , respectively. Prom
equ. (6) it follows

An equivalent expression can be derived from equ. (7). Thus,
a reliable assessment of the overall standard error of the
true tritium concentration near the detection limit depends
on accurate determination of the standard error ̂ (n,) or

n, ). As these errors are not simply the Poisson errors,
they should be evaluated on the basis of the empirical
spread of the count rates obtained with laboratory blank
water.

The spread of n, and n, obtained with a set of LBW 2 samples
is shown in Pig. 6. Measuring periods and Poisson errors,
C"if of the individual samples (in the case of n ) or
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Pig. 6. Empirical spread of the background and standard
count rates

measurements are indicated. Using the reciprocal variances,
21/6".; , as weight factors, the weighted mean values of the

two count rates, and the standard deviation of the indivi-
dual values, cr, were evaluated. According to the equation

(9)

^. is proportional to O". . In order to obtain values of
O'. representing the measurement errors O'CC in) of the
two methods, 0^ has to be related to the counting time of
the routine background runs (in our laboratory about 1000 min
for n,, and 4000 min (week-end counting) for n^ , respecti-
vely).

On the basis of these considerations we obtained Ö̂ (n̂ ) =
±0.07 cpm, and ô (nba) = ̂0.02 cpm. In routine operation
enrichment factors up to Z = 15 and a counter sensitivity
S = (1/60) cpm/TU were gained. Thus, the overall measure-
ment error at the detection limit CT̂ C mj_n) is ±0.4 TU, if
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routine background runs are made with full analytical
procedure and standard counting time of 1000 min. If the
background is determined with abbreviated analytical
procedure and week-end counting, the measurment error
&(Gm±n) is ±0.14 TU. Therefore, with the latter method
a lower measurement error is obtained owing to a smaller
spread despite of the rather high uncertainty of the blank
(±0.02 cpra, cf. Table 2).

3. Assessment of measurement error components at concen-
trations between about 20 and 200 TÜ_____________

On the basis of equ. (6) it can be demonstrated that at
these moderate concentrations the contributions of the
uncertainties of n, S, and Z to the measurement error
dominate. In gas counting the equation for S is

r^ • 7- ' p2" * ̂  ' (10)'e 6-S r̂a

where,

n_ = count rate obtained with the tritium standard;s
C_ = tritium concentration of the standard;S
6- (£a) = efficiency of the sample (standard) counting;
p(ps) = counter pressure during sample (standard)

measurement ;
T(T„) = temperature during counter filling, respectively,s

According to this equation a low measurement error requires
low counting error and an accurate tritium standard. Varia-
tions of £ may occur owing to variations of purity of the
counting gas, and electronic instabilities. Pressure and
temperature variations can be corrected, and their measure-
ment error can be relatively low. A detailed discussion of
these error contributions will not be given here.
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At this level of concentration the most complicated problem
is the reproducibility of the enrichment factor. In order
to reduce O'(Z), the improved spike cell method suggested
by TAYLOR /4/ should be adopted for batch-cell electrolytic
enrichment systems. This method is based on the equation

W - ÏÏ ln(Z/D)1' ln(W0/W.,)

where W_, W.. , W represent initial, final, and electrolysed
weight of water. D characterizes a possible shift of tritium
concentration produced by the neutralisation/distillation
process after electrolysis. The value of D was found to be
one, but its spread of(D)/D was measured to be 0.6 %. In
practice the enrichment parameter E only depends on the
electrolytic tritium separation factor : E f*f (1-1/p ).
If a set of cells has uniform separation factors the enrich-

oment paramter should remain constant. Thus, by enriching
spike waters in a few cells, E of equ. (11) may be established
and used to evaluate the enrichment factors Z of the other
cells of the same run containing unknown samples. W ise
identical for all cells because the same total charge passes
the cells. The error of E may be estimated by the equation

v f._V. ̂/ ^W —W ' "".——' 01 n(Wr./W1 ) .\J I 1.1

derived from equ. (11) by applying the error propagation
law. An accurate determination of the weights of water as
well as a low statistical error (inherent in Ĝ Z)) are
prerequisites to low CtE)/E values. Experimentally
TAYLOR /4/ obtained a contribution from the (3-variability
of <r(E)/E = 0.13 %. The total value of tf̂ /E is 0.36 %,
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which can be calculated from equ. (12) using the values
6"(D)/D = 0.6 %, &(Z)/Z = 0.8 %, Z = 16, quoted by TAYLOR,
and neglecting the weighing errors.

Pig. 7 demonstrates the random spread of E-values obtained
with a set of spikes which had been enriched simultaneously
in 12 cells. The absolute values of E are rather low, be-
cause the cathods of these cells consisted of stainless
steel. A standard deviation of a single E-value of 1.6 %
is obtained (cf. Pig. 7), which is typical of our actual
spread of E-values. However, on the basis of the characte-
ristic data of this set of enriched spikes (WQ = 200 g,
W1 = 11 g, We = 186 g, Z = 10, C^WQ) =0.1 g, <5"(Z)/Z =
0.8 %) a value of G'tEVE = 0.51 % can be estimated by equ.
(12). The three times higher actual spread thus may indi-
cate that the A- and D-variabilities were higher than
assumed.

E
09

08-

07

_ _ _ _ _* _~̂ ̂ «̂~̂  »___~> ̂ .̂

cell number
1 2 3 U 5 6 7 8 9 10 11 12

Pig. 7. Spread of E-values in a single run

Prom the actual spread of E-values the error of the
enrichment factor Z can be evaluated. In routine operation
three or more spikes are enriched together with the samples
in order to obtain a lower error c/CEj/E. In the case of 3
spikes a value of 6l[E)/E = (1.6/-/2) % can be adopted.
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With the above given characteristic data, finally
S'CZÎ/Z = 2.7 % is calculated, using an equation similar
to that for Ô Ej/E. This value is typical of the perfor-
mance achieved by routine operation of our electrolytic
enrichment system. If the contribution O/(D)/D is mini-
mized a further reduction of the overall enrichment error
may be possible. For this spike cell method the lower limit
of &(Z)/Z seems to be between 1 and 2 %.
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PULSE-SHAPE DISCRIMINATION IN
IAEA TRITIUM PROPORTIONAL COUNTERS
Preliminary Results

T. FLORKOWSKI
International Atomic Energy Agency,
Vienna, Austria

Introduction

The possibility of background reduction in low-level proportional
counters by pulse-shape discrimination (PSB) was recognized a few years ago,
and tests have been performed in several laboratories £ 1 through 4] ;
however, no clear conclusion can be drawn concerning the parameters of the
counting system as background reduction, its stability, etc. The effective-
ness of PSD depends on a number of factors such as localization of the
laboratory, kind of inactive shield, anticoincidence shields, counter gas
filling, its pressure, etc.

In order to test the PSD method in the IAEA Tritium Laboratory
situated in the basement of the old five-story building, two PSD systems
have been installed (A and B).

System A

System A has been applied to the copper proportional counter, 2.4 1
volume placed in an anticoincidence ring counter (product of J. Johnson, USA).
The electronic circuitry is completed from Canberra DIM modules except
preamplifiers which are self-made. Counter filling is ethane—gas at pressure
of 140 Torr.

The PSD System A consists of the following units (as shown in Figure l):

a) Constant Fraction Discriminator, Model 1326, Canberra
b) Pulse-shape Discriminator, Model 2160, Canberra
c) Duration Control, Model 4650, Ortec
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The principle of operation is similar to that of the circuit described
by P. Sperr et al. I 5 J and can be summarized as follows:

Pulses from the proportional counter have rise-time dependent on the
radial extension of the ionization track caused by a charged particle.
Therefore, the low-energy tritium pulses have rise-time in the order of 200 nsec
and meson pulses in the order of 1 (isec.

Every pulse is attenuated by factor of five but in the same time the
original pulse is delayed and both pulses create a "crossover point."
Digital output pulses from the Constant Fraction Discriminator are generated
representing tritium pulses and meson pulses with different time delay
against the original pulses. Pulse-shape discriminator transmits only the
tritium pulses. They pass through the duration control to the coincidence
unit together with normal tritium pulses from the tritium energy channel.

System B

System B has been applied to the Oeschger-type counter, filled with
ethane gas at pressure of 140 Torr.

The System B consists of the following units (Figure l) :

a) Constant Fraction Discriminator, Model 473A, Ortec
b) Time-to-Pulse Height Converter and Single Channel

Analyzer, Model 567, Ortec
c) Fast Saturation Amplifier - self-made
d) Duration control Model 4650, Ortec.

The principle of operation is as follows: The pulses from the proportional
counter preamplifier are passed to the Constant Fraction Discriminator which
produces digital pulse delayed to the pulse starting point by time-delay
proportional to the rise-time. The Ti»e-to-Pulse Height Converter is
initiated by the starting pulse from the saturation amplifier and generates
the pulses of amplitude proportional to the rise-time as it is controlled by
stop pulses from the Constant Fraction Discriminator. Single-channel analyzer
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accept pulses which belongs to the original tritium pulses and later both
pulses are passed after duration control through coincidence circuit.

Results of Preliminary Tests

System A

The calibration of the system is done by variation of the strobe
delay time. The optional parameters have been set resulting in a relative
efficiency reduction to 95$ and background reduction from about 1.4 cpm to

about 0.9 cpm (i.e. by

The background and efficiency (measured as TU/cpm) tests are
summarized in Table 1.

Table 1

Period

Kov 78-Pebr 79

May 79-June 79

Bkgd

1.40^0.05
1.57^0.07

Bkgd PSD

0.84Î0.08

1.05ÎD.06

Red.

4036

3356

TU/cpm

47.6±0.4

50.2Î0.7

0%

0.84

1.4

TU/cpm PSD

49.6±0.9

51.7^0.7

e*

1.8

1.3

In the second period, readjustment of parameters yielded better

stability of background but lower background reduction.

It is interesting to compare results of a test performed with and

without the anticoincidence ring counter (Table 2):

Table 2

With AC Hing

Bkgd

1.6 cpm

Bkgd with PSD

1.0 cpm

Without AC Ring

Bkgd

20.8 cpm

Bkgd with PSD

4.3 cpm
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System B

For a period of seven months the stability of the background and
standard is summarized in Table 3*

Bkgd

0.78 + 0.05
Bkgd with PSD
0.50 + 0.05

Bkgd Red.

3$
TU/cpm

83.8 + 0.9
a (*)
1.1

TU/cpm PSD

89.2 ± 0.5
ff(&

0.6

Results of tritium concentration measurements of samples with their
standard errors have been calculated both for normal tritium channel and
PSD. It can be concluded that the analytical error is the same for both
methods. There is a certain trend observed, that with PSD calculated
results are a few percent lower than those calculated from the regular
tritium channel.

Conclusion

Tentative conclusion can be drawn that the PSD systems (both A and B),
although decrease slightly the meson background, do not bring improvement
in the analytical accuracy. Further study is planned.
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THE HEIDELBERG LOW-LEVEL
TRITIUM MEASURING FACILITY

W. ROETHER, W. WEISS
Institut für Umweltphysik,
University of Heidelberg,
Heidelberg,
Federal Republic of Germany

We use tritium measurement by gas counting, preceeded by
enrichment (electrolytic and thermal-diffusion), chemical reduction
to hydrogen, and distillation. Fig. 1 is a flow diagram [1].
Samples are pre-selected according to the presumed tritium concen-
tration. Electrolytical enrichment is about 8-fold, and combined
electrolytical/thermal-diffusion enrichment about 120-fold.
Counters of two sizes are used. Counting gas is hydrogen, to
which Ar-CH. (2O% CH^) is added. Data processing is by off-line
computer. Apart from combine statistics we take into account
background and standard reproducibility (typical values a = + O.02 cpm

x\
resp. ±3%) . We further define zero tritium concentration, by
routinely running with the sample, water of extremely low tritium
concentration (O.O17 ± O.O11 TU, see [2]). The facility is mostly
used for oceanic tritium measurements.

Fig. 2 shows a counter set-up schematically. The outer lead
shield is 10 cm, the inner one about 2 cm (selected lead). Counters
have Cu-cathode, 2O to 5O u tungsten wire and quartz insulators.
The guard counter is of annular design and uses commercial propane
('bamping gas") as counting gas in continuous flow. Anticoincidence
counts are collected in 3 energy channels; channel C (2 to 11 KeV)
is evaluated. The background of channel C is lower by about a
factor of 6 than that of channel A (> 1.3 KeV). Two lower discri-
minators are used to detect any spurious counts. Energy calibra-
tion is by a Fe-55 X-ray source (5.9 KeV) admitted into the inner
counter through an aluminum window. Fig. 3 gives tritium, back-
ground, and Fe-55 spectra. Fe-55 calibration is advantageous,
because the spectral maxima of Fe-55 and tritium in Fig. 3 nearly
coincide. However, Fe-55 pulse-height drifts, so far unexplained,
have been observed of up to few percent, that stabilize after
about 5 min.

Fig. 4 shows an electrolytic cell. The design is annular.
Noble-metal electrodes (Au, Pt) are used. The electrolyte is
K-SO., a non-hygroscopic salt, which minimizes tritium blank
problems and enables the enriched water to be reduced to hydrogen
without neutralisation or distillation. Cells (4 in series) are
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run for a set time at constant current. The reproducibility of
the final sample volumes is limited by kathodic oxygen reduction,
which is variable. The current polarity is reversed once every
2O min for about 2OO msec, which leads to electropolishing of
the cathode; cathode dissolution, however, is negligible. Enrich-
ment A is calculated from the volume reduction, V./V,, by

B = 1 - 1/ßeff ,

where B ,, is the effective tritium enrichment factor, i.e. in-
cluding vapour and spray losses (^1%). B _,. is measured by running
tritium standards (no monitoring of enrichment by deuterium mea-
surement) . Enrichment B ff is the same for all cells within the
errors. In our cells explosions occur occasionally most shortly
after completion of the electrolysis.

Reduction of the water to hydrogen is accomplished by oxidation
of Mg-turnings at about 50O C in stainless-steel containers. This
procedure provides up to ^1 mol of hydrogen, at several bars pressure,
which enables further transfer of hydrogen (into counter and
thermal diffusion column) easy. Quite complex reactions take place,
e.g., loss of hydrogen through the container walls, reaction to
Mg(OH)- and to Mg H_. However, with appropriated care very repro-
ducible reaction can be achieved [1]. Table 2 gives dimensions.
The thermal diffusion enrichment is described separately [3].

Fig. 5 summarizes the achieved precision (±1 sigma) for the
various modes of measurement (Fig. 1). The largest uncertainty
is introduced by the electrolytical enrichment. At low concen-
trations, counter background (incl. its reproducibility) become
dominant.
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Table 1 Details of electrolytic enrichment [1].

sample volume
cathode material
anode material
electrolyte
final volume
dc current
cell voltage
required time
enrichment factor
(single-run standard deviation)
enrichment, typical
single-run standard deviation

2OO ml (10O)X
gold
platinum
K2 S04, 2% by
^ 2O ml
4 A
7. . .5 volts
"v 5.5 days (̂
13.7 (± 2.1)

•x. 8 - fold
± 3%

weight

3d)

figures in parentheses for 10O ml starting volume.

Table 2 Details of chemical water reduction [11.

amount of water reduced
amount of Mg
tank dimensions
(i.e. diameter x length)
material
reaction temperature
final hydrogen pressure
hydrogen yield
tritium isotopic fractionation

18 ml (8)X
30 g (12)
5.4 x 5O cm (5.1 x 5O cm)

stainless-steel
550°C
20 bar (12)
•v 92%
^ 0.5%

^figures in parentheses for smaller volume reduction
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sample

distillation

<. 4 TU
2oo ml

4-4O TU

lOO ml

electrolysis A = 7,7

22 ml

18 ml

11 ml

8 ml

reduction

22 Nl H.

thermal diffusion
A = 1S,30 / 16,19

1,4 NI H.

counter 1 / 2

eff ' '
p = 66O Torr ; A = 9O %

E = 0,45 / O,5O cpra/100 TU

ri = O,3O / O,26 cpm

1O Nl H,

counter 0
Veff - 3'' l

p = 14OO Torr ; A = 85 %

Ar-CH4
E = 2,6 cpm / 1OO TU

HO = O.55 cpm
t = 130O min

iA = O,O2 cpm

Pig. 1 : Different modes of sample treatment based on tritium
concentration of sample; the abréviations used are:
A : mean electrolytical enrichment factor
A_ : thermal diffusion enrichment factor

efficient counter volume
hydrogen pressure in the counter at 20 C

V ,f:ef f
PH ;
p : pressure of counting gas (Ar-CH. mixture) in
Ar~CH4 the counter at 20°C
A : counting efficiency for tritium in the tritiumZ channel, e.g. for 2 keV<E <11 keV (cf Fig. 2)pn : counter background in the tritium channel_ot : mean counting time, 0,: uncertainty taking toaccount a non-statistical background of the counter.
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Fig. 2 : Design and operational conditions of proportional counter.

0.5

0,5 16
In E

Fig. 3 : Spectra (in relative units) of tritium, T,
counter background, N, and of iron-55, Fe,
in counter O (cf. Fig. 1). The counting
efficiency in channel C, e.g., our tritium
channel is 85%.
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cooling bath (-"1 C)

Fig. 4

Kathode ( Gold )
0 2,O cm F - 25 cm

glass

Anode ( Platin ) ,
0 1,5 cm F - 19 en'

Design of an electrolysis vessel used in the
Heidelberg lab. The water level indicated
corresponds to a sample size of 200 ml.

so

10

0,5 0,1

precision ( % )

tritium concentration ( TU )

se

2C

0,3 30 300Fig. 5 :
Precision of tritium analyses in the Heidelberg tritium lab as a function of the
tritium concentration of a sample. Lines represent the precision for a given
treatment of the samples:
a) enrichment by electrolysis and thermal diffusion, counter 1,2.
b) electrolytic enrichment, counter 0
c) thermal diffusion, counter 1,2
d,e) without enrichment, counter 0.
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EXPERIENCE GATHERED IN LOW-LEVEL
MEASUREMENT OF TRITIUM IN WATER

L. EICHINGER, M. FORSTER, H. RAST,
W. RAUERT, M. WOLF
Institut für Radiohydrometrie der Gesellschaft

für Strahlen- und Umweltforschung mbH,
Munich,
Federal Republic of Germany

Abstract

For the measurement of the low concentrations of tri
tium in natural water, gas counting and liquid scintil-
lation counting have proved themselves, together with
preceding electrolytic enrichment of tritium in the
water samples. A survey is given on, and a comparison
is made of the pertinent tritium analysis techniques
being in use or under development in our institute.

1 . INTRODUCTION

Tritium ( H) is one of the environmental isotopes
which proved to be useful in hydrological investigations
(e.g. /!/). For the measurement of the low-energy ß-
radiation of tritium and its low concentrations occur-
ring in natural water, gas counters and liquid scintil-
lation counters have proved themselves /2/ . These
measuring techniques, together with preceding electro-
lytic enrichment, are to be expected to remain in use
besides the newly developed method of tritium determi-
nation by He mass-spectrometry /3/ .

The H concentration c is given by
X (n - n )

where n.. represents the gross count rate (counts per
minute or cpm) of the measured sample, n the blank count
rate in the tritium channel, n.. ._ the gross count rate, I , S L
of a standard having the H concentration X (given in
tritium units /TU7 with 1 TU corresponding to 3H/1H =
10~18 or 3.21 pCi/ltr of water or 0.119 Bq/ltr of water),
and A the enrichment factor. X/{h, - n ) is the calibra-I ^ S T» O
tion factor F /"TU/cpmJ of the counting system and equal
to 1 407(̂ 2. x V)> wnere 1 is the counting efficiency (= count
rate/decay rate) and V the water volume whose tritium con-
tent is counted.
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The relative twofold standard deviation of c is
(2)

n O *>

6(c) " itn- '6(A)
+ X /

Herein 6(A), 6(X) , 6(n1 ), and 6(n ) are the per-I 3 5 L. O
tinent twofold experimental standard deviations of in-
dividual reference samples (95 \ level of confidence).
To maintain the 95 \ confidence level in the case of ,
small numbers of samples, the experimental standard
deviation (see Appendix) is multiplied by a factor t
derived from Student's t distribution. For 6(X)/X the
value 2 \ is used which is estimated from the uncertain-
ty of the H concentration of the NBS standard solution
and from the dilution error, t is the counting time for
the sample, introduced under the simplifying assumption
that

The detection limit can be defined as the smallest
concentration cmin for which 6(cmin) = cmin1). With
this, one obtains

cmin

If G(n1)A«6(n ) «2l/n /f', Eq. (3) can be simplified to

r
where TT is the counting time for sample and blank.

As a consequence, a decrease of 6(c)/c and c . might
be obtained through an extension of the counting timef,
a lowering of the blank count rate n , and an increase of
the enrichment factor A and the detection sensitivity 1/F.
However, for routine measurements the counting time per
sample is usually limited to the order of about 1000 min
(in the case of gas counting also 4000 min at weekends).
The blank count rate can be reduced to a certain degree,
in a simple manner, if the liquid scintillation or gas
counting system can be placed in a subsurface laboratory
and/or in a room shielded with low-activity heavy-con-
crete. Whilst anticoincidence shielding is usual for gas

In the case of a one-sided problem, the confidence
level is increased from 95 \ (valid for a two-sidedproblem) to 97.5 \.
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counting, it is seldom used with liquid scintillation
counters. Since it is not possible to increase the coun-
ting efficiency t£ substantially, one can attempt to
lower 6(c)/c and c . by introducing into the counter
the tritium content of a water sample which is as large
as possible. Thus, efforts are being undertaken to
directly measure more water by liquid scintillation
counting and more gas by gas counting than usual and/or
to enrich the tritium content, prior to measurement,
from a larger water volume than usual.

In the following chapters a survey is given on the
tritium analysis techniques being in practice or under
development in our institute (compare also /4/).

2. LIQUID SCINTILLATION COUNTING

2.1 NORMAL SAMPLE SIZE

In purchasable liquid scintillation counters the
total sample volume including scintillator solvent is
limited to 24 or 25cm . For example, a calibration fac-
tor F of 57 TU/cpm corresponding to a counting effi-
ciency of about 25 %, and a background count rate of
2.4 cpm is obtained for scintillation counting after
simply mixing sample water and Instagel scintillator
in a plastic vial (Table 1).

According to our experience with liquid scintillation
counters of the types SL 30 (Intertechnique), BF 5000
(Berthold, Wildbad), Unilux II (Nuclear Chicago) and
Mark II and III (Searle Co.), performance data obtained
from different modern counters do not show great dif-
ferences if the instruments are equipped with selected
phototubes, the high-voltages of which being carefully
adjusted, and if the same samples are measured under
the same conditions.

Table 2 shows that the background count rate can be
reduced by placing the liquid scintillation counter in
a cellar room surrounded on all sides by a 75 cm thick
heavy-concrete wall (Ilmenit, FeTiOj), but an essential,
further advantage lies in the shielding effect against
radiation produced by accelerators and other radiation
sources used in the neighbourhood of our institute. An
additional lead shield of 10 cm thickness which was
mounted above a liquid scintillation counter, did not
further reduce the background significantly.
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Figs. 1 and 2 show, as an example, the long-term ob-
servation of blanks and H standards in polyethylene
vials, used as reference samples for H measurements.
The single value in Fig. 2, lying outside the 2 EL CD21interval ', demonstrates an effect of incorrect sample
preparation. From Fig. 2 one can see that the combined
effect of pipetting the H standards with different
devices, and the properties of different scintillator
supplies, is of the order of 2.7 I ( = t 6pEp/n1 <-*-)•
A sealed H standard measured in the same way over a
period of about half a yea^ gave 0.9 \ as an upper limit
for the instrumental instability of the liquid scintil-
lation counter.

Over a period of 8 months, the measurement of self-
prepared laboratory blanks (Fig. 1) and a sealed blank
gave twofold experimental standard deviations of 0.15 cpm
(5.7 \} and 0.29 cpm (4.4 I), respectively. A detection
limit of 12 TU is obtained for direct liquid scintil-
lation counting of tritium in polyethylene vials.

Long-term observation of reference samples helps to
decide to what extent preceding reference measurements
can be included to evaluate the H concentrations of a
set of samples being under consideration.

In an earlier experiment, 9 background samples, with
Instagel scintillator in glass vials, were measured for
15 x 100 min each for a period of a month. A mean count
rate of 3.8 cpm was obtained. The relative twofold ex-
perimental standard deviation calculated for an indi-
vidual sample from the 9 sample measurements, was 3.5 I
as compared with a Poisson error of 2.6 %. According to
this and other experiments, total counting times of the
order of 1000 min distributed over a period of a few
weeks can be physically meaningful and useful. This
might - to a certain degree - also apply to samples
using Instagel in polyethylene vials, though they fre-
quently show an increasing calibration factor in the
course of the measurement - presumably as a result of
diffusion of the scintillator solvent through the vial
wall (e.g. /5/) .

As far as lowering of the detection limit by further
extension of the measuring time (see Eq.(3)) is con-
cerned, the problem of the longest useful measuring time

see Appendix
In this paper, values for the detection limit are
given with a 95 % confidence level and for a measu-
ring time of 1000 minutes.
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(see also /6/) seems to be not yet solved satisfactorily,
one reason being that pertinent investigations are ex-
ceedingly time-consuming. Following our experience in
liquid scintillation counting of H and C we conclude
that for the limitation of the longest useful counting
time, considering measuring periods of a few weeks, in-
strumental instabilities are less significant than,
among other things, imperfect reproducibility of sample
preparation and variations in the scintillator properties
and vial characteristics. For measuring periods of the
order of half a year, the instrumental instabilities
seem not to be neglectable.

BENZENE SYNTHESIS AND LIQUID SCINTILLATION COUNTING

The higher counting efficiency of benzene-scintilla-
tor solution compared with water-scintillator mixtures
and the larger amount of sample hydrogen that can be in-
troduced as benzene in a measuring volume, led to the
development of benzene synthesis techniques of tritium
analysis /7/ . In our institute, a simple glass vacuum
line was used for the synthesis of 4 samples of benzene
(26-28 cm ) per day. The benzene was catalytically pro-
duced from acetylene which was developed by the reaction
of 50 cm of sample water with calcium carbide. The maxi-
mum deviations of the blank count rates from the average
were lower than 0.2 cpm, and the relative twofold ex-
perimental standard deviations of tritium standard mea-
surements were lower than 4 I. A measurement of 10 samples
with a tritium concentration of 300 TU and a measuring
time of 1000 min each resulted in a twofold experimental
standard deviation for the individual net count rates o£
3 %. After the benzene synthesis technique had been suc-
cessfully used, an increase in the deviations was ob-
served on occasion when using calcium carbide from new
supplies. Purification of the acetylene led to a decrease
of the quenching effect and thus to an increase of up to
11 % in the detection sensitivity (1/F). Nevertheless,
the benzene synthesis technique is no more in routine
operation today because it cannot compete with improved
electrolytic enrichment technique or even with large-
volume scintillation counting.

2.2 LARGE-VOLUME LIQUID SCINTILLATION COUNTING

For measurement of large samples of low-energy beta
emitters a special measuring chamber was constructed
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and connected to the electronics of a conventional li-
quid scintillation counter. Following extensive tests,
the construction shown in Fig. 3, with a total sample
volume of 160 cm , was found optimum for the determina-
tion of H in water samples. Sample containers are made
from cylindrical quartz tubing with end-windows of Hera-
sil I (product of Heraeus, Hanau) and have an outside
reflective coating of titanium dioxide (see also /8/).
Shielding against radioactive environmental radiation
is provided by layers of Pb, Hg, Cd and Cu with a total
thickness of 11 cm.

For counting, the quartz cuvette containing a mix-
ture of 75 cm of water and 85 cm of scintillator (Insta-
gel), is manually positioned in the opened measuring
chamber, the high-voltage at the phototubes being shut
off. Following the closure of a shielding segment, light-
tight shutters between sample and phototubes are lifted,
the phototubes moved towards the sample container, and
the high voltage is switched on. Samples are measured
at a temperature of about 6 - 8°C for a few 100 to about
1000 min but even in longer counting times no signifi-
cant deviation from Poisson statistics has been ob-
served when measuring single samples. The experimental
detection limit for tritium in water is 4 TU, with a
calibration factor of 9.2 TU/cpm and a blank count rate
of 10.4 cpm. For the only large-volume liquid scin-
tillation counter which is commercially available, a
theoretical detection limit of about 5 TU can be derived /9/.

Four flat guard counters flushed with methane were
available for preliminary investigations with an anti-
coincidence shielding of the large-volume measuring
chamber . Two counters had the dimensions 70 x 30 x 3 cm
and the other two counters the dimensions 35 x 30 x 3 cm.
The maximum reduction of blank count rates was only 23 4
in the H window, with all four guard counters posi-
tioned above the measuring chamber, but the geometry
and response probability of this arrangement was not
optimum for anticoincidence shielding.

1 4It may be worth noting that, for C analysis, a
detection limit of 1 4 modern can be achieved by simply
absorbing 0.44 mol of C02 in a suitable absorbent-scin-
tillator solution and measuring in the large-volume
chamber /10/ .

^ The support of Laboratorium Prof. Dr. Berthold,
Wildbad, is appreciated.
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3. PROPANE SYNTHESIS AND GAS COUNTING

In comparison with the ethane synthesis from sample
hydrogen and tank ethylene, it was possible to double
the detection sensitivity 1/F for tritium by synthesizing
propane from sample hydrogen and tank propadiene (see
also /11/) :

2 H + CH = C = CH Catal» CH

Tank propadiene as free as possible from tritium is
frozen in a trap with liquid nitrogen (Fig. 4) . Then
1 0 cm of water are evaporated and reduced to hydrogen
in a furnace with magnesium. The sample hydrogen is in-
troduced, over the trap with frozen propadiene, in a
60 1-glass bulb. After removing the freezing agent, pro-
padiene and hydrogen (approx. 2-3 \ excess) react over-
night to propane by means of the Pd catalyst (10 % metal
on asbestos) . Up to three samples per day can be pre-
pared. A 1000 min measurement in a 2.6 1 counter (Fig. 5)
at 2 bars results in a detection limit of 2 TU. A 4000
min measurement of three blanks gave an average count
rate of 0.48 cpm with a twofold experimental standard
deviation of the individual sample of 0.04 cpm (2£LEp =
0.02 cpm), and a measurement of 8 H standard samples
of about 300 TU resulted in a twofold experimental stan-
dard deviation for the (mean) individual count rate of
lower than 2 \ for each 1000 min measuring time. Indi-
vidual measurements at 4 bars (F = 12 TU/cpm, n = 1 cpm)
resulted in a detection limit of 1 TU within a measuring
time of 1000 min.

In Fig. 6-8 the count rates of a blank sample, a
standard sample (X = 300 TU) and of 8 standards are
plotted. The comparison of the experimental and counting
statistical standard deviations as well as the applica-
tion of Pearson's chi-square test shows that the indi-
vidual measuring results scatter in good agreement with
the Poisson distribution. Therefore it can be concluded
that, for an individual background or a H standard
sample, a measuring time of at least 4000 min is useful.
For a set of H standards being individually prepared
the longest useful measuring time is at least 1000 min.

The background count rate n was reduced by 0.15 cpm
after the gas counting system had been moved from the
cellar of a 4-story building to the cellar room with
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75 cm thick walls of heavy concrete (with one store
above) . This slight reduction might be effected by the
concrete shielding and/or the additional H,BO, shielding.
Until now, no dependence of n on atmospheric pressure
has been observed.

The data contained in Table 3 confirm that, under
our conditions, propane is more suitable for low-level
counting of H than ethane. One can also see that the
performance of our Johnston-type counter is superior to
that of our Oeschger-type counter, not regarding the
fact that an Oeschger-type counter is not easy to repair.

4. ELECTROLYTIC ENRICHMENT

4.1 ROUTINE SYSTEM

The electrolytic enrichment of tritium in water samp-
les is being carried out in a single-stage system with
24 cells (Fig. 9, Table 4) developed from the IAEA type
(compare /2/) . Stainless steel anodes and mild steel
cathodes are used with NaOH electrolyte. The special con-
struction of the bottom part of the cells limits the
current density to ^ 200 mA/cm even in the final stage
of electrolysis. The initial volume is 400, but up to
600 cm can be used. The enrichment factors are about 20
with twofold experimental standard deviations of 5.2-81
in different runs. The electrolysis lasts approx. 5 days
with 10.5 Amps constant current. The tritium recovery
is about 85 \. In Fig. 10 the measured enrichment factors
A =c.p/c. (c.p,c. = final and initial H concentrationIT163.S • I 1 X 1 -7
respectively), obtained from 320 electrolyses of H stan-
dard water, are shown as a function of the final water
volume at the end of the electrolysis. The mean twofold
experimental standard deviation of A is t 6 \.

The detection limit for very low H concentrations is
determined by the fluctuations of the measuring results
of "tritium-free" water samples which have been electro-
lysed. Fig. 11 shows the frequency distribution of the
results of liquid scintillation measurements on 86 of
such background samples with twofold standard deviations
of not greater than 0.7 TU. From the results a mean H
value of 0.24 TU is calculated and, for a single sample
measurement, a twofold experimental standard deviation
of 0.86 TU. The propane measurement of 15 "tritium-free"
samples carried out after enrichment, gave the results
shown in Fig. 12. The mean H value is 0.06 TU, and the
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twofold experimental standard deviation of a single
sample measurement 0.17 TU.

The mean H values obtained by both methods lie be-
low the pertinent detection limits.

4.2 ELECTROLYTIC ENRICHMENT OF 1400 cm_3 SAMPLES

An electrolytic enrichment system with 9 cells having
an initial volume of 1400 ml, is in the test stage. Cha-
racteristic data of the system are summarized in Table 4.
The electrodes (Fig. 13) are dried after washing at a
temperature of 140°C, and can be evacuated in order to
lower the risk of contamination or memory effects. The
current is automatically increased in several steps from
10 to a maximum of about 60 Amps and then, in the final
stage, decreased to 5 Amps again. Mild steel was used as
a material for the cathodes.

The oxyhydrogen gas produced during an electrolysis
run (about 15 m ), is sucked off from the cells, diluted
with compressed air in an earthed collection tube, and
blown out into the open air. The electrolysis is auto-
matically stopped after a preset time. As a measure of
safety, the electrolysis run is automatically stopped
when the voltage rises above a preselected value, when
the cooling or the compressed air supply fails to work
properly, and when the hydrogen content of the labo-
ratory air is increased.

5. COMPARISON OF THE 3H ANALYSIS TECHNIQUES

Fig. 14 allows comparison of accuracy and detection
limits of the different H analysis techniques described
in the previous chapters. The curves 6"(c)/c = f(c) have
been calculated from Eq. (2) for a counting time T =
1000 min using values for G(n1 t) , G(nQ) , and 6"(A)
which have been experimentally determined (Tables 1 and
4). As for 6(n1), the symplifying assumption was made
that 6"(n.|) « i^nT/ÏT- The detection limit cm^n corresponds
approximately to 6"(c)/c = 100 I.

In the range of high H concentrations, £>(c) is mainly
determined by the uncertainty of the calibration factors
and, in the case of concentrated samples, the enrichment
factors. The highest accuracy is obtained by direct coun-
ting, particularly by large-volume scintillation coun-
ting and gas counting. Even simple liquid scintillation
counting of 10 cm of water becomes more accurate than
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counting of an electrolysed sample for c >200 TU. Large-
volume scintillation counting of tritium in water samples,
despite being an attractively simple method, is not rou-
tinely used in our laboratory because its accuracy is
clearly less, and its detection limit higher, than that
of usual liquid scintillation counting after preceding
enrichment for H concentrations below 60 TU which fre-
quently have to be measured in hydrological investigations.

In the range of low H concentrations, a detection
limit of as low as 2 TU can be achieved by gas counting
of a sample prepared from only 10 cm of water, and it
appears possible to further lower this detection limit
by an increase of counting time and sample volume. If
water volumes of 0.5 1 and more are available and
c<40TU, the accuracy of liquid scintillation counting
after enrichment becomes superior, in addition to the
practical advantage of greater sample through-put with
an equipment more easily to handle than gas preparation
and gas counting. On the other hand, detection limits
of the order of 0.1 TU and less can only be reached by
combining electrolytic enrichment and gas counting (but
see /3/) . At present, the detection limits can be lowered
by half when using 1.4 1 instead of 0.4 1 of water for
enrichment. Further improvement is to be expected.

Summarizing, we conclude that, under our conditions,
electrolytic enrichment and liquid scintillation counting
meets most of the hydrological requirements, with gas
counting being a valuable tool for further lowering the
detection limits, or achieving high measurement accuracy
on small water samples.
APPENDIX

Explanation of 6 symbols used, corresponding to
onefold standard deviation (68 I confidence level).

ZE = counting statistical standard deviation of an
individual counting result.

6pp = experimental standard deviation of the indivi-
dual counting result derived from several coun-
ting results of an individual sample.

&EM = experimental standard deviation of the mean
counting result of a sample^ derived from several
counting results.

6 = experimental standard deviation of the indivi-
dual counting result derived from the counting
results of several samples.

6>ZEP = counting statistical (Poisson) standard deviation
of the individual counting result derived from
the counting of several samples.
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Table 1 ; Characteristic data of H low-level measurements by liquid
scintillation and gas counting, the measuring systems being placed
in a room with 75 cm thick walls of heavy concrete.

Volume of water sample /cm ]

Scintillator/Counting gas

Sample container/Counter

Measuring instrument

îackground n /cpm/

~ 6ZEP(no} fom]

± 6EEP(no) fcpm}

± t6EEP(no) fc*mj

Measuring time /min/

dumber of samples

Standard, n /cpm/
1 5 S t

±6ZEP(n1,st) to"»7

iW'X.t' to*
±t6EEP(n1,st) fa"»-7

Measuring time /minj
Number of samples
H cone, of standard, X /TO/

Counting efficiency, /%7
TUCalibration factor, F / — 7cpm

Measuring tecl
Liquid Sc int. Count ing

10

13 cm3
Instagel
Scint.

24 cm3
Polyethy-
len vial

Mark II/1

2.42

0.05
0.07
0.15

1000

30

5206

8

71
142

75

47
2.9x 105

24.5

56.75

75

85 cm3
Instagel
Scint.

170 cm3
Quartz
cuvette
Tricarb

10.39

0.10
0.14

0.33

1000

8

4354

2

15
34

1000

10
4x 104

20

9.20

inique
Gas Counting

10

2 bar
Propane

2.6 1 JZR 1

Nuclear Enter-
prises Ltd.

0.48

0.01
0.01

0.04

4000

3

13.44

0.12
0.11
0.25

1000
8
300

76

23.27
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Table 2; Background count rates (cpm) in H channel with the liquid
scintillation counter placed at different locations (Institut für
Radiohydrometrie, Neuherberg)
Standard deviation<0.1 cpm
Sealed blank: toluene scintillator sealed in a glass ampoule
Benzene blank: 1 cm toluene scintillator and 24 cm tritium-free

benzene in nylon vials

LSC

""""•"••-̂ sample
Locat ion"~""~---~̂ ^

1 st floor with
no further
floor above
Cellar room, with
one floor above
Cellar room
shielded with
heavy concrete
(75 cm)

Unilux II

Sealed
blank

8.3

7.4

6.5

Benzene
blank

7.0

5.3 (5.9)+)

4.4

SL 30

Sealed
blank

7.1

6.3

Benzene
blank

3.6

2.8

in an other cellar room

Table 3; Characteristic data of two different types of gas counters.
Location: Oeschger type counter (with internal anticoincidence guard

counter): basement of a 3-story building
Johnston type counter (with external anticoincidence guard
counter): cellar room shielded with 75 cm of heavy concrete

Gas
counter

Oeschger-
type

John s ton-
type

ti

Counter
volume [\]

total

2.7

2.6

2.6

effective

1.2*)

2.2+)

2.2+)

Original
sample
volume

fern H2Q7

5

5

10

Counting
gas

C2H6

C2H6

C3H8

Gas
pressure

/barj

2

2

2

F

,-TU ,
'com

80

52

23.3

Back-
ground
no/cpm7

1.2

0.8

0.5

estimated value
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Table 4: Characteristic data of electrolytic enrichment system
used (A) or being tested (B) at our institute

System

Volume /cm ] -Tĉ 1 &̂

Materials _ °, e.Cathode
Electrolyte: initial con

final cône.
Addition of

No. of cells
Volts/cell
Amps
mA/cm
Temp, of cooling air

of the electrolyte

Time /hoursj
Enrichment factor A

measured by
6 (A) /A ft]
Tritium recovery [7,]

A

400
17

Stainless Steel (4541)
Mild Steel (St37)

C< °'j:5 % NaOH

5 g PbCl2

24
2.6
10.5 (constant)

<200
- 5°C

104
20

4 Spiked cells
6.0
85

B

1400
17

Stainless Steel (4301)
Mild Steel (St35)

,S:f «— *"'
(5 or) 15 g PbCl2

9
2.3 - 3.3
5-60
<200

-20 to -25°C (-35°C)+)
£ + 10°C at 60 Amps

85 - 100
47 (60)+)

3 Spiked cells
9.0

60 - 75 ++)

Attainable value
Preliminary values, depending on duration of electrolysis
Compare also /12/
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(CPM)

2 6 -

25-

24-

2 2 -

2 2 -

LAB BLANKS ( LSC MII/1)

26,EEP

l————1————I————
978 1078 1178 1278

———I————I————I————I———
179 279 379 479 579
DATE OF MEASUREMENT

Fig. 1 : Count rates of 30 background samples, prepared and
measured within a period of 9 months. Each sample was coun-
ted several times within a period of about 2 weeks, the
total measuring time being 500 to 1000 min.

5468

(CPM)

5345

5222

5099

4376

3 H - LAB. STANDARD
(LSC MII/1 ,29 10sTU )

1078 1178 1278 179 279 379 479 5.79
DATE OF MEASUREMENT

2ff, EM

679

Fig. 2 : Count rates of 47 H standard samples (correctedfor decay), prepared and measured by liquid scintillation
counting (using polyethylene vials) within a period of
9 months. Each sample was counted several times within
5 to 1o days, the total measuring time being 38 to 91 min.
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Photomultiplier
053mm

5cm

Fig. 5: Measuring chamber for liquid scintillation
counting of samples in a 170 cm3 quartz cuvette. As
shown in the cross-section at the bottom, a segment
of the shield is opened to manually change the sample
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irani
gauge

Manometer
0- 2atm

Vacuum
pump

0,51 Steel
flask -Pd-catalyst

Mg-
furnace

Sinter-
^filter

Mg-
furnace
570 °C

Quartz ̂ Xv/at er sample
10-20 mi

Heating mantle50 ml -~\

Fig. 4: Glass line for preparation of propane from water
samples for tritium gas counting.

2.61
Counter

Pb (40cm)

Old lead (1cm)

H3B03 ( 3 - 9 c m )

Plastic
scinfillator
( 8 c m )

Steel ( 2 0 c m )

Antico-coincidence unit

Sealer

Printer

Pulseheight
analyser

Fig. 5: Counting system (Nuclear Enterprises Ltd., UK),
equipped with 2.6 1 proportional counters (Johnston Lab.,
USA), for low-level gas counting of ^H and
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BLANK ( 2 BAR PROPANE 1

0.65
(CPM)

0.S7

a. -49

I . 42

a. 34

ZE

166.7 033. 3 1700 2468.7 3233.3 4000
MEASURING TIME CMICO

Fig. 6 : Count rates of a background sample measured 24 x 1o sec
in a 2.6 1 gas counter.

3H- STANDARO NO.K2BAR PROPANE, 300 TU)
l 4.40
(CPM)

13.96

13.51

13.06

12.62

']

166.7 933.3 170® 2466.7 3233.3 4000
MEASURING TIME CMINi

Fig. j:_ Count rates of a H standard sample measured
24 x 1o4 sec in a 2.6 1 gas counter.
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3H-STANDARDS (2BAR PROPANE.300TU )

13.74

(CPM)

13.68 .

13.46

13.32

13. 18

6EM

26EEP

3 4 5 6 7

3H-STANDARD NO.

8

Fjg. 8: Count rates of 8 H standard samples which have
been measured for 1ooo - 4ooo min each in a 2.6 1 gas
counter.

Fig. 9: Set-up for electrolytic enrichment of tritium in
water samples.(1) Twenty-four electrolysis cells; (2) Traps with filters
and capillary tubes; (3) Power supply (1o A/6o V) , Ampere-
hour meter, preselectable switch-off; (4) Hydrogen monitor;
(5) Freezer (1ooo kcal/hour); (6) Ventilator; (7) Dilution
of hydrogen down to a 2 I content with air; (8) Suction
hood; (9) Cooling chest, air temperature -5 C; (1o) Detail:
cell bottom; (11) Centering ring of teflon.
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10

Fig. 1o : Measured enrichment factor Ameas ̂  of the electrolyticenrichment of 3n in about 32o "spiked" water samples, as a
function of the final water volume, Vf.

calculated Vf I J 6(A) : twofold standard deviation,
where initial water volume Vo = 4oo ml and separation factor ß= 21.81 (mean from 32o values).

25-

20-

15 -

10-

5 -

n -

Percentage
of Samples

H

, —

—

n
-18 -1,6 -U -12 _1 -0,8 -0.6-OA-0.2 ^ + 0,2 +OA+0.6+0.8 +1 +12 +1.4 +1.6 +1J6 [TU]equ

Fig. 1 1 : Frequency distribution of ^H contents (in TU-
equivalents) determined on 86 "tritium-free" water
samples by electrolytic enrichment and liquid scintilla-
tion counting.
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6 -

5 -

k-

3-

2-

1-

0-

Number of
Samples

-0,15 -0.10 -0,05 o +0,05 +0,10 +0,15 +0,20 [TU]equ.
Fig. 12: Frequency distribution of the $ti contents (in
TU-equivalents) determined on 15 "tritium-free" water
samples by electrolytic enrichment and gas counting.

Vacuum Connecfion

C&s Outlet

of Tef on
L— #70/i

Fig. 15; Electrolysis cell for an initial volume of 1.4 1
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EuSo.01 EO.Ä.OI G So.o?5 SQJ0.01

0.010.02 0.050.1 0.2 0.5 1 2 5 10 20 50 100200 5001000 TU

Fig. 14:

Relative twofold experimental standard deviation 6(c)/c as a function of tritium
concentration c for different analysis techniques and a measuring time of 1000 min for
no> n1,sf ni

S = liquid scintillation counting 3G = gas counting (initial volume of propane synthesis: 10 cm )
E = electrolytic enrichment
The indices indicate the initial water volume [\], on which the analysis is based.
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SENSITIVITY CONSIDERATIONS AND PROCEDURAL
RECOMMENDATIONS IN LOW-LEVEL LIQUID
SCINTILLATION COUNTING OF TRITIUM USING
WATER/INSTA-GEL COCKTAILS

C.B. TAYLOR
Institute of Nuclear Sciences,
Dept. of Scientific and Industrial Research,
Lower Hutt, New Zealand

Abstract
This paper examines sensitivity and procedural aspects of

low-level liquid scintillation counting of tritium using water/
Insta-gel cocktails. A close-to-optimum reference cocktail of
8 g water/14 ml Insta-gel was selected for comparison with
cocktails of varying proportions to determine the most
suitable cocktail. Following these experiments, a cocktail
in the proportions 8/12 is recommended for routine counting of
electrolytically enriched samples. (Spectral analysis using a
multi-channel analyser would be necessary to exactly determine
spectral shifts and counting efficiency changes for both
active and background cocktails as cocktail size and proportions
are varied.) Technical and calculation procedures are
discussed in detail.

Introduction
The main aim of this investigation is to establish

guidelines and procedures in low-level liquid scintillation
counting of tritium in water samples. In this laboratory, the
counting procedure is preceded by electrolytic enrichment in
NaOH electrolyte, electrolyte neutralisation and vacuum
distillation, which leaves enough enriched, distilled water
to provide 8 g for scintillation cocktail preparation. Packard
Insta-gel has given the best performance of all scintillation
solutions so far tested. The proportions of the most
sensitive water/Insta-gel cocktail must be determined.
Theoretical and experimental aspects of the method will be
discussed.
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Statistical accuracy of the counting experiment
The optimum water/Insta-gel cocktail is that which allows

the estimate of a net tritium count rate with minimum
fractional error. In an ideal counting experiment, Poisson
statistics govern the error, which can be minimised within
certain experimental constraints, e.g., the available counting
time and the background count rate. The fractional standard
error o(N)/N of the net sample count rate N in an ideal
experiment may be expressed as

where B is the background count rate, and t, tR represent the
counting times for sample and background respectively. For
any particular cocktail, this inherent Poisson error can be
improved by appropriate adjustments to vary counting sensitivity,
background count rate and counting time. Because the Poisson
error is reduced with increasing counting time, a general rule
is to count each sample as long as possible, with due regard
to the limitations imposed by the required throughput rate of
samples and the effective counting life of the cocktail (time
before the counting properties of the cocktail deteriorate).
Counting sensitivity and background count rate vary independently
according to the control settings of the spectrometer (gain
and energy window), and the proportions of the cocktail (total
volume and ratio of water to Insta-gel). In the ideal case
it would therefore be necessary to optimise a(N)/N by empirical
adjustment of these parameters. Unfortunately, other errors,
which will be termed non-Poisson errors, are present in an
actual experiment; these often represent an appreciable
component of the fractional error °N/N. In general, the non-
Poisson errors are not optimised under the same conditions as
the Poisson error. Optimisation of the experimental parameters
must therefore be investigated with due regard to both Poisson
and non-Poisson error components.
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Performance of liquid scintillation spectrometers: Examples
of non-Poisson error components

Liquid scintillation spectrometers used in low-level
tritium laboratories are usually standard, commercial machines
with multi-sample capability, whose photomultiplier tubes have
been specially selected to give lowest possible, stable
background and good counting efficiency. These spectrometers
accept a standard size of counting vial; therefore there is an
upper limit to the amount of cocktail which can be presented
to the view of the photomultiplier tubes. Variable controls
allow adjustment of gain and energy window. Many spectrometers
have cooling capability, which is favourable to improving the
characteristics of some types of cocktail.

In routine practice, unknown samples are cycled automatically,
together with control samples which may be described as
spectrometer standards, standard and background cocktails; all
these samples are counted successively for fixed times, and the
whole set is recycled repeatedly until the counting experiment
is completed. Spectrometer standards are standards which
monitor the performance of the spectrometer; they are sealed,
permanent cocktails containing no tritium (background standard)
and an 'active' tritium-containing cocktail, usually of order
10 cpm (counts per minute) in count rate. These standards
yield essential information about the short- and long-term
stability of the spectrometer under the chosen routine counting
conditions. Changes of spectrometer sensitivity and background
instabilities are non-Poisson errors which may be detected by
spectrometer standards.

Standard and background cocktails are physically and
chemically identical to the unknown samples, prepared by using
distilled water of known and zero tritium concentration,
respectively.

Choice of sample vial is particularly important. Glass
vials offer the opportunity to count for prolonged periods
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without changes occurring in the counting characteristics: they
can also be used repeatedly, but it is wise procedure not to
re-use the caps. The disadvantage of glass vials is a
relatively high background count rate (even in the case of
special low-potassium borosilicate glass), which may moreover
be markedly non-uniform within some batches.

Polyethylene vials usually give much lower backgrounds
and very uniform count rates; their disadvantage results from
diffusion of the scintillator solution through the vials,
producing an appreciable change in counting characteristics
after some time. According to the author's experience, nylon
vials may exhibit variable counting efficiency, which is
ascribed to blotchiness of the nylon, producing variable
coupling of light impulses between the interior of the vial
and the photomultiplier tubes.

In all types of vial,it is absolutely essential that the
cap provides a reliable seal which prevents evaporation of the
sample (there are some types still on the market which do not
satisfy this requirement; a simple and effective test is to
close a vial, immerse it in warm water and observe any
bubbles). It is also essential to remove static charge from
the vial surface, which may otherwise produce quite marked and
random background increases. All the problems mentioned in the
last three paragraphs constitute non-Poisson effects.

The choice of scintillator solution is also vital. At
the time of writing, Packard Insta-gel is considered to offer
better counting properties at high water/scintillator mixing
ratios than any of its commercial rivals. As with all
scintillator solutions, there are difficulties, which must be
recognised and, if possible,avoided. Insta-gel is light-
sensitive; a few hours usually elapse before freshly-prepared
cocktails exhibit settled count rates. Some batches of Insta-
gel may be more light-sensitive than others; it is a useful
precaution to store Insta-gel in evaporation-free containers
in a dark cupboard and to prepare cocktails in dim light.
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Prolonged storage may also produce deterioration in performance.
Certain other non-Poisson errors are inherent in the

preparation of cocktails; these are due to the method of mixing,
and include small errors in quantities of the cocktail
constituents (Appendix 3).

For accurate, low-level tritium measurement, the possible
sources of non-Poisson error should be clearly understood and
quantitatively assessed; routine procedure must be designed to
ensure that these errors are minimised. Statistical analysis
of the counting data may indicate the overall contribution of
non-Poisson errors; it is often possible to make corrections
in this way, but these always necessitate higher standard
error in the corrected result.

Pulse height spectra and determination of most favourable
cocktail proportions

The amplified coincident pulses initiated by the tritium
decay electrons cover a range from the coincident threshold of
the photomultiplier tubes to the maximum voltages generated by
the most energetic decay electrons (18 keV). The background
events extend over a much greater range of output pulse
heights. The pulse height spectra resemble those depicted
schematically in Fig. 1. A large noise component lies at the
very bottom of the energy scale; the lower discriminator is
set to exclude this noise. This also excludes a very small
fraction of the tritium pulses. The upper discriminator
setting is set to register as much as possible of the tritium
spectrum without climbing too far into the background spectrum.
In practice, using water/Insta-gel cocktails of favourable
proportions, ca. 801 of the background can be excluded at the
expense of only a few percent of the tritium pulses.

To determine the most favourable cocktail proportions and
spectrometer settings, the best procedure is to examine
detailed spectra using a multi-channel analyser (MCA). In the
present study an MCA has not been available, but it is intended
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to perform this type of experiment in the near future. An
alternative approach is that of Groeneveld (1977), who measured
tritium spectra at various cocktail proportions by recording
count rates as a function of D/A, where D is the position of a
very narrow discriminator setting and A is the electronic
amplification (linear wrt energy dissipated in the cocktail).
These spectra show that increase of water fraction produces
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both lower counting efficiency and narrowing of the spectrum,
predominantly from the top, accompanied also by slight
displacement of the spectrum maximum to lower energy. Back-
ground spectra are not reported by Groeneveld. At cocktail
proportions yielding close to optimum sensitivity, variation
of counting sensitivity with cocktail proportions in a fixed
discriminator is predominantly due to change of overall
counting efficiency; shift of the spectrum relative to the
window is a relatively minor effect. This observation on the
results of Groeneveld suggested that the following procedure
could be used to determine the relative sensitivities of
cocktails of various proportions.

Initial experiments would determine a cocktail not too far
from optimum sensitivity for 8 g water quantity; gain and
discriminator settings would be adjusted to obtain an optimum
compromise between net count rate and background. With this
cocktail designated as a reference cocktail, behaviour of
cocktails with different proportions would be investigated with
the spectrometer setting maintained at the positions determined
for the reference cocktail.

The reference cocktail was chosen to be 8 g water/14 ml
Insta-gel. The following changes were then made:
(a) varying the quantity of water added to fixed volume of

Insta-gel;
(b) varying the quantity of Insta-gel added to fixed volume

of water;
(c) varying the total volume of the cocktail, but retaining

fixed proportions of water/Insta-gel.

Before proceeding to the results, a theoretical basis for
the interpretation must be developed

Theoretical basis for sensitivity comparisons
At this laboratory the unknown samples are distilled waters

of quantity ca. 8.5g,recovered after electrolytic enrichment.
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Up to 8 g can therefore be used for preparation of the cocktail,
An unknown sample has tritium concentration T after enrichment,
and the activity accommodated in the cocktail can be expressed
by WT (g x Tritium Units = g TU),where W is the weight of water
and W = 8.0 g.max &

Let NR, Bp be the net and background count rates
appropriate to the reference cocktail. From equation (1)

l / NR + BR x BR (2)

"R 1XR v 1R ^BR

where tR, t„R are the counting times for reference sample and
background.

The Poisson error for any other cocktail can be described
by equation (1). Improved sensitivity will be defined by the
relationship

o f N l a CVO l l N l - " .c Ä.« *. 4- -*- _ -t- f "Z~\rc < —ïî— tor t = tR, tg - tgR (.5J

Substituting T = t/tß = tRABR> N = nNR and B = bBR leads to
the condition

(1 + T) ̂  ^ - 1 + i- < 1 (4)

n and b are dimensionless parameters relating sample and
background count rates to those of the reference cocktail.
An alternative way of expressing the condition in (4) is

n < l (5A)

n"l - nj < (1 !RT)BR for n > l (SB)

2If Np -»• 0, condition (5A) becomes n > b for n < 1; at higher
2values of NR, n must be correspondingly greater than b for-

(SA) to hold.
2If NR -»• 0, condition (SB) also becomes n > b for n > 1,

and n2 > b will certainly satisfy (SB) for all ND; as NDK K
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increases,the condition will also hold up to a certain value
of NR for b > n2.

The function (n - b)/n(l - n) on the left-hand side of
(5A) and (SB) will be adopted as a sensitivity parameter to
evaluate the relative performances of cocktails of varying
proportions.

Experimental procedure
In the following experiments, the cocktails were counted

in a Beckman LS-100C scintillation spectrometer. Gain setting
was always 450 (total range 0-1000), and the lower and upper
discriminators were set to 0 and 145, respectively (total
range of discriminator 0-1000); these settings were determined
in advance to be optimum settings for the reference cocktail.
Chamber temperature was within the range 5-10°C. The output
of the spectrometer amplifier (before discrimination) varies
with the logarithm of the energy dissipated in the cocktail.

A distilled, tritiated water, yielding about 2100 cpm for
the reference cocktail, was used in the preparation of all active
cocktails. Background cocktails were prepared using a distilled
water containing less than 0.2 TU; counting efficiency was
ca. 1 cpm/75 TU for the reference cocktail. Three vials of
each cocktail mixture were always prepared, to ensure that
the recorded count rates were definitely typical of the
particular mixture. At the time of mixing, the water and
Insta-gel had temperature ca. 25°C. To remove static charge,
the vials were wiped gently with moist soft tissue before
insertion in the spectrometer chamber.

The vial type used is a polyethylene vial with a plastic
cap, manufactured by Koch-Light. This vial exhibits low,
uniform background and uniform counting efficiency. It can
be used with water/Insta-gel cocktails for up to ca. 10 days
before rapid changes of counting characteristic occur. The
total volume of the reference cocktail fills the vial almost to
the level of the cap. Further increase of total volume would
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mean that part of the cocktail could not be observed by the
photo-multipliers; volume increase above 22 ml should be avoided
because this effect may produce non-uniformity of counting
efficiency from vial to vial.

Results of experiments

Varying quantities of water added to 15.3 g (ca. 14 ml)
of Insta-geT

Results of this experiment are shown graphically in Fig. 2.
The range of water weight (W) is (3-9) g (below 3 g, a region
of phase separation occurs, and the clear mixture at still
lower proportions of water exhibits different characteristics).
The top section of Fig. 2 demonstrates that background count
rate B is linearly correlated with W (error bars on this plot
represent ± 2 standard errors of the measured background count
rate) . A linear regression has been evaluated for W = (3-8) g.
The middle section of Fig. 2 shows a perfect linear relationship
for the ratio n = N/NR for W = (3-8) g. (Above 8 g there is a
departure from linearity because of the shielding effect of
the vial cap.)

2Although both B and N decrease with W, n is always less
than b; this means that the sensitivity parameter is always
negative, as illustrated by the bottom section of Fig. 1.
Condition (5A) is not satisfied. Therefore an improvement in
sensitivity relative to the reference cocktail cannot be
achieved by lowering the amount of water at fixed Insta-gel
volume.
Varying quantities of Insta-gel added to 8 g of water

Results of this experiment are shown in Fig. 3, whose
format is similar to Fig. 2. The background again shows a
decrease with Insta-gel volume (V), which is evaluated again
in the form of a linear regression. The gradient (9B/8V)W
is a factor 3 lower than (3B/9W)V. N decreases with V, but
the relationship is not linear; the decrease is less than 1%
for decrease of V from 14 to 12 ml.
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The plot of sensitivity parameter demonstrates that improved
sensitivity relative to VR = 14 ml can be obtained in the
range V = (11.1-14.0) ml; the parameter is positive above
V = 11.1 ml. (The vagaries of the sensitivity parameter in
the range of V above 12 ml are not significant; they arise
because n cannot be measured from the curve of n with adequate
accuracy in this range of V.)

Although Fig. 3 demonstrates better sensitivity than the
reference cocktail for V = (11.1-14) ml, the improvement is
very marginal. At V = 12 ml, condition (5A) indicates that
sensitivity is improved up to NR = 7 cpm; as an example of the
actual sensitivity improvement, if ND = 0.1 cpm, the standardK
error a(NR) = 0.121 cpm at t = tR = 500 min, and a(N) = 0.118
cpm for V = 12 ml. At higher values of NR, the difference is-
even more marginal.

The adoption of a routine cocktail with W = 8 g and
V = 12 ml would therefore provide essentially the same
sensitivity as the reference cocktail, and would obviously
provide a cost saving relative to the reference cocktail
(about 4 cents per cocktail at 1978 New Zealand prices).
However, another aspect of a change of cocktail proportions
must be considered, viz. the change of cocktail properties by
diffusion loss of Insta-gel from the polyethylene vial. The
weight loss from a reference cocktail is shown in Fig. 4. It
takes about two days under routine counting conditions before
weight loss is detected: after 14 days the loss rate is
ca. 70 mg day , and the total loss is 680 mg. By reference
to Fig. 3, it is apparent that a loss of pure Insta-gel of this
magnitude would produce negligible change of n and only a minor
shift of background. However, the diffusion loss is a
fractionating process which removes certain components of the
Insta-gel mixture preferentially, so that the chemical
composition is constantly changing. In this situation, a
discernible fall of count rate does appear after several days;
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it may be expected that this deterioration would appear
sooner if V is reduced from 14 to 12 ml. To demonstrate this
effect, the counting cycles of the experiment shown in Fig. 3
were examined to determine the decrease of sensitivity with
time over a 10-day period. Each mixture was represented by
three vials spaced evenly within a counting cycle of total
time 36 hours. Within a cycle, each vial was counted for
50min. The three net counts for each mixture were added for
each cycle, and the decrease of these totals observed up to
the end of seven cycles; the time assigned to each set of three
vials within a cycle was the counting period of the second vial.
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Fig. 5 shows the decrease of count rate relative to the
initial count totals for values of V from 8 to 14 ml; the
curves represent a best fit to the experimental points. A
spectrometer instability corresponding to an additional
standard error of ca. 0.5% is exhibited by this spectrometer;
for this reason it is not possible to extend the curves above
the ratio 0.985, and this is also the reason for omitting the
experimental points and indicating only the general trend of
the curves. Fig. 5 shows that the deterioration of count rate
is faster for the cocktails containing less Insta-gel. The
cocktail containing 12 ml Insta-gel shows approximately 4%
decrease of n after 10 days counting, for the reference
cocktail (14 ml Insta-gel) the decrease is 3%. In routine
counting cycles, standard and background control cocktails
suffer the same losses as the unknown samples; this means that
slow decreases of n and b are automatically compensated in the
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final analysis. In view of the small difference between the
14 ml and 12 ml cocktails in Fig. 5, it may be concluded that
there is essentially no disadvantage if the cocktail 8 g water/
12 ml Insta-gel is adopted for routine counting in preference
to the reference cocktail. Because of the cost factor this
change has been made at this laboratory.

Variation of cocktail proportions at fixed total volume
The fixed total volume used in this experiment was

22 ml, identical to that of the reference cocktail; total
volume is defined as the sum of volumes of water and Insta-gel
before mixing. In this case no discernible background
differences were observed: b = 1 for this situation. The
variation of n and sensitivity parameter is shown in Fig. 6 as
a function of water quantity W. Above W = 8 ml is a region
of improved sensitivity (condition (5B) for n > 1). This
region is not advantageous for use with enriched water samples:

better sensitivity is achieved by continuing the electrolytic
enrichment down towards 8 g than to stop at higher water
quantity (Appendix 1). But it remains to be seen whether any
advantage can be gained by reducing the total quantity of a
cocktail with proportions corresponding to the maximum of the
sensitivity curve in Fig. 6 until it contains 8 g of water.
The proportion chosen corresponds to a weight ratio water/
Insta-gel of 0.81.

Variation of total volume at fixed proportions of water/Insta-gel
Fig. 7 shows the results of this experiment in the format

of Figs 2 and 3. Water/Insta-gel weight ratio is 0.81.
Background can again be linearly correlated with cocktail size;
the gradient is intermediate between those recorded in Figs 2
and 3. Improved sensitivity relative to the reference cocktail
is indicated for W between 8 and 9.45 g. For counting of
unenriched waters,this region is preferable, but the improvement
in sensitivity is again fairly marginal. At NR = 10 cpm, the
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percentage error of net count rate for a 500 min count improves
from 1.84% to 1.76% between the reference cocktail and one
containing W = 9 ml in the proportions of Fig. 6; for ND = 0.1 cpm,K
the same error improves from 119.5% to 111.34. With enriched
samples,it is more advantageous to continue the electrolysis
to provide W = 8 g. Fig. 7 demonstrates that sensitivity
improvement relative to the reference cocktail is not obtained
for W < 8 in this experiment.
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Choice of coclctail proportions based on foregoing experiments
One practical problem in the preparation of sets of cocktails

is the difficulty of dispensing an accurate, fixed quantity of
each water sample. A set of good pipettes is most convenient
for this purpose (Appendix 3). Because these are available
only in certain fixed sizes, a restriction is placed on the
values of W which can be chosen.

For direct counting, the following options may be
recommended on the basis of the experiments described above.

VVater quantity (g) Insta-gel volume (ml)
(according to available
pipettes)

8.0 12.0
9.0 12.0

10.0 12.0
For enriched samples, the best choice of cocktail is the

first of these options.

Background count rate
In low-level tritium counting, background count rate

reduction provides significant improvement in sensitivity.
When considering means of reducing background, the total back-
ground count rate must be considered in terms of contributions
from several sources which may be classified as follows:
1) Low-level electronic and optical noise.
2) Radioactivity and luminescence in photo-multiplier tubes

and other materials in the vicinity of the detector
assembly, producing 'cross-talk1 when two photomultipliers
face each other operating in coincidence.

3) Radioactivity of vi-al and adjacent material, interacting
with vial and cocktail material.

4) Static charge on vial surface.
5) Interactions of Y~rays an<l cosmic-ray components with the

vial and cocktail material.
Low-level noise is easily removed by adjustment of the

lower discriminator level (Fig. 1). 'Cross-talk' is minimised
by good spectrometer and photomultiplier design using materials
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free of radioactivity, but is a major portion of residual
background. Vial radioactivity is drastically reduced by
using polyethylene, nylon or teflon vials. Static charge can
be avoided by correct handling procedures.

The total background spectrum is not energy-coincident
with the spectrum of light impulses excited by tritium decay
electrons (Fig. 1). Therefore, background can be greatly
reduced by the energy discrimination without seriously cutting
into the tritium energy spectrum. A major fraction of the
background remaining in the 'tritium window* is due to inter-
actions of cosmic and other radiation with the material of the
cocktail and the vial. Most spectrometers are fitted with
lead-shielding round the detector assembly which reduces the
flux of yrays through the vials; but this increases the flux
of 10-20 MeV fast neutrons through the vial. Indeed the
elastic scattering of fast neutrons (from secondary cosmic
radiation and star-production in the heavy shielding) by the
densely-packed hydrogen and carbon of the cocktail is a back-
ground component equal in order of magnitude to the remainder
of the residual background. The experiments already described
indicate that at this laboratory the neutron component is
about 50% of the background in the tritium window. Significant
reduction (about 0.5 cpm) was obtained temporarily by putting
a layer of paraffin wax as moderating material over the
spectrometer chamber. Ideally a scintillation counter for low-
level tritium work should be situated in a shielded enclosure,
well-below ground-level; but the shielding should incorporate
moderating material (water or paraffin wax) close to the
spectrometer. Reductions of background to ca. 2 cpm may
possibly be achieved in this way.

If an appreciable neutron component of background is
present, quite appreciable variation of background with
atmospheric pressure will occur. In our laboratory, the
peak-to-peak variation with atmospheric pressure is ca. 0.5 cpm;
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such variation is automatically compensated by spacing the
background vials at equal intervals within the counting cycle,
but it means that the average background changes from one set
of samples to the next.

Appendix 1
Can better sensitivity be gained if electrolytic enrichment
is continued below 8 g finaT sample size?

Electrolytic enrichment provides water samples of final
size to match the requirement of the scintillation counter.
At this laboratory, an optimum enrichment is obtained by
volume reduction of the water sample from 1-litre to about
8.5 ml. Higher volume reduction is not technically feasible
(Taylor, 1979A and B) , therefore the possibility of extending
the enrichment below 8.5 ml final size is not considered.
However, some laboratories operate with smaller cells,
interrupting the electrolysis to provide ca. 8 g final sample
size for the scintillation counter; the question posed above
is therefore relevant to their method.

To provide sizes of 9.0, 8.0, 7.0, 6.0, .... ml enriched
water samples for liquid scintillation counting, the enrichment
should be stopped at ca. 9.5, 8.5, 7.5, 6.5, .... ml. Let
T« r be the tritium concentration if the final volume is
9.5 ml. If the tritium separation efficiency is good then the
tritium concentration after further enrichment will be given
approximately by

T(W+O.S) = ( W+U75^ " T9.5 ^6)

where W is the weight of water in the scintillation cocktail.
To judge whether the increased enrichment provides more
favourable counting sensitivity, equation (6) can be used in
combination with the variation of n and B for the favourable
water/Insta-gel ratio of 0.81 (Fig. 7). For this comparison,
the cocktail with W = 9 g will be assigned as reference cocktail.
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If NW is the net count rate pertaining to the cocktail with
water weight W, then

l
9

W = v f 9-5 ^°-K 1 JW W+0. 9.5 (7)

where kw is a proportionality constant.

n1 NW _ kW ,9.5,0.93
- (8)
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where N„, k„ are the net count rate and proportionality
constant for the reference cocktail. But kw/k„ = nw/ng in
Fig. 7, allowing calculation of n1. Fig. 8 shows bf = Bw/Bq
and n1 for integral values of W from 2 to 9 g. In the range
W = 6.1 to 9 g, net count rate is improved and background
drops, which obviously provides improved sensitivity. Below
6 g, background and net count rate both fall, but the
sensitivity parameter is positive down to W = 3.1 g, and
improved sensitivity still prevails up to NR given by condition
(5A). However, when actual statistical counting errors are
evaluated, improvements in a(N)/N are found to be marginal.
Moreover, the curves of b' and n1 pertain only to the spectro-
meter used in this investigation. It is not possible to
generalise on regions of improved sensitivity for all
spectrometers, but it appears likely that sensitivity improvement
could be achieved in some cases by continuing enrichment below
8.0 g.

Appendix 2
Further remarks on diffusion of Insta-gel through vial wall

The Koch-Light vial (Koch-Light Laboratories Ltd, Colnbrook,
Buckinghamshire SL3 OB7, England) was selected following trials
at both this laboratory and that of the Section of Isotope
Hydrology, International Atomic Energy Agency, Vienna. The
loss rate was lowest and most uniform of the types tested.
Fig. 4 shows that the mean loss rate settles to ca. 60 mg day
once the diffusion has penetrated the vial wall; it also shows
the results of measurements using a batch of Insta-gel which
displayed excessive chemi-luminescence over the first three
days of the counting run. Investigation by Packard revealed
that the scintillation mixture had not been correctly mixed;
the diffusion loss rate was very different from usual.

This experience is cited because it shows that the purity
and uniformity of composition of the Insta-gel is essential to
the reliability of low-level tritium measurements. In this
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case the major counting problem - excessive chemi-luminescence -
was due to a lapse of chemical purity in a constituent of the
Insta-gel, but the diffusion measurements revealed a further
error in manufacture.

Appendix 3
Accuracy in preparation of cocktails

To transfer water to the scintillation vials, a set of
8 ml pipettes is used. (8 ml lonodur, Rudolf Brand, Postfach
310, 6980 Westheim, W Germany) Quoted accuracy on these
pipettes is ±0.015 ml.

These pipettes were tested to determine correct procedure
to obtain reproducible discharge. Using a single pipette,
10 successive discharges were measured with the water simply
running out of the pipette, and no wiping of the tip before
recharging; a mean value of 7.9524 g ± 0.0054 resulted, with
a standard deviation of 0.0172 for a single measurement.
Talcing a value of 0.99823 for the density of water at 20°C gives
an average release of 7.9665 ml ± 0.0054, which is lower than
the 8 ml calibration. Therefore, in a second experiment using
the same pipette,the sample was blown out and the tip of the
pipette was wiped dry after each discharge; in this case the
mean amount after 10 deliveries was 7.9825 g (7.9966 ml) ±
0.0032, with the standard deviation of a single discharge
being 0.0100. This corresponds to the quoted 8 ml calibration.
Other pipettes gave similar results. Therefore the correct
method with these pipettes is to discharge by gentle blowing,
and to wipe the tip dry if the pipette is to be used for
successive samples.

In cocktail preparation, most pipettes are used just once.
Therefore, all 24 available pipettes were sampled once by the
method just described, to determine whether significant
variation exists on the first discharge between individual
pipettes. After drying the pipettes the experiment was repeated.
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Experiment 1: Mean discharge = 7.9794 g ± 0.0020, standard
deviation of single result = 0.0096 g.

Experiment 2: Mean discharge = 7.9831 g ± 0.0017, standard
deviation of single result = 0.0085 g.

Comparison with the results for successive discharges of a
single pipette indicates that the standard deviation of a
single result was similar in both cases. For the preparation
of a single sample the water quantity standard deviation is
taken to be 0.01 g or 0 .1251.

In preparation of some cocktails (e.g., standards and back-
grounds) one pipette is used several times. A further
experiment with all 24 pipettes demonstrated that the second
sample delivered from any pipette does not differ from
the first.

First discharge : mean value = 7.9831 g ± 0.0017, standard
deviation of single result
= 0.0085 g.

Second discharge : mean value= 7.9810 ± 0.0020, standard
deviation of single result
= 0.0099 g.

These pipettes are therefore suitable for our purpose.

Insta-gel quantity
The best method of transferring fixed quantities of Insta-gel

to the scintillation vial is to use a dispenser which can be
set to deliver any quantity within the desired range. Not
all commercial dispensers are suitable for this purpose; it
is essential that they be evaporation-free and discharge
uniform amounts. A Universal Repipet is now used at this
laboratory (manufactured by Labindustries, 1802-2nd Street,
Berkeley, California 94710, USA); discharge can be fixed
between 0-20 ml, and it can be fitted on the Insta-gel bottles
and supplied by Packard.

Uniformity of discharge was checked on a set of 40 samples
with the dispenser set at 14 ml. The mean weight of Insta-gel
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was 13.3043 g ± 0.0017. Standard deviation of a single value
was 0.0106 g (0.08%) .

Error in net count rates due to errors in water and
Insta-gel quantities

The error in net count rate due to pipetting and dispensing
errors can be approximated by

C9)

where n is the net count rate, AW is the error in water quantity
and AV is the error in Insta-gel volume. The coefficients on
the right-hand side can be judged for the 8 g water/12 ml
Insta-gel cocktail from Figs 2 and (with less accuracy) 3,
leading to an estimate An/n = 0.001. This error can be
incorporated routinely in the overall error calculation, but
would be in most cases a factor 5-10 lower than that arising
from spectrometer instability; e.g., at this laboratory, a
spectrometer instability error of order An/n = 0.005 is
incorporated in each result.

Mixing temperature
To obtain a good cocktail it is recommended that both

water and Insta-gel should be at temperature ca. 25°C. Hand
shaking is quite satisfactory for good mixing. As soon as
possible the vials should be wiped with a moist soft tissue and
placed in the spectrometer to cool to a counting temperature
in the range 5-10°C. One important feature of the lower
temperature is 'a decrease in background (about 1 cpm at this
laboratory) compared to room- temperature operation.

Appendix 4
Calculation of results of liquid scintillation counting

The tritium concentration of an unknown sample may be
calculated using the equation

To - Tos • n ' I ' e - o s (10)
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where T is the tritium concentration of the sample at its
date of collection t

T is the tritium concentration of the counting standard
at its date of calibration

n, n are net count rates of sample and standard,
respectively

Z is the electrolytic enrichment factor
X is the radioactive decay constant.

The fractional error of T is given by

0CTJ /o4(T„J a2 (n) a2 (n)
r- + ——2~ + ——T- * (W-A vi *i- — »« w _ *7^* WO

(ID
o(T ) incorporates calibration and dilution errors of the
counting standard. a(n ) and o(n) incorporate the coclctail
preparation, spectrometer instability and other non-Poisson
errors.

Recommendations on X and a(X) will result from the
discussions of the meeting at which this paper will be
presented.

The calculation programme will depend on the available
calculating facility but should adhere to the following
general plan.

(1) Enter, calculate, statistically evaluate and display
results for spectrometer background and standard.
Calculate spectrometer instability error.

(2) Enter, calculate, statistically evaluate and display
results for background cocktails. Calculate mean back-
ground count rate with standard error.

(3) Enter, calculate, statistically evaluate and display
results for standard cocktails. Calculate mean net
standard count rate n and o(n ).s s

91



(4) Enter, calculate, statistically evaluate and display
results for unknown samples. Enter enrichment factors
and calculate T and a(T ).
Statistical evaluation includes a search for anomalous

count values and appropriate correction or rejection
procedures.
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LOW LEVEL TRITIUM MEASUREMENTS BY
LOW BACKGROUND LIQUID SCINTILLATION COUNTER

Y. KASIDA, T. IWAKURA
National Institute of Radiological Sciences,
Chiba, Japan

ABSTRACT

For low level tritium measurements of environmental
samples a low background liquid scintillation counter with a
manual external standard source for the quenching correction
and an automatic sample changer (15 samples) has been developed.
The anti-coincidence guard detector consists of a plastic
scintillator which is in the shape of a plate or an umbrella.
The background count rate is about 3 counts per minute for 20 ml
of emulsion cocktail, non-surfactant/water (60 /Uo) , or h counts
per minute for 100 ml of the same cocktail. More than thirty
low background liquid scintillation counters have been
distributed in Japan for the tritium surveillance around the
nuclear power facilities.

INTRODUCTION

Owing to determine the tr i t ium levels in the
environmental water around the nuclear facilities in
Japan, the tri t ium surveillance program began in 1967
(1). As a result of the fal l -out by nuclear explosion
test the tri t ium concentration in Japan during early
few years was indicated several hundreds pCi/1 H20
for land water and less than f i f ty pCi/1 H-0 for sea
water . Thë^ensitivity of tritium for usual commercial
liquid scintillation counter is about two hundred pCi
/I H?0, so many samples should be enriched electro-
lytically before liquid scintillation counting. Saving
time, labour and cost for the enrichment, a project
of a low background liquid scintillation counter in
co-operate with ALOKA Co. has been developed. As the
details on this counter was already reported ( 2 ) , I
would explain only the essentials how to design the
counter and the main characteristics.

In the measurement of the low level tritium
sample which gives a count rate near to that of back-
ground, the sensitivity is almost proportional to the
figure of merit expressed as

E x V / /IT
where E, the counting efficiency depends on the quan-
tum efficiency of photomultiplier tube and the cocktail
of scintillator, V, the volume of the sample depends
on that of vessel and the excellent cocktail and B,
the background count rate is governed by many causes
as follows. From the preliminary experiment, the ex-
ternal standard source utilized for quenching correc-
tion created an increment in the background count rate
of several counts per minute even in the non-operating
position. In order to eliminate the leakage effect,
the automatic device of external standard source was
removed from the counter and inserted in it by hand
only during the quenching correction. It should be
pointed out that the other main cause of background
is radioactivities contaminated as impurities«in the
materials employed such as Co in iron and K in
glass. For example, the shielding material of 10 cm
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thick iron was obtained from armoured material from
the battleship "Mutsu" which was launched in 1920 and
is absolutely free from Co and the teflon vials were
selected instead of glass vial.

PHOTOMULTIPLIER TUBE
In general, the counting efficiency and back-

ground count rate are governed by the property of
photomultiplier tube, therefore, in the case of proto-
type counter, EMI 9635 QB quartz face tubes were selec-
ted because of their excellent low dark current charac-
teristics. As the final result of experiments, the
background count rate was about 3 counts per minute
for 20 ml of emulsion cocktail with 40 % dead water
of deep well, but the corresponding tritium counting
efficiency was 15 %. Accordingly, in the second devel-
oped counter, RCA 4501 V3 photomultiplier tubes were
used on account of their high counting efficiency.
However, the experiments revealed that the external
standard channel ratio which is applied for the quen-
ching correction is instable and poor reproducible
after the irradiation by the external standard source.
This phenomenon has been observed in particular from
RCA 4501 V3 tube and may be interpreted as the hys-
teresis character of this tube. The details of these
were discussed in another paper (3 and 4).

EMULSION COCKTAIL
Emulsion cocktail which consists of aromatic

solvent such as toluene or xylene and non-ionic sur-
factant, is capable of incorporating up to 40 % water.
At first, as previous report (5), the self-made emul-
sion cocktail was used for these experiments, however,
since ready made one was commercially available, INSTA
GEL or AQUASOL-2 were purchased for the routine work.

ANTI-COINCIDENCE CIRCUJT SYSTEM
Resulting the many experiments above mentioned,

at long last, the anti-coincidence circuit system has
been introduced for the more lower background liquid
scintillation counter. For the prototype counter, the
anti-coincidence guard detector consisted of a plastic
scintillator, 24 cm squar and 7 cm thick and two RCA
8575 photomultiplier tubes and was set directly above
the shield for the simplicity of the farication and
the sample mounting. Sample transfer into the counting
chamber is carried out through the hole which perfo-
rated into the bottom of iron shield. By this system,
the automatic sample change and external standard
channel ratio calibration are easily operated. Due to
the anti-coincidence circuit, the background count
rate is remarkably reduced as shown in Table I.

Following these success for the prototype
counter, the form of anti-coincidence guard detector
was modified to so-called an umbrella type, namely,
the plastic scintillator was a rectangular solid, 20
cm squar and 22 cm high with cylindrical cavity^ 10.5
cm diameter and 13.5 cm high, and enveloped the sample
chamber which was able to hold a 100 ml vial.

CONCLUSION
Now, more than thirty low background liquid

scintillation counters manufactured by ALOKA Co.
have been distributed in Japan for many purpose of
low level tritium measurement, for example, to survey
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the tritium concentration in the environmental sample
around the atomic power facilities, some prefectural
hyginic laboratories and facilities themselves used
this low background counter. In addition, the manual
of the tritium analysis for above object was published
from the Science and Technology Agency.

As the result of the intercomparison among
these laboratories were shown in Figure I. The data
were almost content except for B,C and G cases. [ B
was measured by an usual counter and C and G misused
the quenching curve calibration. ] Technicians who
have no experience on the liquid scintillation counting
were trained at our institute during two weeks.

It is evident that this low background liquid
scintillation counter is easily operated by inexpert
technician for the routine work in the low level tritium
measurement such as environmental water sample.

Of course, the more low level tritium sample
as deep well or deep sea should be enriched electro-
lytically even using the low background liquid scin-
tillation counter. However, for enriched samples the
sensitivity of this counter can be improved by con-
tinuing the enrichment down to the usual sample size.

Generally, technique of highest order and ex-
clusive knowledge are required of the enrichment pro-
cedure, otherwise, it is occasionally possible to make
a explosive failure.

It is concluded that for an inexpert technician
in the developing countries the procedure of the low
level tritium-measurement shoul be easy and simple,
therefore, it is best way to adopt the direct liquid
scintillation counting without prior enrichment.
Moreover,it cannot be emphasized enough that the pub-
lication of manual " how to prepare the counting sam-
ple and to determine the tritium concentration " and
also the training course should be considered.
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Table I The comparative specifications of two types
low background liquid scintillation counter
manufactured by ALOKA Co.

PROTOTYPE
COUNTER

IMPROVED
COUNTER

Photomultiplier tube
for coincidence
Shape and size of
plastic scintillator

External standard
source
Vial

Volume of sample
water
Background count
rate
Counting efficiency
Figure of merit
EXV//ÏÏ
TR/cpm

EMI 9635 QB

plate
24x24x7(h) cm

rod

low K glass or
polyethylene
20 ml
8 ml

2.8 cpm

15 \

72

116

RCA 4501 V3

umbrella
20x20x22(h) cm
with cylindrical
cavity:(cm)
10.5(d)xl3.5(h)
coin

Teflon or
polyethylene
100 ml
40 ml

4.4 cpm

14 %
267

24.8

Lead |Shieid| |°

I1_Countmg
Chamber (OFC)
Vial

Photomultiplier
Tubes

\ \

•Vial
Counting Chamber
Elevator
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IMPROVEMENTS IN LIQUID
SCINTILLATION COUNTING

T. FLORKOWSKI
International Atomic Energy Agency,
Vienna, Austria

Liquid, scintillation counting was not competitive with the gas counting
method for low-level tritium measurement until a few years ago when develop-
ments in photomultiplier technology and in electronic circuitry improved
considerably the counting efficiency and decreased the background. Also a
new scintillator-cocktail based on water emulsifiers (e.g. Insta-gel)
accommodates up to 50$ of water in the samples allowing for further increase
in total efficiency. At present liquid scintillation counting is quite
comparable to gas counting system. With a simple electrolytical enrichment
the analytical error can be as low as about - 1 T.U.

In the IAEA Tritium Laboratory two Liquid Scintillation Spectrometers
are in routine operation: TRICARB older Model 332U and TRICARB new Model
3255 (Producer: Packard Instrument Company Inc.). After several tests of
various scintillation cocktails using emulsifiers of various producers
Insta-gel (Packard Inst.) has been chosen. Proportion of 8 ml of water
and 14 ml of Insta-gel is used for optimal efficiency.

It should be noted that two modifications of Liquid Scintillation
Spectrometers are made in order to decrease the background by about 2 cpm:

2261. The Ra source for internal standardization is removed from the
instrument as routinely only tritiated water standards are used.

o2. Additional lead shield of 10 cm thick and 6 dem area is placed
over the sample changer to cover the measuring chambers.

Counting parameters for low-level tritium measurement are compared for
both spectrometers in Table 1.

Table 1

Efficiency
TU/cpm
Stability of efficiency
Background
Long-term stability of background
Short-term stability of background

3320
23 %
74
1%
4,8 cpm
0,3 cpm
0,15 cpm

3255
30 %
57
1 %
3,4 cpm
0,3 cpm
0,15 cpm

Long-term stability is defined here as 1<T of single reading calculated
for at least 6 months of continuous operation of the instrument. Readings
are taken in this case as the mean value of background during one week of
operation.
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Short-term stability corresponds to one week which is the real counting
time of a set of samples. Usually three background samples prepared from
tritium-free water are averaged and 0" calculated. The statistical 6" is
usually 0,06 cpm whereas the measured value of Q" due to instrumental instab-
ility is about 0,1̂  cpm.

Table 2 summarizes the analytical error for low-level tritium determination
where the instrumental stability of the background reading is the limiting
factor. Instrumental <T measured during one week is multiplied by TU/cpm
factor to show ff expressed in TU.

Table 2

1 <f no enrichment
3 <j- no enrichment

1 <T with EF=15
3 & with EF=15

1 <T with EP=36
3. <T with EP=36

3320

11 T.U.
33 T.U.

0.7 T.U.
2.1 T.U.

0.3 T.U.
O.y T.U.

32^5

8.6 T.U.
26 T.U.

0.6 T.U.
1.8 T.U.

0.2 T.U.
0.7 T.U.
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EXPERIENCE WITH A NEW TYPE OF BATCH CELL AND
ASSOCIATED EQUIPMENT FOR THE ACHIEVEMENT OF
VOLUME REDUCTIONS GREATER THAN 100 IN THE
ELECTROLYTIC ENRICHMENT OF TRITIUM

C.B. TAYLOR
Institute of Nuclear Sciences,
Dept. of Scientific and Industrial Research,
Lower Hutt, New Zealand

Abstract

A new type of batch cell electrolytic enrichment system has
been developed to achieve better sensitivity in low-level
tritium measurements of environmental waters. The cell
incorporates a concentric design: outer mild steel cathode -
stainless steel anode - inner mild steel cathode. Electrolyte
volume is reduced from 1 litre to (8.5-9.0) ml; automatic
electronic shut-off control is obtained by dimensioning the
bottom of the cell so that the inner cathode current drops
sharply at the desired final volume. The large electrode

2area (ca. 1250 cm at start of enrichment) allows operation
with a very low initial electrolyte concentration (1.5 g
Na2Û2 in 1 litre water). A vacuum distillation system has
been developed for in situ electrolyte neutralisation by C09,
and 1001 recovery of all hydrogen as distilled water. The
paper describes the principles of operation and gives full
details of the construction of the system and associated
equipment.

Introduction
This paper is a progress report on the development of a

new type of batch cell and associated equipment for electrolytic
enrichment of tritium in environmental water samples,
designed to improve the sensitivity of low-level tritium
determination when the enrichment is followed by the technically
simple liquid scintillation counting method, and to improve
the limit of detection for laboratories which have the
advantage of a good gas proportional counting facility..
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At the present time, tritium laboratories are operating
in a situation of declining levels of HTO in environmental
waters. As levels decline, improved measurement sensitivity
becomes desirable. Counting of tritium without prior
enrichment does not offer adequate sensitivity in any
enviornmental study. Whereas the new He-accumulation, mass
spectrometric technique (Clarke and Jenkins, 1976) is
attractive to laboratories with adequate, finance, technical
experience and back-up facilities, it represents at present
too formidable a proposition in all these senses for most
laboratories. The earlier measurement techniques, combining
counting methods with prior isotopic enrichment, are still the
most commonly acceptable method. 10-20 years ago, the
techniques were often laborious; they usually required a
high degree of technical competence in sample preparation and
low-level counting, and access to reliable supplies of
laboratory ware and chemicals, including vacuum equipment and
liquified gases. Fortunately, liquid scintillation counting
has developed to the stage where reliable low-level measurements
can be performed immediately on commercially-available
spectrometers presently costing about $20,000; preparation of
counting cocktails involves only the mixing of several grams
of pure water sample with a suitable, commercial scintillation
mixture, yielding counting efficiences in the range 20-30%
and stable background count rates below 10 cpm (counts per
minute).

Although the electrolytic enrichment technique for tritium
analysis has been widely applied for over 20 years, there is
no general agreement on many aspects of method and handling
procedures, and great variability is reported in precision
(Taylor, 1978). Moreover, essentially no progress has been
made towards the development of reliable commercial
enrichment systems. Most laboratories have to undergo the
often painful process of developing their own systems. This
is unfortunate, because successful operation of an enrichment
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system depends on many small but important details which may
take long experience to assimilate. It would be extremely
advantageous if a system could be offered which would be
guaranteed to perform reliably if used according to straight-
forward, but strictly-followed handling procedures. Such a
system would now have to incorporate the higher degree of
enrichment required to improve sensitivity and resolution
within the declining range of environmental tritium
concentrations. The planning and development of such a system
has been undertaken at the New Zealand Institute of Nuclear
Sciences over the last two years, with the partial financial
support of the International Atomic Energy Agency (IAEA).
Vienna.

Types of electrolytic enrichment cell
Electrolytic enrichment of tritium can be performed in

three types of cell. (1) In batch cells, the entire sample
is added at the beginning of electrolysis, and current is
passed until the desired final volume is reached; the electro-
lyte concentration steadily increases. (2) In periodic
addition cells, the enrichment proceeds in a stepwise fashion
with additional sample water added periodically as the
enriched sample reaches a pre-selected volume. (3) In
continuous feed cells, the loss of water by electrolytic
dissociation is fully or partially compensated by continuous
addition of sample water from an external reservoir. In both
periodic and continuous feed cells, the final stage of the
enrichment is a batch process.

For many years, it was generally accepted that batch
cells could be operated only within a narrow range of electro-
lyte concentration; volume reduction by a factor 20-30 was
accepted as a workable range for the avoidance of electrode
corrosion (Cameron, ]967). Periodic addition and continuous
feed cells were developed as a means to achieve higher
enrichment in a single cell (e.g., Ostlund and Dorsey, 1977;
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Metson, 1969), but they have some inherent disadvantages.
Firstly, the efficiency of enrichment is not so good as that
of a batch cell for an equivalent volume reduction (Taylor,
1977); secondly, they involve greater complexity (continuous
feed) , or require longer electrolysis periods and more operator
attention (periodic addition) . Thus it would be advantageous
if a batch cell could be developed which would match the
volume reduction capability of the other cell types. Trends
in this direction will be examined, following a discussion of
the meaning of sensitivity in tritium measurements.

Sensitivity considerations in low-level tritium measurement
In hydrological applications of environmental tritium,

concentrations are customarily expressed in Tritium Units (TU)
at the date of sampling. l TU corresponds to a T/H ratio of

_ T Q10" , which is equivalent to a decay rate of ca. 7.2 radio-
active disintegrations per minute per litre of water.

After measurement by enrichment and counting, a tritium
concentration is calculated using

T = T • - • - • e " o " o s (1)o os ng z

where T is the tritium concentration of the unknown water ato
its collection date t ; T is the tritium concentration of
the laboratory counting standard at its calibration date t ;
n, n are respectively the net count rates recorded for
sample and standard; Z is the electrolytic enrichment factor
(final tritium concentration/initial concentration) ; X is the
radioactive decay constant. (In this treatment the question
of blank corrections has been ignored; to avoid complication,
it is assumed that no contaminating tritium is added to the
sample during storage and measurement) .

The standard measurement error of T can be expressed by

a2(z) a2(T„) -
——- + —— ̂ * °Z os
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where the first two terms on the RHS represent counting errors,
and the last two terms are standardisation errors. The last
term is ignored here, because it is usually a very small
error which is outside the control of the measuring laboratory,
and is not relevant to the present discussion.

Note that the second, third, and fourth terms in (2) are
independent of the sample concentration, whereas the first
term changes in direct proportion to Z T . It will be shown
in the following examples that the combination of errors in
(2) frequently means that one technique is better than another
within a certain range of T , but is poorer within another
range.

The sensitivity of a measurement method must therefore be
rated according to the fractional standard error of measurement
a(T )/T at the value T ; lower fractional error means better
sensitivity at that concentration.

Relative sensitivities of various measurement methods
Details of various systems to be compared are summarised

in Table 1. These systems are compared for the range T =
(0.1-100) TU.

The following assumptions are common to the various
scintillation counting systems. The small contribution from
a(X) is ignored; counting time per sample in liquid scintillation
counting is 500 minutes; in a typical counting run, three
background and three standard water cocktails are prepared as
identical cocktails and cycled simultaneously with each set of
unknown samples. This means that standards and backgrounds
are counted three times longer than each unknown sample. The
following Poisson error applies for the unknown samples

n + TnB

where n is the background count rate and t is sample counting
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Table 1. Sensitivity comparison of tritium measurement systems, Figs 1, 2 and 4

System
Counter sensitivity

ÇTU/cpm)_____
Background

(cpm)
Enrichment factor

±la
Counting time

(min.)___ Identification
80
80

60

80

80

80

5.0
5.0

2.5

5.0

5.0

5.0

no enrichment
16 ± 1%

16 ± 1%

75 ± 3.6%

55 ± 5%

75 ± 1.5%

500
500

500

500

500

500

7

8

9

60

SO

45

2.5

1.5

0.5

75 ± 1.5%

75 ± 1.5%

75 ± 1.5%

500

1000

1000

Direct scintillation counting
IAEA Vienna batch cells with
scintillation counting
IAEA Vienna batch cells with
scintillation counter of best
possible quality
Large volume reduction batch cells,
method of Theodorsson (1974),
followed by scintillation counting
Batch cells used in New Zealand
laboratory 1976-1977 (Gugelmann
et al., 1977) with scintillation
counting

New batch cells developed in New
Zealand laboratory with scintill-
ation counting
Same cells as 6 with scintillation
counter of best possible quality

Same cells as 6 with gas
proportional counter
Same cells as 6 with gas proportional
counter with optimum sensitivity and
background reduced by pulse shape
discrimination



time For the standard count rate

n is usually chosen high enough to make (4) a minor
3

contribution to the overall error. To account for standard
dilution and calibration errors, and instabilities in counting
efficiency of the spectrometer, a further (0.005) is added to

2 2the total variance a (T )/T .
Fig. 1 illustrates the performance which can be achieved

with a typical batch cell type used at the IAEA and now many
other laboratories (Cameron and Payne, 1965). Curve (1)
(Table 1, system 1) represents counting without prior enrichment;
it has been included to emphasise the necessity of prior
enrichment. Curve (2) shows IAEA-type cells coupled with a
liquid scintillation counter of moderately good performance.
o"(T)/T = 0.1 is exceeded below TQ = 6 TU.

Possibilities for more sensitive measurement systems
(A) Optimum scintillation counter

The first possibility of improvement is to ensure that
the liquid scintillation counter has optimum performance, in
terms of highest counting sensitivity coupled to lowest back-
ground. According to present experience, system 3 of Table 1
would represent the best counter (curve 3 of Fig. 1). In this
case 0(T )/T = 0.10 is exceeded below 3.4 TU. This is
better than system 2, but is not a guaranteed improvement,
because the performance of a counter cannot be assessed until
it is in position in the laboratory.

(B) Increased enrichment factor
Higher enrichment factors may be obtained by increasing

the overall volume reduction. As already mentioned, the object
of this investigation has been to increase the volume reduction
capability of the more efficient batch cells; two-stage
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3 - 0 1

Fig 1 Sensit ivity Comparison: (1) direct liquid scinti l lation counting,
(2) I A E A - T y p e cells w i t h scint i l lat ion counting, (3 ) same
cel ls w i th bes t -poss ib le scinti l lat ion counting.

electrolysis, periodic addition and continuous feed cells will
not be considered in the sensitivity comparisons.

Trends in development of batch cells with increased
volume reduction

Theodorsson (1974) Was the first to report using higher
volume reductions (routinely from 100 to 1 ml, and in some
cases starting with 300 ml) without encountering severe
corrosion problems; his anodes were of nickel and cathodes of
mild steel. The method involved running the NaOH electrolyte
well above saturation; some doubt attaches to the claimed
enrichment reproducibility of 3.6% obtained using spike waters,
but this estimate has been accepted for the present comparison.
A scaled-up version of this system (system 4, Table 1),
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Fig. 2. Sensi t iv i ty Comparison - various cell types wi th liquid scintillatii
counting. (2) I A E A - t y p e . (4) scaled-up Theodorsson type,
(5 ) Gugelmann type, (6 ) new design.

providing sufficient water for scintillation counting, is
compared in Fig. 2 (curve 4) with system 2 (IAEA-type cells).
Because of the relatively poor enrichment reproducibility,

system 4 shows poorer sensitivity above 20 TU, but its
performance is superior at lower concentration. Theodorsson's
approach could be improved by better quantitative control, by
avoiding the difficulties of running the electrolyte into
saturation, and by scaling up the size of the cell.

Gugelmann et al. (1977) designed a larger cell at the
New Zealand laboratory. Sample volume was reduced from 640 ml
to ca. 8 ml. A new trick of cell design allowed operation at
much lower starting electrolyte concentration (2.5 g Na^O^/
640 ml H-0) , thereby avoiding running into electrolyte
saturation; this was achieved by increasing the electrode
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IAEA Gugelmann Proposed
cell cell cell

250ml 640ml 1000ml
4 - • ^ ^

final
f level

V

( a ) ( b ) ( c )

Fig. 3. Schemat ic representat ion of 3 types
of batch enrichment cell.

areas, incorporating a second concentric internal cathode
(mild steel) inside a cylindrical cathode (outer envelope of
cell, also of mild steel), with a stainless steel anode
sandwiched concentrically between the two cathodes. The
inner cathode connected by a press fitting to the bottom of
the cell; in effect the outer cathode bends in on itself inside
the anode and the cell is electrically still a cell with one
anode and one cathode (see Fig. 3a and b for a schematic
comparison between this type and a standard IAEA-type cell).
Ten of these cells were operated routinely for two years, but
had certain disadvantages, of which the most serious was poor
quantitative control of enrichment. Towards the end of
electrolysis,the cells were switched from series to parallel
connection, and each cell switched off automatically as the
level of electrolyte dropped below the anode; rather large
variations of final sample volume occurred, and the standard
error of an enrichment factor determination was about 5.01.
The sensitivity of this system is also shown in Fig. 2 (curve 5,
system 5 of Table 1). As with system 4, it is apparent that
the advantage of the greater volume reduction is offset by
relative inaccuracy of enrichment compared with system 2.
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A cell providing high volume reduction capability must
therefore also provide adequate accuracy in determination of
enrichment factor if it is to be advantageous over the full
range of T . To understand how this can be achieved, it is
necessary to discuss next the method and conditions which must
be satisfied to allow accurate determination of enrichment
factors .

Stable operation of batch cells: Measurement of
enrichment factors

An enrichment cell must remain electrochemically stable;
this means that the only reaction occurring is the electrolytic
dissociation of water, with no tendency for other reactions
to intervene which would corrode the electrode materials or
impair the separation of hydrogen isotopes at the cathode.
This topic is the subject of a companion paper (Taylor, 1979),
and is not dealt with here.

An earlier paper (Taylor, 1977) fully developed a
theoretical framework for enrichment calculations, demonstrating
that the attainment of maximum enrichment and best reproducibility
depends on the development of a surface layer on the cathode
which catalyses the separation of the hydrogen isotopes. This
layer may be formed by phosphate-pickling of a mild steel
cathode (Zutshi and Sas-Hubicki, 1966), or alternatively by
slow development of a clean mild steel surface over several
weeks of routine electrolysis. (Although some other metals
are suitable (e.g., Fe, Pt and Pd are known to develop similar
catalytic properties) , mild steel is the only suitable metal
for large cells on grounds of cost and relative freedom from
rusting problems). Stainless steel is suitably passive for
use as anode metal, although some laboratories use nickel.

Enrichment factors should be calculated using an
enrichment parameter E given by

(W -W.)O * -ln
• Iifî%
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where W , Wj are initial and final water quantities (including
water bound as NaOH); W is the dissociated water quantity,
equal to the total loss minus that lost by evaporation and
spray. For a set of well-developed cells, E is
effectively constant. Its magnitude is established and
monitored by including at least three standard waters (spike
waters) in each set of samples (with this procedure all the
cells are checked periodically). The value of E established
in this way is then applied to determination of the enrichment
factors Z of unknown samples using (5). E usually improves
slowly throughout the life of the cells, provided no accidental
corrosion or destruction of the cathode layer occurs.

The application of this method to IAEA-type cells
produces ca. II standard error in determination of Z. The
low error depends to a great extent on accuracy of measuring
W , W, and W . By passing stable, accurately monitoredO -L G

current through the cells for known times, W can be measuredc
to within 0.3%. W can be measured to 0.031 for large samples.

A major difficulty with large-volume cells lies in
measurement of final sample W.. . Initial estimates showed
that a metal cell holding 1 litre of sample would weigh more
than 3 kg. The final sample would be of order 10 g and would
have to be estimated to within II or better if the full
advantage of the higher volume reduction is to be obtained;
this is not feasible using even the best available balances,
because of temperature and buoyancy problems, and the large
dead weight of the cell. The only way to estimate W, with
sufficient accuracy is to transfer the entire sample to a
smaller vessel for accurate weighing; this can be achieved by
in situ neutralisation of the electrolyte followed by vacuum
distillation. The cell design must therefore ensure adequate
vacuum tightness.
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Another related problem is that of stopping the
electrolysis as precisely as possible at the desired final
sample size. A set of cells usually exhibits variations of
a few grams in final sample quantity if the same total charge
is passed through all cells; this is due to small, and
essentially uncontrollable variations in the evaporation and
spray loss (0.5 to 1.0% close to 0°C) from cell to cell.
Therefore it is necessary to devise a method by which each
cell can be individually shut down as the correct final size
is reached. Some laboratories have used a method by which the
current is interrupted as the electrolyte level drops below
the anode (e.g., Ostlund and Dorsey, 1977; Gugelmann et al.
1977) . Experience with the Gugelmann-type cells indicated
that the final volume is not very reproducible by this method.
This probably occurs because the circuit-breaking volume is
highly sensitive to even very slight departures of the cell
from a vertical position, or may be due in some cases to
inadequate accuracy in positioning the electrodes within the
cell. A more accurate method of shut-off control is therefore
required.

Specifications for new cell design
Based on all the considerations described above, the

following specifications were selected for the design of the
new cell. A volume reduction factor of at least lOO is
required. Cell shut-off should be controlled within the
desired final range of (8.5-9.0) ml to provide a full-sized
sample for liquid scintillation counting. The cell must have
vacuum-tight design to allow 1001 recovery of the final
hydrogen as water, using vacuum distillation following in situ
neutralisation. A standard l l size seems appropriate for
the initial sample quantity.

A cell with volume reduction factor 100 is compared with
the other systems in Fig. 2 (curve 6, system 6 of Table 1);
increased error o(Z)/Z = 0.015 is allowed for, compared to
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the value 0.01 for system 2. If this system performance can
be realised, the 10% accuracy level is exceeded below 1.3 TU,
which is well below the concentration of 6 TU for system 2.
Furthermore, the system is more sensitive over the whole
range of concentrations up to 90 TU.

It is pertinent at this stage to ask what advantages
such an enrichment system would offer to laboratories operating
a gas proportional counting system. This comparison is made
in Fig. 4 for the systems 6-9 of Table 1. System 6 represents
the proposed batch cell with a good scintillation counter;
system 7 with the best available counting for liquid
scintillation. System 8 couples the cell with a gas proportional
counter of the type at the IAEA laboratory for an overnight
count of 1000 minutes, while system 9 represents a gas counter
with still better counting efficiency and background reduced
to 0.5 cpm by pulse shape discrimination, o (T )/T can be
reduced still further if longer counting times are used.
Fig. 4 demonstrates that the proposed batch cell can be used
in conjunction with good proportional gas counting systems for
investigations involving waters of very low tritium concen-
tration, such as ocean or geothermal waters.

Design features of new cell
A concentrically-designed cell offers a high ratio of

electrode area to sample volume; the concentric design with

three electrodes used by Gugelmann et al. (1977) increases
the area still further. By breaking the electrical contact
between the two cathodes, the cell is divided into two
separate cells; the current flows through two paths (anode -
outer cathode and anode-inner cathode), and the relative
magnitudes of the two currents can be controlled by the
dimensions of the electrodes and positioning of teflon
insulating pieces. The inner electrode can then be used as a
sensing electrode to initiate shut-off of the cell before the

114



10

- c r ( T 0 ) / T 0

î
1 - 0

0 - 1

0 -01 i i i
0-1

Fig
1-0 10 10
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(6) good liquid scintil lation counter, (7) optimum scintillation
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proportional counter.

electrolyte current drops below any electrode. This cell is
compared schematically with the IAEA-type and Gugelmann-type
in Fig. 3.

Fig. 5 shows a cross-section of the foot of the cell.
The three electrodes have the following inner and outer
diameters: outer cathode, 60.7, 63.5 mm; anode 48.6, 51.0 mm;
inner cathode, 35.6, 38.0 mm. The cathodes are of mild steel
and the anode is AISI type 304 austenitic steel. The inner
electrodes are positioned securely at the top of the cell.
The bottom piece of the cell is machined out of mild steel in a
concentric and conical form which restricts the cross section
as the sample nears its final volume, and is arc-welded to
the bottom end of the outer cathode. Further space restriction
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Fig. 5. Arrangement of electrodes and
insulating spacer at bottom of
cell.

is provided by the teflon insulator, which fits snugly over
the bottom cone and acts as the controlling element for cell
shut-off. At shut-off volume, the sample depth is slightly
more than 1 cm. The bottom of the anode is positioned in a
groove of the spacer whose inner rim is higher than its outer
rim. For the first part of electrolysis, the cells are
connected in series until the sample volumes are ca. 20 ml;
at this point each cell is connected to an individual control
circuit which supplies a constant current of 2A. This current
divides between inner and outer cells in a ratio of about
1:4, determined by the electrolyte resistances in combination
with external circuit resistors. As the sample nears its
final volume, the level approaches the inner rim of the teflon
element; a sharp increase of the inner cell resistance occurs,
which produces a corresponding drop in the fraction of the
total current passing through the inner compartment. This
change causes a voltage drop in a sensing resistor in series
with the inner cathode, initiating electronic shut-off of the
cell. Fig. 6 shows typical behaviour of inner cell current
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as volume decreases. This behaviour was understood after
constructing a small open-topped duplicate of the cell bottom.
The oscillations commence when a distinct break occurs in the
electrolyte on the inner rim of the teflon insulator.
Thereafter, the electrolyte tends to wander slowly back and
forward across this rim before a final break occurs and the
inner cell current settles to about 5% of total current.
Shut-off threshold was fixed at 10% of total current. Various
arrangements were tried (flat, pointed, sloping and curved
inner insulator rims) to determine the most reproducible
behaviour> which was that with a gently curved rim as shown
in Fig. 5; the final shut-off volume depends critically on the
height of this rim; the recommended procedure is to start with
a slightly high rim, and then to machine it down gradually
between runs until shut-off occurs between 8.5 and 9.0 ml.
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This method therefore offers reliable shut-off control. It
adds extra electronic units to the enrichment system, including
power supplies to provide the constant current, and individual
control circuit boards for each cell.

To aid circulation of electrolyte at the end of electrolysis,
six equally spaced drainage holes of diameter 3 mm are drilled
inwards and upwards at 45° through the PTFE insulator,
connecting the electrolyte at the bottom of the cell to that
inside the inner rim of the teflon insulator.

The inner electrodes each have 36 symmetrically placed
holes of diameter 5 mm, to promote circulation during the
earlier stage of electrolysis.

The original arrangement of electrodes and insulators at
the top of the cell is shown in a %-cross section in Fig. 7.
The top end of the outer cathode is fitted (easyflow solder)
into a brass sleeve which is threaded on its outer surface;
the top ends of anode and inner cathode are soft soldered to
flat brass collars. The electrodes are positioned and
insulated by flat teflon spacing rings. The mating surfaces
of the brass collars have ridged rings (1.5 mm width, 0.5 mm
height) which are forced down on the teflon surface when a
brass locking ring is screwed down over the threaded brass
sleeve of the outer cathode; this method requires four perfect
metal-teflon joins to hold vacuum for the neutralisation/
distillation procedure following enrichment. In practice,
this sealing method has not proved 1001 satisfactory; usually
one or two cells in the set of 20 fail to hold adequate
vacuum on the distillation line; the main cause is the
difficulty of keeping the metal and teflon mating surfaces
completely clean and free of scratches.

A design modification is now being undertaken to correct
this problem (Fig. 8). The metal and teflon surfaces will
mate exactly to position the electrodes, and the vacuum mating
surface will be provided by the compression of four silicone
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O-rings held in grooves on the lower surface of each mating
pair; this requires alteration of the dimensions of the anode
collar and its adjacent PTFE pieces.

Electrical contact to the anode is made by a lug mounted
into the anode collar, protruding through the overlying layers
to the upper surface, and electrically insulated from the
upper cathode by a thin teflon collar. A similar lug is
attached to the collar of the inner cathode, protruding through
the overlying insulator. Electrical contact to the outer
cathode is by means of a lug mounted on the locking ring.
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The cells sit in holes in a wooden board over the cooling
bath (Tig- 9); each cell is situated within a PVC jacket
containing anti-freeze solution, which provides the necessary
electrical insulation. Up to 20W per cell can be adequately
dissipated to the external cooling bath. The outer cell
surface is coated with a tar-based paint to protect the mild
steel from rusting.

A protective arrangement is required to prevent
condensation of atmospheric vapour on the cold upper surfaces
of the cell. This is provided by a PVC cylinder with a
perspex cover, through which the gas outlet tube and electrical
connections are led. The condensation problem is the reason
for the large PTFE insulator between the locking ring and the
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inner cathode collar, which prevents any possibility of short-
circuit between the two cathodes during the final stage of
electrolysis. As a final precaution, a small glass vial
containing silica gel is placed on top of the cell; this is
exchanged by a regenerated vial every few days as necessary.

The hydrogen-oxygen mixture is led by a silicone rubber
tube to individual glass bubblers containing silicone oil, and
thence by silicone rubber tubing to the outlet vent of the
fume cupboard in which the whole equipment (cells, cooling
bath, electronic units) is situated. The cooling bath is large
enough to accommodate two 20-cell sets. It has 1.5 kW cooling
capacity; the anti-freeze/water mixture is circulated by an
external pump through piping in the bath designed to promote
mixing.

The silicone oil bubblers serve two functions. Firstly,
they are a useful indication of gas flow (is cell tight?, is
current passing?); secondly, coupled with their long, silicone
rubber outlet tubes, they effectively prevent any back-
diffusion of atmospheric vapour to the cell when current is
not flowing. Between electrolysis runs the bubblers can be
dried in an oven; silicone rubber is chosen because it retains
essentially no water, but, as a further precaution against
cross-contamination of samples, the short tubes adjacent to the
cell can also be dried in a low-temperature oven between runs.

Sample preparation procedure
Samples are prepared in batches of 16; the remaining four

cells include three spike waters, and a blank water (ca. O TU)
as a routine contamination check.

1.5 g Analar-grade Na202 aliquots are weighed into
125 ml capped conical flasks, and are then mixed with a little
of the pre-distilled sample water; the solution is transferred
to a 1-litre Nalgene standard flask and the conical flask rinsed
twice with the sample water into the Nalgene flask. The
standard flasks are then filled almost to the mark. With
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care, a minimum of bubbles adhere to the inside of the flask,
and these are freed by gentle tapping; the 1-2. flasks are then
topped up exactly to the mark with a little more sample water
transferred by a 5 ml syringe (a set of 18 clean, dry syringes
is required) . Careful pouring from the l-£ flasks ensures
that 996.3 ± 0.3 g of NaOH solution is transferred to the cell,
making weighing unnecessary. The cell is then fully
assembled and capped until all cells are filled. The cells
are then transferred to the cooling bath, and immediately
fitted with protective caps, electrical and gas flow connections,
etc.

Electrolysis timetable
The cells are designed to operate on a two-week cycle.

The following timetable options are available. Option 1:
day 1, prepare samples and switch on series current; day 12,
switch cells over to shut-off control circuits; day 13,
electrolysis completed, perform neutralisation and vacuum
distillation; day 14, clean and dry cells, all maintenance
procedures. Option 2: day 1, prepare samples and switch on
series current; day 11, switch cells over to shut-off control
circuits; day 12, electrolysis completed, perform neutrali-
sation and vacuum distillation; days 13, 14, clean and dry
cells, all maintenance procedures. Option 1 is more
satisfactory in allowing more time for the initial series-
connected stage of electrolysis, but it allows only one day
to accomplish all cleaning-up and maintenance procedures, which
are difficult to perform if only one technician is available.
Option 2 allows a day to catch up if power failures occur.
Suggested timetables for the two options are given in Table 2.
Both of these avoid handling at weekends, but a routine check
of Option 2 sometime during the final weekend is recommended.
(On week days, current and other settings must be checked
routinely at beginning and end of each day; appropriate small
current adjustments can be made as desired to compensate for
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small departures from the planned timetable.) The total
ampere-hour product required to reduce to 20 ml will become
apparent with experience but should be about 2899 A-H. At
completion of the series-connected stage the sample volumes
may vary between 15 and 25 ml, depending on vapour and spray
loss variations between individual cells. The most critical
stage of the whole procedure is the stage at low current,
which completes the electrolysis in series connection to
ca. 20 ml; this stage must not be run too low in volume.

For Option 2, it is suggested that the samples should be
prepared in the 1-J, Nalgene flasks some days in advance,
which allows switch-on of current as early as possible on
the Friday.

Electronic control
In series connection, current up to ISA is supplied by a

Kepco supply (Type JQE-75/15), operating in constant current
mode,and the two cathodes are electrically connected. The
current is monitored by a digital voltmeter across the
controlling standard resistor {0.0330 ohm) of the Kepco supply.
A control module offers the following features: current shut-
off after pre-selected current flow time; thermostatic
control to shut-down and switch in current if cooling bath
rises above 6°C (normal operating temperature 0-1°C);
indication of lapsed time and time that current has passed,
allowing estimation of (amp. x hr) lost due to power failures
or thermostat shut-down^

The shut-off control circuits incorporate individual
timers indicating the shut-off time of each cell to allow
calculation of the (amp x hr) product for this final stage
of the enrichment.

A full description of the electronic units will be
postponed to a later report.
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Table 2. Suggested timetable for electrolysis

Option Day, time

1 Friday,
Friday,
Friday,
Monday,

Tuesday

Tuesday
Wednes .

2 Friday,
Friday,
Friday,

Monday,

Monday,
Tuesday

13.00
16.00
16.00
08.30

, 08.30

, 09.30
, 08.00

10.00
16.00
16.30

08.30

09.30
,08.00

Elapsed hours

0
3

171
235.5

239.5

0
ca.17.5

0
6

174.5

238.5

0
ca.17.5

Elapsed amp-
hours
0
30

2382
2765

2899.3

0
ca. 34.2

0
60

2503.3

2899.3

0
ca. 34.2

Approx. sample
volume remaining

996.2
986.1
194.2
63.9

20.0

20.0
8.5-9.0

99.6.2
976.0
153.4

ca. 20.0

20.0
8.5-9.0

New current
setting (amp)
10.00
14.00
6.00

ca.5.43

2.0
0

10.00
14.5
6.19

2.0
0

Comment
Switch on
Increase to full current

Adjust current after
weighing one cell to
determine amount of sample
remaining
Cells switched over to
individual circuits boards
for shut-off control

All cells completed

Switch on
Increase to full current
Set current after weighing
one cell to determine
amount of sample remaining
Cells switched over to
individual circuit boards for
shut-off control

All cells completed
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Electrolyte neutralisation and vacuum distillation
Neutralisation by CO- gas is the only appropriate in

situ method, and has proved to be satisfactory with these cells.
A schematic design of the neutralisation/distillation system
is shown in Fig. 10. (Only one cell is shown; the parts of
the system inside the dashed line are repeated 20 times in
the actual system.) The cells are first evacuated with the
cold trap in position to prevent the removal of water vapour.
CO2 gas is then admitted to all cells simultaneously and as
quickly as possible until the pressure on the vacuum gauge
equals that required to accomplish the neutralisation reaction

ZNaOH + C0 (6)

At this point, the fast uptake by the electrolyte has
already ensured that excess C02 has been added; when equilibrium
is reached after 20-30 min, the net reaction is

(2+x) NaOH yC02
(7)
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When the cell is again pumped, continual removal of CO-
from the solution promotes the reaction

xNaHC03 -v | Na2C03 + | C02 + | H20 (8)

which means that Eqn (6) is the final net reaction, and all
hydrogen is in the water form. After adequate vacuum is
reached, the cells are isolated from the pumping line and
distillation is commenced by raising the oven temperature,
and replacing the cold trap with warm water. The receiving
vials are of brass, and are partially immersed in a water/ice
bath at 0°C. (Polyethylene vials were tested for this purpose,
but heat conduction through the wall was not sufficient to
prevent the vial from warming appreciably due to the latent
heat of condensation, thereby causing condensation in the
connecting tube to the cold trap. Glass could be used for
visual convenience, but was considered too fragile.)

An essential feature of the distillation line is the
incorporation of a capillary tube at the top of the cell
within the oven. The dimensions (£ = 5 cm, r = 0.457 mm) are
chosen so that at least 95% of the total vapour pressure drop
occurs at the oven temperature; this ensures that no conden-
sation of vapour occurs until the vapour encounters the cold
surface at the bottom of the receiving vial. Back-diffusion
of the water from the freezing traps takes place at a
satisfactory rate if the traps are raised to ca. 40°C; it is
very important for this part of the distillation that the
temperature of the receiving vial should be as close to 0°C as
possible. It had originally been expected that the amount of
water trapped during pumping would be less than 1 g, but in
practice 1?2 g is trapped; with the present arrangement, back
distillation of this quantity in adequate time requires
warming of the cold trap above room temperature.

The total time for the procedure is made up as follows:
connecting cells 30 min.; checking approximate tightness of
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cells by opening each cell in turn to evacuated C0_ manifold
and observing vacuum gauge, 15 min.; initial pump down, 20 min.;
CO, filling, 5 min.; neutralisation, 30 min.; check of
residual C02 pressure and vacuum by opening each cell in turn
to evacuated CO- manifold IS min.; pumping away C0_, 20 min.;
distillation 120 min.; total time = 255 min.

The oven is heated by two l kW elements mounted
horizontally at the bottom. The cells sit vertically on steel
bars protected from direct heating by underlying sheets of
insulating material. The heat rises through the oven through
the gaps between the steel bars. The top of the oven is
closed by insulating sheets, an asbestos cloth to cover the
gaps, and a metal sheet on top to discourage air intake. A
thermostat is set to 110°C, just above the temperature at which
sodium carbonate loses its last water of crystallisation.

Copper tubing was used for the connections between the
cell and pumping manifold. This proved very awkAvard, as
coupling in and tightening the connections to the heavy cells
put too much strain on the joints a-t the receiving vial; it
was impossible to position the cold traps tightly together,
and there is too much heat conduction to the tops of the
receiving vials; to remove these problems, sections of the
connecting lines are being replaced with flexible PTFE tubing,
connected to the copper tubing by Swagelok couplings. (Other
flexible materials are unsuitable for our purpose because of
water retention or insufficient strength for vacuum
application.

Test runs of the system have indicated that the method
provides 100% recovery of hydrogen in the form of distilled
water. After weighing in the brass vials, the water is
transferred to plastic vials for storage until required for
counting.
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Associated equipment
A large amount of associated equipment and gadgetry is

required for the smooth operation of such an enrichment
system. Additional to items already mentioned, the following
items have been constructed or purchased: a trolley for moving
the cells around the laboratory, equipped with a drainage tray
to catch cooling liquid after removal of cells from bath; a
cupboard for interim storage of anodes and inner cathodes; a
drainage tray for drying the outer cell jacket after washing;
a washing machine for thorough washing of electrodes after
preliminary rinsing; accurate laboratory balances in various
ranges; drainage trays for laboratory ware; mounting rack for
electronic controls; electrical connection boards and cables
for cells; outdoor-mounted cooling unit for cooling bath; fume
cupboard with extractor fan for venting cell off-gases;
drying ovens; ducting for silicone tubes carrying off-gas to
extractor fan vent; a vice with rubber jaws for holding cell
when tightening locking ring; containers for interim storage
of PTFE insulators; a large stock of plastic bottles;
dessicator cupboard for storage of Na^Oo» tra7s» cupboards and
drawers; a large wash-basin with hot water and distilled water
tank; spare stock of all items and parts used in routine
sample handling; mounting rack for gas bubblers and tray for
oven drying; evaporation-free, rust-proof drums for storage
of spike and tritium-free waters.

Present status of development
The cells have been tested and run repeatedly in the

cooling bath using the series connection supply. With
starting electrolyte concentration 1.5 g Na20_ per litre of
water, the electrolyte resistance is ca. 0.08 ohm, and does
not change much during the run; the resistance is the parallel
combination of inner and outer cell compartments. Power
dissipation at maximum current is about 16W per cell. Lower
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starting electrolyte concentration would produce unacceptably
high power dissipation at maximum current.

The method for electrolyte neutralisation and vacuum
distillation has been satisfactorily tested.

Modifications to the cells are being incorporated to
ensure freedom from air leakage during vacuum distillation; the
vacuum distillation system is being modified to provide
flexible connecting tubes.

The system is ready to go into routine operation when
the electronic units for shut-off control have been finally
assembled.

With volume reduction from 1 £ to (8.5-9.0) ml, tritium
enrichment factors of 80-85 should be obtained, which are
better than the factor 75 used in systems 6-9 of Table 1.

Appendix
Pre-distillation of samples

Pre-distillation of all samples must be undertaken to
ensure freedom from dissolved impurities which may cause
corrosion of cell electrodes. Fig. 11 shows a. distillation
system with features designed for robustness and ease of
operation. A Kjehldal-type heater holds five 2-litre spherical
distillation flasks (1050 g of sample is added to provide
sufficient excess for preparation of 1 £ of electrolyte),
T.bove 400W, cup-shaped heating elements mounted in an insulated
cabinet of stainless steel. The sample is introduced through
the top opening which is then sealed with a PTFE and 0-ring
stopper. Boiling beads and a spray catcher are used to avoid
entrainment of spray. In place of the usual glass condenser
is a silicone rubber tube (internal dianu 9.5 nun) which connects
to a downward-slanting steam outlet on the distillation flask,
leading the steam directly to the receiving vessel, which is a
2-Si rectangular Nalgene bottle whose cap has been modified to
pass a stainless-steel inlet tube. All five Nalgene bottles
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are mounted in a water bath with tap water flowing through at
ca. 15°C. Stainless steel capillary tube is fitted to the
lids of the receiving bottles to vent excess pressure to
outside air without back flow of atmospheric vapour to the
sample. Distillation is complete after ca. 6 hours.

The advantage of this arrangement, apart from robustness,
is that the connecting tube and cap fittings can be quickly
disconnected and dried in an oven. Draining and drying of
spherical flasks at room temperature takes two nights;
therefore, if 10 flasks and receiving bottles are used, the
distillation unit can be operated every day if required.
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Fig. 11. Schematic drawing of pre-
d i s t i l l a t i on un i t w i t h 5-sample
capab i l i ty .

As a precaution against sample mix-ups, slightly different
amounts are weighed into each distillation flask, and the
recovered quantities are checked before transfer to 1.1 £,
plastic storage bottles to await electrolytic enrichment.

The quality of the distilled water is checked by a small
conductivity probe. Note that the conductivity test only
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guarantees the freedom of the sample from dissolved ions; it
does not indicate the presence of traces of organic liquids
which may corrode the anode, e.g., traces of alcohol are known
to produce catastrophic anode corrosion. It has been noted,
however, that the presence of organic liquids is often clearly
demonstrated by unusually high gas evolution rate when the
Na^O- is mixed with the sample; samples exhibiting this
effect should not be electrolysed.
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TRITIUM ELECTROLYTIC ENRICHMENT
USING METAL CELLS

T. FLORKOWSKI
International Atomic Energy Agency,
Vienna, Austria

1. Introduction
Electrolytic enrichment of tritium in water samples in metal cells

is used in the IAEA Tritium Laboratory since 16 years. One set of cells
consists of 20 (or 24) cells. Enrichment factor of individual run is
measured in two or three spiked cells and "enrichment parameter" is
calculated for spiked cells. The mean "enrichment parameter" (P) is then
assumed to be valid for all cells in the run. The error of enrichment
parameter is calculated as standard deviation of enrichment parameters
of all spiked cells during a period of time, usually six months. Results
of reproducibility of enrichment parameters for cells are reported in
the first part of the paper.

In the later part of the paper experience with a new set of 24
cells with the initial volume of water of 500 ml is described.

2. Enrichment parameter, P
Enrichment parameter, introduced by C.B. Taylor []l] to the routine control

of enrichment procedure in the IAEA Tritium Laboratory is defined as:

P _gjjlj4£ (Wo-H) fai Z
Ah fc, JË

**• W
where

Ah - number of amper-hours during the run
2,97545 - number of amper-hours necessary for electrolyse of l g of water
Wo - initial mass of water (g)
W - final mass of water
Z - enrichment factor for tritium (EP)
In absence of evaporation the factor

is equal to one. Because of a certain evaporation during electrolysis this
factor is lower than one thus introducing a correction for evaporation and
making P independent from the total number of amper-hours during the run.

Spiked cells (three or two) are rotated through all 20 cells thus
each cell is "spiked" every few weeks. Reproducibility of P can be
calculated as standard deviation from the mean value. Table 1 shows
mean P and a for all cells for last 100 runs. It was observed that
no trend in improving of enrichment parameter of old cells run for one
year exists.

However, in the case the cell has been partly damaged by posting and
an acid treatment is necessary. Such a case happened twice during last
two years. The cell after acid treatment indicates a low enrichment para-
meter which increases rapidly back to the normal value, however, up to
20 runs is needed for the full recovery (Pig. l).
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Routine tests of the system
In the routinely working laboratory where thousands of samples are

measured per year various tests of reproducibility of results are necessary.
In the IAEA Tritium Laboratory following routine tests are carried out:

a) spiked samples in electrolysis runs
b) blank samples (one in each run)
c) "Standard B" sample (one in each run, measured by

Gas or by Scintillation counting
Result of blank sample tests

"Dead" water from Grafendorf (Austria) is used for routine blank checks.
This water was, however, measured by many laboratories as sample A in
the last inter laboratory comparison and its tritium concentration has
been established as 0,1? + 0,03 T.Ü.

Table 2 summarizes the blank mean values together with their sigmas
for the last few years.

Table 3 shows the values of "Stand. B" as measured by LSC and Gas
counting. Blank values have not been subtracted. The "true" value of
"Stand. B" as measured in the last intercomparison is 8,5 +, 0,1 T.U.
Enrichment error in "small cells"

For routine operation a standard deviation of mean enrichment
parameter (taken for two or three spiked cells in each run) is calculated
as sigma of all spiked cells during the period of about last six months.

Those values vary between 0,45 sma. 0,65 yielding the percent error
of enrichment factor between 1,35$ and 1,95$. This error is taken for
calculation of final tritium cveaaentration.
Big cells

A set of 24 cells of 500 ml initial volume has been introduced to
the routine work. Construction of "the cell is the same as 250 ml cell
except its larger lenght. Mass reduction from 500 g to 12 g and enrichment
factor up to 35 are possible. Cells have been conditioned with no
phosphating in three blank runs and then in seven spiked runs.

Figure 2a shows the mean enrichment parameter P of all cells in the
first seven spiked runs. In the next five runs four to six spiked cells
have been used for procedure control. Figure 2b shows how the standard
deviation of enrichment parameter decreased with time.

The percent error of enrichment factor, as measured in spiked runs, decreased
from 11$ to about 3 % (in seven runs). It is expected that further improvement
of enrichment parameter shall go together with decrease of enrichment factor
error. Values of ß now about 25 should approach those existing in small
cells and eçual to 33«

1. C.B. Taylor, Proc. of the Intern. Conf. on Low Radioactivity
Measurements and Applications, High Tatras, Bratislava 1977»
p. 131.
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T a b l e 1

Enrichment parameter of IAEA cells
(100 runs - 2 years of operation)

Oeil No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

0,970
0,970
0,974
0,974
0,971
0,974
0,969
0,971
0,970
0,968
0,971
0,975
0,969
0,970
0,969
0,967
0,970
0,972
0,974
0,970

0,76
0,70
0,60
0,57
0,52
0,63
0,53
0,60
0,69
0,58
0,65
0,85
0,56
0,65
0,68
0,57
0,47
0,63
0,87
0,70

T a Ta 1 e 2

Year

1975
1976
1977
1978

Tritium Content
T.U.

0,33
0,26
0,20
0,19

1979 0,22
(first half)

Sigma
T.U.

0,37
0,21
0,28
0,27
0,29

After substraction of true value
Tritium Content Sigma

T.U. T.U.

0,16 0,37
0,09 0,21
0,03 0,28
0,02 0,27
0,05 0,29
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T a b l e

ReproduciMlity of "Standard B"

Year

1978
1979(first I

No. of
samples

6
4

*lf)
Total 10

Lj« o» C •

Tritium Content
T. U.

8,72
8,00

8,43

Sigma
T.U.

0,74
0,89

0,84

Gas Counting
No. of
samples

6
5

11

Tritium Content
T.ü.

8,34
7,84

8,12

Sigma
T.U.

0,68
0,21

0,56

0.970 -

0.960 -

0.950 -

0.940 -

0.930 H

0.920 -

0.910-

Cell 11

0

0.900 —i—i—i—i—i—IT i i
1 3 5 7 9 11 13 1517 19

Cell 13

l l l l l l I I I
1 3 5 7 9 11 13 15 17

Cell 14

i i i i i i i i i
1 3 5 7 9 11 13 15 17 Run

FIG.1. Recovery of cells. 136



0.95 -

0.90 -

0.85 -

2.0-

a.
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e •

i
12

i
2

i
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FIG.2. Improvement of "big cells". P is the mean enrichment parameter, ap — standard deviation for single cell.
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ELECTROCHEMICAL STABILITY AND DESIGN CRITERIA
IN BATCH CELL ELECTROLYTIC ENRICHMENT OF
TRITIUM USING STAINLESS STEEL ANODES AND
MILD STEEL CATHODES IN NaOH ELECTROLYTE

C.B. TAYLOR
Institute of Nuclear Sciences,
Dept. of Scientific and Industrial Research,
Lower Hutt, New Zealand

Abstract

This investigation establishes criteria for operational
stability and design of batch electrolytic tritium enrichment
cells operating over a large range of volume reduction using
stainless steel anodes and mild steel cathodes in NaOH
electrolyte. The electrochemical behaviour of cells operating
with low electrolyte concentration is discussed; experiments
confirm that corrosion occurs under conditions which allow
the onset of anode concentration polarisation at low currents.
At the high current values prevailing in routine enrichment
cells, the self-stirring action of gas release inhibits anode
concentration polarisation; in this situation the lowest
limit of electrolyte concentration is determined by the
allowable heat dissipation at the desired operating current.
But careful electrode design is required to avoid electro-
chemical instability at the lower currents which are applied
as the sample nears its final size.

Purpose of this study
This paper examines the electrochemical behaviour of

stainless steel-mild steel anode-cathode pairs in NaOH
electrolyte, to determine design criteria for stable operation
of batch tritium enrichment cells employing this electrode
combination with large volume reductions.

Electrolytic enrichment is required in the majority of
cases before adequate count rates can be attained for the
measurement of tritium concentrations in environmental waters.
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The batch cell is the simplest and' most efficient cell type
for this purpose (Taylor, 1977); it continuously reduces the
sample from an initial to a final volume, with consequent
continuous increase of electrolyte concentration. Total volume
reduction (and therefore also the amount of tritium enrichment)
is limited by the workable range of concentration within which
such problems as electrolyte saturation, excessive resistive
heating and electrode corrosion do not routinely occur. For
many years, volume reduction by a factor 20-30 was typically
used in most laboratories using this technique: recently it
has become apparent that greater volume reductions are possible
in cells whose electrode surface areas are increased to allow
operation with much lower electrolyte concentration in the
early stages of the electrolysis. In this laboratory, volume
reduction factors greater than 100 have been achieved using
dissociation currents up to ISA (ca. 5 g water dissociated per
hour); up till now the approach to cell design has been largely
empirical, and this situation is probably typical for many
other laboratories. Very little attempt has apparently been
made to study the electrochemical behaviour of such enrichment
cells, and to use the resulting information to establish
design criteria which guarantee stability of performance over
a high range of volume reduction. This is the purpose of the
present study. Its justification lies in the need for
laboratories to achieve adequate detection sensitivity in the
present declining situation of tritium concentrations in
natural waters.

Materials used for tritium enrichment cells and test cells
in this study

Mild steel has been widely adopted as the most efficient,
non-expensive metal for cathodic separation of hydrogen
isotopes (Taylor, 1978). A catalytic surface layer is developed
after several weeks of use; alternatively,many laboratories use
a phosphate pickling method (Zutshi and Sas-Hubicki, 1966) to
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produce a dull-grey surface exhibiting equally good isotope
separation. A disadvantage of the phosphated surface may be
the presence of exchangeable water on the surface layer
(Lorin, 1974) which will exchange with the water sample; this
possibility has deterred use of the phosphate-pickling method
at this laboratory. An initially clean mild steel surface
develops a dull-grey layer with use; at the same time the
tritium separation efficiency improves slowly throughout use,
provided handling between electrolyses is restricted to a
warm water rinse. The apparent disadvantage of traces of
surface rust during drying is not reflected in any deterioration
of separation efficiency. As it turns out, the choice of
cathode material has very little relevance to the general
electrochemical behaviour of the cell, except in slight
changes in the Tafel parameters (equation 5). Reducing
conditions prevail at the cathode; this ensures that cathode
corrosion does not occur during current flow. The choice of
mild steel in this investigation is made only because of its
high efficiency for tritium enrichment, and is unrelated to
the corrosion problem. In contrast, the anode plays only an
indirect role in the isotope separation, but its stability
against corrosion must be maintained within the range of
operating conditions. The stability of most anode metals
depends on the phenomenon of passivity; the thermodynamic
tendency for anode dissolution is offset by the formation of
oxide layers which are stable up to quite high values of
anode over-voltage. Austenitic stainless steels have excellent
corrosion resistance and have been successfully routinely used
in several enrichment cell types in this laboratory. AlSI-type
304 has been used in this investigation (C = 0.08% max.;
Mn = 2.0% max.; P = 0.045% max.; S = 0.03% max.; Si = 1.0%
max.; Cr = 18-20%; Ni = 8-12%).

NaOH is most commonly used as electrolyte due to its
high electrical conductivity and low cost (some laboratories
dissolve Na?0_ in the sample water; others add an aliquot

141



of NaOH dissolved in tritium-free water). In this investi-
gation, analar-grade NaOH pellets were dissolved in distilled
water; the only other materials used in the electrochemical
experiments have been glass and teflon, thereby ensuring that
no poisoning of the electrolyte could occur which might
promote premature anode corrosion.

Potentials Developed Across Electrolytic Ceil
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Fig. 1.

Electrochemical behaviour of cell
For the purposes of the following discussion, an

electrolytic cell may be divided into five compartments,
across each of which an electrical potential may be developed
These are depicted schematically in Fig. 1. Proceeding from
anode to cathode, these compartments and the corresponding
potentials are -
1. Anode-electrolyte interface, occupying negligible volume

VA - VOA * "A
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where V. = potential acros.s interface
VQ.= potential across interface at equilibrium

(zero net current flow) and unit electrolyte activity
n. = anode-electrolyte over-voltage developed

under non-equilibrium conditions of current
flow imposed by an applied voltage.

2. Concentration polarisation layer adjacent to anode, which
develops if the rate of transport of OH" ions from the
bulk electrolyte (due to ion migration, diffusion and
convection) cannot easily keep pace with the removal of
OH ions by the net anode reaction

40H" ->-2H20 + 02 + 4e (2)
This polarisation layer is quite narrow, usually less
than Û.5 mm, depending on stirring action.

3. The bulk electrolyte, occupying the space between anode
and cathode: the potential drop is purely resistive
and produces heat.

4. A concentration polarisation layer close to the cathode.
In the present study this layer does not develop because
the reacting constituent is water, which exists at
uniform high activity in the vicinity of the cathode
surface to fuel the net reaction

2H20 + 2e •*• H2 + 20H~ (3)
5. The electrolyte-cathode interface, occupying negligible

volume
vc = voc + *c (4)

where the symbols have the same meaning for the cathode
as the equivalent symbols in (1).

Cathode over-voltage, n„————— -—— ' '——""•*•———.— * ' C

The cathode may be expected to behave as a non-ideal
hydrogen electrode, with the over-voltage following a Tafel
relationship

nc = ac + bc log *c
where i is the current density in Amperes per geometrical
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_2surface area (A cm ), and a , b are constants, b is about
0.1.A 10-fold increase of current therefore increases n by
about 30 mV; any procedure to measure change of n must be
able to record such small voltage changes with reasonable
accuracy.

Anode over-voltage, ru
At low current flow, the anode over-voltage ru may also

be expected to exhibit a Tafel relationship typical of a non-
ideal oxygen electrode, viz.

nA = aA + b. l°g ÎA (6)J\ J\ f\ J\.

where the symbols have similar meaning to those for the
cathode (equation 5).

According to Erdey-Gruz (1972), the Tafel relationship
shows a break in gradient in alkaline solution, being ca.
2.3RT/F = 0.055 (R = gas constant, T = absolute temperature,
F = Faraday constant) at current densities lower than 10 A cm ,
and double that value at higher current densities. In routine
enrichment cells, the current densities are invariably

A *)greater than 10~ A cm" , so the latter conditions prevail.
This means that nA, like nc, changes very slowly with increase
in current; it seems unlikely that a stable, passive layer
can be destroyed by increase of n. within a practicable range
of current variation for an enrichment cell.

Anodic concentration over-voltage
Over-voltage due to concentration polarisation at the

anode is assigned the symbol n/T- The thermodynamic expression
for the potential drop across the anode-electrolyte interface
at zero current is

VA = VOA + TT ln co
where c is the bulk activity of the electrolyte, and
V„A is the potential at unit electrolyte activity. If the
current is increased until concentration polarisation
becomes measurable, the ion concentration at the interface
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drops, providing a new relationship
PT

VA = VOA + ¥ ln c
which gives the following relation ship for ru

r
 A

RT In o^A = -r -r
where c is the reduced ion activity at the anode-
electrolyte interface. A 10-fold concentration decrease would
yield ru = 55 mV; put alternatively, the applied voltage must
be increased by 55 mV to maintain the net current at its
original value.

As concentration polarisation increases, a situation is
reached where the current cannot be increased indefinitely
by applying more voltage; a limiting current density i, is
reached

DF c

2 -1where D is the diffusion coefficient of the anion (cm sec ) ,
t is the transport number (in this case t = 0.8), and ô is
the thickness of the diffusion layer. D is given approxi-
mately by RTu/F, where u is the ionic mobility, which may be
taken to be ca. 1.5 x 10 cm sec volt close to 0°C; this

_ c ? -1yields D = 3.53 x 10 cm sec . Setting 6 = 0.05 cm for
unstirred, and 0,001 cm for stirred electrolyte suggests the
following relationships for i, at the anode

iT = 3.4 x 10 c for unstirred solutions (HA)L» O

iT = 1.7 x 104 c for stirred solutions (HB)li O
At NaOH concentration of l g l , the above limits

-3 -1 -2would be 8.5 x 10 and 4.25 x 10 A cm . Because the
electrolysis of water releases gas at both electrodes, there
is always some self -stirring capability, increasing with
current and decreasing with electrode separation. It is
therefore difficult to predict in advance when concentration
polarisation sets in.

When anodic concentration polarisation sets in, the
apparent resistance of the cell is greatly increased,
reflected in a sudden steepening of the Tafel plot; small

145



changes o£ current can only be achieved if relatively large
over-voltage is applied. This would eventually lead to a
situation where the over-voltage required to destroy

z *t*passivity and initiate a corrosion reaction M -*• M + ze
will be exceeded.

It should be realised that the onset of concentration
polarisation also affects the activation potential n.» because
n. depends on the ion concentration at the outer boundary of
the Helmholtz plane, which is effectively the inner edge of
the concentration polarisation layer. Therefore the total
change of over-voltage is not given by (9) alone, but
incorporates also a change in r\*.

Resistive heating of the electrolyte
The allowable amount of heat dissipation in a cell is

related to
(a) the heat which can be effectively transferred from the

cell to a surrounding cooling bath;
(b) the number of cells which can be operated within the

total cooling capacity of the bath.
In a typical large electrolysis cell, the heat dissipated

at ISA with 0.1 ohm electrolyte resistance would be 22.5W.
A s-et of 20 cells would dissipate 450W. It turns ont that
these are reasonable values to conform to both (a) and (b)
above.

The effective removal of resistive heat is a crucial
factor in the design of test cells to investigate the behav-
iour of nA, nt, and n with increase of current. ExperimentsA A C
must be conducted under isothermal conditions. Electrolyte
resistance changes by about 21 per °C below 20°C. For example,
at current I = 1A, resistance R = 0.1 ohm, a rise in
temperature of 1°C changes the voltage across the electrolyte
by 2 mV, which is already similar in magnitude to the changes
to be recorded in the over-voltages.
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The6ry of method for measurement of changes in anode and
cathode o v e r - v o l t a g e s >

If a high resistance reference electrode is connected via
a glass capillary probe to a position in the electrolyte
between anode and cathode (Fig. 2) , the total voltage across
the cell (VA-Vf,) ^s split into two measurable components, viz.

VVP = VoA + "A + "A + f RI <12A>
and Vp-Vc = (1-f) RI + VOG + nc (12B)
where Vp is the probe voltage, 0 < f < 1 depends on the
position of the probe. If f can be set accurately to the
value 0.5, the changes recorded in these voltage components
following increase of current AI are given by

A(W = A(nA + nA) + °'5 R AI (13A)

A(Vp-Vc) = Anc + 0.5 R AI (13B)
R can be measured by moving the position of the probe

between anode and cathode at fixed low current. Equations
13A and 13B therefore provide a method of following isothermal
changes in over-voltage at anode and cathode.

Accuracy of over-voltage measurements
Accurate siting of the probe demands that anode and

cathode are separated by a few cm at least. Preliminary
measurements indicated that the most stable conditions
resulted in about 2 mV noise in the measured voltages (vA-Vp)
and (Vp-Vp). The siting of the probe could be achieved with
accuracy typically ±2 mV within a voltage drop of order (0.5-
1.0) V. R was measurable to about 0.5%. While the noise in
individual measurements affects the positions of individual
over-voltage values in the resulting Tafel plot, the
inaccuracy of R produces error in the slope dn/d (log i).
The error in 0.5RI would be as large as 25 mV at I = 1A.
If this has been compounded over the range I = 0.05 to l.OA,
the corresponding error in a normal Tafel slope of ca. 0.15
would be about 15%. . One may therefore expect errors of this
magnitude, but gross changes in Tafel slope and instabilities
in the over-voltages should be readily apparent.
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Method of Measuring Changes in Qvervoi tages
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Design features of test cell

The electrolyte resistance R (ohm) between two parallel-
plate electrodes is

R =

where 1 (cm), S (cm ) are electrode separation, area
c is electrolyte concentration (g ion cm )

(14)

-1A is equivalent conductivity of electrolyte (ohm
-2 . -Kcm g ion )

2S = 150 cm (10 x 15 rectangular) was chosen to combine with
separation distances of several cm, fitting to an available
glass tank. Heat dissipation P (watts = W) is given by

P = R I2 (15-)
where I (amperes) is the current. To ensure isothermal
conditions, an upper limit of 1W was initially set for P, viz.

7 S A c
I2 < —— °

At the same time, it should be possible to drive the current
significantly above the theoretical approximation for
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limiting current for non-stirring situations, say by a factor
2. Thus from (11A) ,

0 < I2 < 4.65 x 105 c2 S2 (17)
If both (16) and (17) are to have equal upper limits, then

lc = A 160_____ ______ ______
4.65 x 105 S 4.65 x 10b x 15 0 " 436>°°°

If 1 = 10 cm, CQ = 1/4.35 x 10 (corresponding to about
0.01 g NaOH I"1). For this value of c , iTS = 0.012 A, and0 lj
R = 1800 ohm. It is apparent that it is necessary to work
at very low currents and electrolyte concentrations in order
to drive the cell isothermally to a limiting current situation.

The two electrodes were 'picture-framed' with rims of
teflon rod and backed with teflon sheeting in order to define
exactly the exposed surface area; they were mounted on a
horizontal rod allowing alteration of the electrode separation.
The glass probe was held in a perspex mounting attached to the
same rod. The whole arrangement was mounted securely to the
top rim of the glass tank.

Results of over-voltage measurements
Experiment 1: Concentration polarisation and onset of anode

corrosion at electrolyte concentration
D.01 g NaOH 1-1

An » an£i An were observed in an unstirred NaOH solutionA c
of concentration 0.01 g 1 at temperature 2°C, with S =

2150 cm , 1 = 10 cm, using electrodes not previously driven beyond tht
corrosion limit. (For simplicity nA is from this point considered to
include also n̂ ). The results are depicted in
Fig. 3. Already at the lowest available current (0.7 mA) ,
conditions at the anode were unstable, with slow oscillations
of order 50 mV on the voltage (VA"vp) > an<l a steep gradient
on the (AnA» l°g i) plot indicating that concentration
polarisation was already controlling nA at current densities
higher than 5% of the estimated limiting value.

In contrast to the above behaviour of n.» the voltage
(Vp-V ) was steady and the (n , log i) slope exhibited a
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Changes in anode and cathode overvo l tages as test cel l
is dr iven to anode corrosion at NaOH concentrat ion
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normal Tafel slope up to I = 3 mA, (log i = -4.7). At higher
current, values the instability of (V.-Vp) increases, with
drops of up to 0.7 V over ca. 10 minutes superimposed on the
oscillating behaviour. The removal of the passive layer was
eventually accompanied by a decrease of TU, an<^ soon the
instability became so extreme that measurement of nA became

J\

impossible. While these effects are occurring, anodic
dissolution was indicated most clearly by the voltage changes which
occurred at the cathode. Instability and a decrease of n
were observed as the anodic dissolution products reached and
adhered to the cathode; with further increase of current,
instability prevented further measurement of An .

An. and An behaved differently as the current was
f\ G

lowered again below the corrosion limit. Apparently a passive
layer reformed quite quickly on the anode; An, values wereA
closely similar to those recorded while the current was being
raised towards corrosion. In contrast, the cathode did not
quickly recover its initial condition.

Several conclusions can already be reached from this
first experiment. The onset of corrosion at the anode did not
occur until appreciable over-voltages were reached (An»
greater than 1.5 V). Such high over-voltages can appear
through concentration polarisation, and are not reached if
this effect does not intervene. If concentration polarisation
is to be avoided (by stirring or appropriate choice of
electrolyte concentration), stable operation of a cell (which
may now be defined formally as increase of both nA and n with log i
with normal Tafel gradients) is possible within the
experimentally feasible current range for tritium enrichment
cells; the experimental current limit in this case is determined
by the allowable heat dissipation in the cell.

This experiment has also demonstrated that anode
instability sets in at current densities significantly lower
than the estimated limiting value; if this situation were to
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pertain at the higher electrolyte concentrations and current
densities of routine enrichment cells, it would place quite
narrow operating limits on the volume reduction capability.

2For example, suppose that a cell has 1000 cm electrode area;
_ 2if currents up to 10 A (i = 0.01 A cm ) are to be applied and

i must be no greater than 0.05 i, in order to avoid instability
of n», then the lowest limit of initial electrolyte concen-
tration would be ca. 23 g NaOH l ; this would allow volume
reduction by only about a factor 10 before the electrolyte
tends to saturation. If higher volume reductions are to be
achieved in enrichment cells, concentration polarisation
effects must therefore be avoided until i/ij is significantly
greater than the value 0.05 at which instability was
encountered in this experiment. The desired improvement might
occur naturally as electrolyte concentration is raised to
more routine values, but the self-stirring effect of gas
release seems more likely to play a controlling role.

This experiment has illustrated the danger to the
catalytic cathode surface layer if anodic corrosion is allowed
to occur; indeed it has frequently been observed in routine
tritium enrichment that anode corrosion is accompanied by
immediate deterioration of the isotope separation capability
of the cathode, which can only be regained by exposing a new
clean layer and slow reconditioning over many weeks.

Experiment 2: Onset of concentration polarisation in test
cell at NaOH concentration of 1.5 g l^T

This experiment was performed at 2°C with plate separation
1 = 13 cm, using electrodes not yet driven to the corrosion
situation. Electrolyte resistance was 12.03 ohm. The
behaviour of An. and An is shown in Fig. 4; in this case theA C
cell could not be run to corrosion because of the limitation
on heat dissipation.

In this case the voltage (V.-Vp) became unstable at
I = 0.3 A (i = 2 x 10"3 A cm"2, i/iL = 0.16), but significant
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Changes in anode and cathode overvol tages as test cell
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steepening of the (AnA, log i) diagram occurred only after
i/iL = 0.3; up to this point the average anodic Tafel
gradient is 0.15, and cathode over-voltage behaves regularly
with similar slope. The delay in onset of concentration
polarisation compared with experiment 1 may presumably be
ascribed to slightly more effective mixing caused by faster
release of gas from the anode surface.

This result suggests that stable operation at still higher
values of i/ii ™ay be possible by increasing the rate of gas
release (higher current) and passing the released gas through
the much more confined anode-cathode separations which are
usual in routine enrichment cells. This possibility will be
examined in the following experiment 3.

153



Experiment 3: Concentration polarisation and self-stirring
action in enrichment cell with concentric
electrodes

The probe technique used in the previous experiments 1 and
2 cannot be applied to electrode separations of order a few ram.
Nevertheless, these experiments demonstrated that changes in
the applied voltage (V.-V ) of a cell as current is increased

J\. C

can be interpreted in terms of resistance and over-voltage
components. Under stable conditions, the summed over-voltages
(n. + n ) change with current according toA C

n
=°'25 <18>A (log I)

whereas the resistive voltage drop changes according to

AVK = RI (19)A(log I)

Therefore a 10-fold increase in current changes the total
over-voltage by ca. 0.25, whereas the same increase of current
changes VR by R(I <;-!.)» where If and I- are final and initial
currents. Suppose I = ISA, I. = 1.5A, R = 0.1 ohm
(power dissipation = 22.5 W at 15 A); the resistive change over
the 10-fold increase is 1.35 V in this case, which is
significantly greater than the over-voltage change; generally for
enrichment cells the resistive voltage change is dominant.
But when anodic concentration polarisation sets in, the over-
voltage changes more steeply with change of current, resulting
in a significant steepening of the voltage current characteristic.

This effect was examined in a new type of concentric-
electrode cell developed for routine use at this laboratory to
achieve volume reduction from 1 litre to 8.5 ml (Taylor, 1979).
The results of the experiment are shown in Fig. 5 (a linear
voltage-current characteristic), which also shows the electrode
arrangement and dimensions. No concentration polarisation
could be detected with the usual starting NaOH concentration
of 1.5 g l . The NaOH concentration was therefore lowered
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to 0.5 g l to ensure that concentration polarisation would
become apparent at low currents, before vigorous stirring
action could result. This corresponds to R = 0.25 ohm at cell
temperature ca. 4°C. Over the current range 0.5-12.0 A,
three distinct regions were apparent in the characteristic.
In the range (0.5-1.5)A operation was stable; the resistive
voltage change was ca. 0.25V, whereas the change in over-
voltage was ca. 0.14 V, contributing to a total voltage increase
of 0.4 V. Above 1.5 A, the voltage noise increased and there
was a significant increase in the slope of the cell
characteristic, corresponding to the onset of anode
concentration polarisation; this region of instability
commenced at i/ii = ca. 0.27. As the current was further
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increased, the voltage instability disappeared and the
characteristic returned to the behaviour expected for stable
operation; this demonstrates that concentration polarisation
disappears as increasing upwards gas release promotes vigorous
convection between the electrodes. Stable operation of this
cell is possible above 5 A with initial electrolyte concen-
tration 0.5 g NaOH 1 , but above 9 A the heat dissipation
(20 W at 9 A) was no longer effectively removed to the cooling
bath, whereupon cell temperature began to rise slowly.

It may be concluded from this experiment that stable
operation of this cell design is possible throughout the
entire range of I up to the power dissipation limit, if the
initial NaOH starting concentration is raised by a factor
2-3 to avoid the onset of concentration polarisation before
self-stirring dominates the situation; with the routinely
adopted starting concentration of 1.5 g NaOH 1 , the 20 W
power dissipation limit is reached at about 15 A.

Note that the estimated non-stirring limiting current was
exceeded in this experiment.

The electrode spacing inrthis cell is 4.85 mm between
outer cathode and anode, and 5.30 mm between anode and inner
cathode. In principle, the resistance could be further
lowered and the stirring improved by decreasing the electrode
spacing still further, but there is a practical lower limit
imposed by problems of cell construction and assembly, and
available sizes of cylindrical steel.

Experiment 4: Concentration polarisation and onset of anode
corrosion at electrolyte concentration
0.1 g NaOH 1--1

Following experiment 1 in which anode corrosion occurred
at very low currents, the electrode surfaces were washed in
cold water, dried at room temperature and inspected under a
microscope at up to 50 x magnification. The cathode surface
appeared slightly spongey in appearance, but there was no
trace of corrosion deposit. Without further treatment to the
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electrodes, experiment 1 was repeated with NaOH concentration
increased by a factor 10 to 0.1 g l" . At first it was
impossible to obtain stable voltage readings of both (V.-V«)
and (Vp-V ); the cell had to be run with a current of 5 mA for
about one hour before reasonable stability was established.
This behaviour is ascribed to residual surface conditions
remaining after the previous experiment. As current was
increased (Fig. 6), An showed its usual increase with normal
Tafel gradient. An« changed much more slowly than An,A C
conforming apparently to the much lower gradient at low
current density already mentioned in the section on anode
over-voltage. The onset of anode concentration polarisation
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occurs at about i/i^ = 0.05, which is similar to the result
of experiment 1. On this occasion, however, the anode ran
through to corrosion without any apparent decrease in n., but
the extreme instability of the voltages in this situation means
that the behaviour of An. and An in the corrosion situationJ\ C
is almost certainly very irreproducible. The behaviour of
An in this situation was also slightly different. A distinct
interruption of the Tafel gradient occurred over the range
log i = -4.4 to -4.2 before more normal values were restored
at log i = -3.9, followed by a fall-off in An occurring at
exactly the same value of Î/ÏL experienced in experiment 1
(Fig. 3). Instability prevented measurement of An. and An asA C
current was decreased. Following this experiment, microscope
examination of the cathode surface did reveal a blotchy brown
deposit over the entire area. Currents of order 100 mA had
been reached during this experiment, and this apparently led
to visually detectable deposition on the cathode.

This experiment confirmed the results of experiment 1
that anodic concentration polarisation sets in quite early
when the electrolyte concentration is very low, while the gas
release is still insufficient to provide adequate self-
stirring action. Actual corrosion occurred again when An/»
rose above 1.5 V, but the situation at the cathode was
apparently already unstable at currents not much higher than
those at which anode concentration polarisation became
apparent. This justifies imposing a criterion of stability
which stipulates increase of both nA and n with normal Tafel
gradient.

Design limits for routine enrichment cells using concentric
electrodes

In batch cell design, concentric electrodes are to be
preferred because they present much greater surface area and
therefore assist in keeping the cell resistance low. The
electrolyte concentration increases steadily until it reaches

158



a final value which must lie below the saturation limit in
the pre-chosen final volume of sample (final sample volume is
fixed according to the quantity of water required for the
counting procedure). This increase of electrolyte concentration
increases the limiting current; therefore, the rise in current
density as the electrodes are exposed does not lead to
instability problems. The cell used for experiment 3 has
quite a simple design which allows reduction of sample volume
from 1 litre to (8.5-9.0) ml, by special shaping of
cylindrical symmetry, and use of teflon insulators at the foot
of the cell. This cell is capable of tritium enrichment
factors greater than 80, corresponding presently to net count
rates greater than one count per minute per TU of original
sample in a good liquid scintillation counter (1 Tritium Unit =

_ T Ol TU = T/H =10 ); this offers adequate sensitivity for
waters higher than l TU. Laboratories with good proportional
gas counting systems would find this degree of enrichment
adequate for accurate determinations below l TU. Increased
enrichment by greater volume reduction would only be necessary
for laboratories wishing to measure accurately below 1 TU, but
having only liquid scintillation counting capability. In this
eventuality, various methods for increasing enrichment have to
be considered.

One method would be to increase the length of the cell
keeping other dimensions constant; this would allow operation
at proportionately lower starting NaOH concentration, but the
present length of this routine cell is already 47 cm, and this
cannot be increased without encountering handling problems
and requiring an over-large cooling facility. A second
possibility would be to increase the overall diameter of the
cell without increasing the length or changing the electrode
separations. 5 1 sample size could be accommodated in a cell
of diameter ca. 12 cm. In this case, a severe problem occurs
in controlling such a small final sample volume; any solution
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to this problem requires complex dimensioning and electrode
arrangement at the bottom of the cell. Both these possibilities
may offer better volume reduction capability, but cannot
provide fully stable operation at lower starting electrolyte
concentration. The region of instability apparent in Fig. 5
can only be avoided at low current values if stirring action
can be improved; some improvement may result by decreasing
electrode separation,.but it is felt that 3 mm would be a
minimum value. Larger cells employing lower starting
electrolyte concentration than 1.5 g NaOH 1 can therefore
be expected to exhibit stable behaviour only at currents
greater than 5.0 A. In all such cells, reduction of current
must be made as the electrolyte approaches its final volume;
the dimensioning of the electrode dimensioning at the foot of
the cell would therefore have to allow stable operation at the
end of electrolysis. For the concentric design a safe limit
of i/ir •* 0.20 may be applied. The upper limit of current
density during the last stages of electrolysis at low current
is then given by

68 c V.
i = ———£-i (20)max V v

where V., V are initial and present sample volume, and SA isi A
the area of anode at volume V. In the earlier stages of
operation, current should be higher than 5.0 A, but the power
dissipation limit must not be exceeded.

To achieve higher enrichment factors than 80, the author
favours spreading 5 1 of water over 5 1-litre cells, and
combining the recovered residues in a second stage of
enrichment which would electrolyse ca. 45 ml down to a final
(8.5-9.0) ml. Although this ties up a large number of cells
in the initial stage, the whole electrolysis can be completed
in about 15 days, which is preferable to periodic addition
in one stage which would last fully 42 days in the 1-litre
cells. Table 1 provides a sensitivity comparison of the
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1-litre cells combined with liquid scintillation and gas
counting, and the two-stage system combined with liquid
scintillation counting. The last method offers equivalent
sensitivity to a good gas counting system combined with the
1-litre cell.

On the evidence of the experiments described in this
paper, the 1-litre cell with starting NaOH concentration
1.5 g l appears to offer close to the optimum enrichment
for a single-stage batch cell under controlled stable
conditions. When the cathode surface has developed high
efficiency in tritium separation, the currents and current
densities can be varied to suit operator convenience throughput
the range up to the power dissipation limit, without
noticeably affecting the overall tritium enrichment achieved.
This feature has already been explained in detail in an earlier
paper (Taylor, 1977), but it is worth stressing again, because
papers have been published in the interim which recommend
keeping current density i constant throughout the electrolysis
(Anderson et al. 1977; Blauer et al. 1978); this can be
achieved by electronic means, but is not necessary for the
achievement of high enrichment and good reproducibility.

Final conclusions
Stable operation of an enric hnent cell is manifested

electrochemically by changes of anode and cathode over-voltage
with current density according to a Tafel relationship with
gradients ca. 0.15. At currents higher than ca. 5A and
electrode separations of a few mm, the self-stirring action
of gas release prevents the onset of instability due to anodic
concentration polarisation; in this case the limit on cell
design is set by the necessity to dissipate the heat produced
by the current flow through the electrolyte resistance. If
a cell is to be driven at lower current values, anode
concentration polarisation could set in; in this case the
design and conditions must be such that the current density
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limit of equation (20) is not exceeded. The l-£ cell
discussed above should not be driven below 5A in the initial
stages when electrolyte concentration is only 1.5 g NaOH £ ;
in the final stages of electrolysis, the design does allow
currents below 5A. With starting electrolyte concentration
of 1.5 g NaOH î. , volume reductions by up to a factor 118
can be comfortably achieved in such a cell. The full
reduction from 1 litre to (8.5-9.0) ml can be achieved in
11-12 days using currents in the range (0-15)A.

Table 1: Sensitivity comparisons of different
tritium measurement systems

Sensitivity is judged by the magnitude of the fractional
standard error of measurement o(T)/T in a measured tritium
concentration T.
System 1 One stage of enrichment 1 litre to 8.5 ml,

enrichment factor = 85 ± 1.5%; liquid scintillation
counter with sensitivity 1 cpm/70 TU, background
4.5 cpm, counting time = 500 min.

System 2 Same enrichment as system 1; gas proportional
counter with sensitivity l cpm/45 TU, background
1.0 cpm; counting time 1000 min.

System 5 Five cells similar to systems 1 and 2, but
followed by second stage reducing volume from
42.5 to 8.5 ml, enrichment factor = 376 ± 1.5%; same
counting as system 1.

Tritium concentration T
(TU)
0.1
0.2
0.3
0.4
0.5
0.7
0.9
1.0
2.0
3.0
5.0
10.0
20.0
50.0

System 1
1.11
0.560
0.376
0.284
0.229
0.166
0.131
0.119
0.064
0.046
0.032
0.023
0.018
0.016
162

a (T) /T
System 2
0.248
0.130
0.091
0.071
0.059
0.046
0.039
0.036
0.025
0.022
0.019
0.017
0.016
0.015

System 3
0.258
0.133
0.092
0.071
0.059
0.045
0.038
0.035
0.026
0.021
0.018
0.016
0.016
0.015
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THERMAL DIFFUSION ENRICHMENT

W. ROETHER, W. WEISS
Institut für Umweltphysik,
University of Heidelberg,
Heidelberg,
Federal Republic of Germany

Since several years, we have been using tritium enrichment
by thermal diffusion in our routine low-level tritium lab [1].
Although a thermal diffusion enrichment system naturally is con-
siderably more complex than an electrolytical enrichment set-up,
we have experienced very reliable operation.

The basic effect of thermal diffusion is that, on a tempera-
ture gradient, tritium in thermodynamic equilibrium is enriched
at the low-temperature side (achievable enrichment ^ 10%). In a
thermal diffusion column, this basic effect is combined with gas
convection in a counter current arrangement (Fig. 1), usually in
a concentric geometry: gas flows upward along the hot (inner)
cylinder, while loosing tritium towards the cooler gas, that in
turn is flowing downwards at the cold side. This leads to tritium
accumulation towards the lower end of the column. Tritium trans-
port and static tritium enrichment of a column are the result of
a complex interaction of the basic thermal diffusion effect
(along the radial temperature gradient) and of axial convection
and molecular diffusion; parasitic flow has been observed on top
of this. Our system has been designed on the basis of the Jones
and Furry theory [2], but the relevant data were verified expe-
rimentally [3]; both transport and static enrichment strongly
depend on the column parameters, particularly on the radii (Pig. 2)

Thermal diffusion enrichment of tritium uses hydrogen as a
filling gas. The large relative mass difference (HT versus H«)
leads to very effective enrichment. As a rule, high static en-
richment is easily achieved but large tritium transport is a
problem. Continuous as well as static systems have been described
in the literature. We use a static system. Our system is run
in a mode like a feed-back amplifier: Nearly all tritium contained
in the hydrogen that is admitted to the system, is transferred
into a sampling column, and the content of this column is then
transferred quantitatively into the gas counter. The enrichment,
therefore, to first order is given by the volume ratio;sampling
column to total. Gas volume and tritium transport limitations
make it difficult to build systems that can handle amounts of
hydrogen that would be required in order to obtain the desired
tritium detection sensitivity (i.e., about 1O moles, see [1]).
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Our system is designed to accommodate M mol of hydrogen, and to
achieve the desired sensitivity is run in combination with elec-
trolytical enrichment [1]. The columns are of the hot-wire type
and the outer wall is glass/ holding a glass cooling jacket.

We have two enrichment systems in use. Fig. 3 gives a sche-
matic diagram; the right-hand part is the enrichment system, to
the left is auxiliary equipment. The sample is admitted from the
steel container [1] via a charcoal trap (DKF). Two thermal
diffusion columns (SC and BC) and two glass bulbs (W) together
form the static volume (21.6 1) . Gas circulation between W and
BC is by thermal convection lines and between BC and SC by a
periodically varying volume moving mercury (MP, 3OO ml, Hg made
to move by pressurized air). Capillary connections exist from MP
to the columns, and a magnetic valve allows to disconnect SC
after completion of the run. From SC, the enriched sample is
transferred into a charcoal trap (CT) held at liquid nitrogen
temperature, using a mercury diffusion pumpe as booster (QP).
Both our systems are run 5 times a week (16 h enrichment time).
Various sensors control the system - an important feature for
off-office hours operation. Table 1 gives dimensions and per-
formance data.
Reference !3
tl] W. Roether, W. Weiss, The Heidelberg Low-Level Tritium

Facility; Working paper, this meeting.

[2] R.C. Jones, W.H. Furry, (1940) Phys. Rev. J57, 547.

[3] D. Haag, (1967) Zur Anreicherung von Tritium durch Thermo-
diffusion, Diplomarbeit, II. Phys. Inst., Univers. Heidelberg,
49 pp., unpublished.

Table 1
system volume
sampling column, effective length

" " , column diameter
booster column, effective length
column diameter: top 15O cm

lower 1OO cm
wire, diameter
operating temperature
current and voltage (a c)
cooling water flow
H2 pressure in the system
enrichment time
enrichment
tritium recovery
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21.6 1
250 cm
3.OO cm
25O cm
4.5O cm
3.6O cm

tungsten, 0.8mm
-v 80O°C
18 A, 70 V
^ 3 1/min

70O cm Hg
16 h

•v. 16-fold
•̂  97 %
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Fig. 1 : Schematic sketch of the effects of thermal diffusion
and convection in a thermal diffusion column.
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(left) e-folding length Lg of the tritium concentration in a thermal diffusion
column as a function of the radius ri of the column [3] (solid line: theory of Jones
and Furry [2]-, dashed line: mean trend of experimental results).
(right) tritium transport in the thermal diffusion column as a function of the radius
rj of the column (solid line: theory of Jones and Furry [2], experimental results).
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Fig. 3 : Set up of inlet line and thermal diffusion system (glass-
made); dashed line separates inlet line and thermal diffusion
system.
A
CP
DKF
H
KF
M
MP
CT
SC
BC
QM
QP
VP
VV

steel container (hydrogen)
charcoal pump
charcoal trap (dry ice)
convection heating
charcoal trap (liquid N-)
manometer
Hg-toppler pump
charcoal trap (t-sample)
sample column (V = 1.9 1 STP)
booster column (V
Hg-manometer
Hg-booster pump
rough pump
glass bulbs (1O 1 STP)

= 3 . 7 1 STP)

(2) 3 way valve
0 2 way valve

jj] magnetic valve

sample inlet

extraction of enriched sample

convection during enrichment
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TRITIUM ENRICHMENT BY GAS CHROMATOGRAPHY

W. ROETHER
Institut fur Umweltphysik,
University of Heidelberg,
Heidelberg,
Federal Republic of Germany

We are carrying out a study on the usefulness of gas
Chromatographie tritium enrichment for low-leve'i tri-
tium measurement. The aim is to prove feasibility of
an enrichment system capable of han d l i n g up to 10 moles
of sample, i.e., an amount sufficient to give a tri-
tium detection sensitivity similar to that of our pre-
sent routine procedure [1], or about 0.05 TU (±1 sigma)
for a single measurement. A study on the gas Chroma-
tographie parameters has been completed [2], and a
prototype system is at present under construction.

The enrichment uses hydrogen gas. Molecular sieve 4A
has been found to be the most suitable adsorbent. The
chosen adsorption temperature is ^63°K, i.e." the tem-
perature of l i q u i d nitrogen under reduced pressure,
which gives a marked improvement over standard l i q u i d
nitrogen temperature. Figs. 1 to 3 give relevant pa-
rameters (Fig. 1: adsorption is/otherms; Fig. 2: tritium
e q u i l i b r i u m separation factors, (nT/nu) . /(nT/nu) ;i n a u s i n g a sFig. 3: HETP of longitudinal dispersion). One finds
that the tritium separation factors are quite large,
and that the optimum hydrogen flow velocity is also
quite high; a 3 cm/min front velocity at 63.2°K and
100 mm Hg pressure corresponds to a hydrogen flow ofpabout 6 m mol/min per cm of column cross section.

The enrichment process is sketched in Fig. 4. The column
is cooled down and filled with helium to operating
pressure (^150 mm Hg). Hydrogen, containing the ori-
ginal concentration of tritium (as HT, tritium scale
greatly exaggerated) is then admitted to displace the
helium until it fills much of the column. Fig. 4a
depicts the concentration of H2 and HT along the column
at this point (time tQ); the tritium front already mar-
kedly lags behind the hydrogen front. Admission of
hydrogen is now stopped and the inlet end of the column
is gradually drawn out of the cold temperature bath.
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200 11 00 6QO Druck (Torr)

Fig. l ; Adsorption
isotherms for hydro-
gen at various tem-
peratures, ml STP per
g of sieve (A 4)

... t

too ?OO Druck (Torr)

Fig. 2: Equilibrium
tritium separation
factor, mol. sieve
A4 t*-~\

Fig. 3; HETP for HT
versus velocity of the
hydrogen front in the
column, mol. sieve A 4
0.35 - 0.5 mm 0 L-2-3

63.2 K, 150 Torr

5 Frontr.eschwindifîk^it von H,(cn/min)

(a)

(b)

(c)

! J

Fig. J^: Schematics of gas Chromatographie tritium enricnment,
see text. Mol.sieve A 4, 0.35 - 0.5 mm 0, 63,2°K, 150 mm Hg
pressure, velocity of H2-front 3 cm/min,<*~2, HETP^0.2 cm,
120ml STP H2 per g of sieve.
Fig. 4 c —» *- : enriched sample, ̂ 15-fold enrichment,
> 95 % tritium recovery
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In this way, the adsorbed hydrogen is made to move fur-
ther down along the column. Because the HT moves only
about half as fast as does the H^, the HT is quickly
moved towards the temperature interface (Fig. 4b).
The displacement of the hydrogen is continued, until
the tritium is piled up sufficiently towards the warm
end (Fig. 4c). An appropriate section of the column
that contains the enriched sample is finally separated.
Some hydrogen, also greatly enriched in tritium, is
contained in the warm portion of the column upstream
from the temperature interface. This hydrogen is to
be included with the enriched sample (the low operating
pressure is chosen to keep this fraction small). It
can be shown that in the i n i t i a l hydrogen feeding step
about 80% of the full length of the column may be
filled, and that the amount of A4 sieve required is
about 300 ml for each mol of hydrogen. The question of
tritium memory and blank has not yet been studied.

Such system should be capable to give 100-fold enrich-
ment, starting from some 100 liters STP of hydrogen
(5 to 10 moles) within about 3 hours and a tritium re-
covery near unity. It offers itself for on-line ope-
ration with a gas counter and for partial automation.
However, the complete water sample must be converted to
hydrogen. Although we shall continue the prototype
development, it is not planned at this stage to put a
system to routine operation.

REFERENCES

[1] W. Roether, W. Weiss, The Heidelberg low-level
tritium measuring facility, this volume.

[2] B. Jähne, Gaschromatographische Tritiumanreiche-
rung, Diplomarbeit (M.Se. thesis), Institut für
Umweltphysik, Heidelberg, 1977, 80 pp, unpu-
bli shed.
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PREPARATION AND CALIBRATION OF THE
1978 NATIONAL BUREAU OF STANDARDS
TRITIATED WATER STANDARDS

M.P. UNTERWEGER, B.M. COURSEY,
F.J. SCHIMA, W.B. MANN
National Bureau of Standards,
Washington DC,
United States of America

Abstract
The National Bureau of Standards standards for tritiated water, SRM 4926

and SRM 4927» have been recalibrated by the method of internal gas-proportional
counting, and a new series of standards has been prepared. The difference
between the 1961 and 1978 gas counting measurements is 0,7$, assuming a half
life of 12.35 years (NCRP Report Wo. 58). The results are in agreement if,
instead, a half life of 12.44 years is used.
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INTERLABORATORY COMPARISONS OF
LOW-LEVEL TRITIUM MEASUREMENTS IN WATER
Organized by IAEA

T. FLORKOWSKI
International Atomic Energy Agency,
Vienna, Austria

Introduction

Interlaboratory comparisons organized by international bodies play an
important role in the improvement of the quality and accuracy of analysis
in laboratories all over the world.

For each participating laboratory, as well as for organizer, profits
from the exercise are:

1. Possibility to check own procedure and accuracy of
analysis and to confront the method used with those in
other laboratories.

2. General exchange of information and increase of contacts
between laboratories.

3. Possibility of observing trends and developments in
methods used.

4. Cross-checking the standard and reference material
used in various laboratories.

Histoi

The first intercomparison was organized in 1963 by J.P. Caaieron [1],
Twelve laboratories took part and measured three samples in the range:

a) below 100 T.Uc
b) in the range 200 to 800 T.U.
c) in the range 1000 to 6000 T.U.
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No record has been made as to methods of analysis and enrichment.
Results of 1963 comparison are:

sample a 47 T.U. Sigma 2 T.Ü. (one result excluded)
sample b 536 T.U. Sigma 10 T.U. (one result excluded)
sample c 3930 T.U. Sigma 34 T.U. (one result excluded)

For the second intercomparison organized in 1969 by T. Florkowski,
38 sets of samples were distributed and results from 35 laboratories were
received; this time with an indication of what technique was used for the
tritium assay. Three samples in the range:

sample Tl below 10 T.U.
sample T2 about 50 T.U.
sample T3 about 300 T.U.

yielded the mean values which, for the first two samples, were slightly
different for various methods of analysis (enrichment and gas counting,
enrichment and scintillation counting). yResults of the comparison are

discussed in detail in [2] and can be summarized as follows:

sample Tl 9.58 T.U. Sigma 0.99 T.U.
sample T2 43.9 T.U. Sigma 3.5 T.U.
sample T3 245.9 T.U. Sigma 11.5 T.U.

(For samples Tl and T2 the method of enrichment and gas counting yielded the
least spread results; for sample T3, direct gas counting.)

The third intercomparison was organized in 1976 by C.B. Taylor. Four
water samples were distributed to 47 laboratories and 41 results were
received. This tine the tritium concentration in the intercomparison samples
was well known as the samples were prepared by dilution of BBS 4926 tritiated
water standard.
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The samples have the following concentration (as for 3 September 1975):

sample A below 0.2 T.U.
sample B between 8.2? and 8.47 T.U.
sample C between 33.0 and 33.2 T.U.
sample D between 678.4 and 678.6 T.U.

The detailed discussion of results can be found in

Conclusions

The increase of the number of laboratories engaged in the routine
measurements of tritium in water is noted. The increase can be illustrated

by the following table:

Year
Total Number of
Laboratories
West Europe
East Europe
North Aaeri'»
Australia and N. Zealand
Other parts

1963

12
4
-
5
1
2

1969

35
15
1
10
3
6

1976

41
17
6
8
3
7

It is estimated that about 9^b of existing active laboratories in
assaying the environmental tritium level take part in the intercomparison.
The number of laboratories goes to saturation. Nevertheless, a few new
laboratories set up in developing countries should be added to complete
the picture for 1979.

Increase of the lowest detectable tritium concentration and the
analytical accuracy is also easily seen, however, difficult to be presented
in numbers. In 1963 the lowest error of analysis was quoted as + 2 T.U.
In 1969 it was already 0.4 *nd in 1976 0.03 T.U.
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MASS SPECTROMETRIC MEASUREMENT OF
TRITIUM AND 3He

WJ. JENKINS
Woods Hole Océanographie Institute,
Woods Hole, Massachusetts,
United States of America

ABSTRACT

The techniques of mass spectrometric helium isotopic
analysis and low-level tritium measurement by He regrowth
are described and discussed in light of analytical precision
and standardization accuracy. In addition, the helium
isotope effect in solution in sea water is determined as a
function of temperature from -2°C to +25°C for the salinity
range 32%o to 38$o.

1. Introduction

Tritium (3H) and its stable, inert daughter 3He are rapidly being ex-
ploited as tracers in hydrologie, oceanic and limnologie systems. Since
their distributions are transient in nature, they represent a unique source
of information not available by measurement of steady-state tracers.

The level of measurement of tritium made possible by current low—level
counting and %e regrowth techniques is of the order of 0.1 T.U. and an accu-
racy of the order of a few percent. The latter technique, first exploited
for environmental measurement by Clarke et al. (1), has the potential of
reaching lower detection limits and greater precision. This paper repre-
sents a summary of the techniques first reported by Clarke et al. (1) and
Jenkins and Clarke (2) and the changes that have evolved since that time.

2. Analytical Procedure: Gas Extraction

For mass spectrometric analysis of 3He and ̂ He, the gas must be ex-
tracted from the seawater, and for tritium measurement by the ^He regrowth
technique, the sample must be degassed prior to storage. This is accom-
plished in the all metal high vacuum extraction line pictured in Figure 1.

The water sample is contained in a copper tube sample (2) which is
attached to the system with a viton o-ring coupling, In addition, an alum-
ino-silicate glass tritium storage vessel (TSV) and lead-glass sample tube
are coupled to the line in the same fashion. The metal bellows are used to
accommodate misalignment of the Cu-tube sampler and to allow shaking of the
tritium storage vessel to accomplish stirring. The line is evacuated and
baked to about 100°c for one hour, and allowed to cool and reach a press-
ure better than about 2 x 10~5 torr prior to analysis. This removes all
water vapor (and hence tritium) contamination, as well as atmospheric hel-
ium. The system is methanol leak-tested and then isolated from the pumps
by closure of valve Number 1 (see Figure 1). The sample i« introduced by
removal of the lower pinch-clamp and gently squeezing the copper pinch seal
(at right angles to the seal) enough to start the water dribbling down into
the TSV. The copper tube is heated slightly to ensure that all the water
leaves the tube. When all the water is transferred, the TSV is shaken for
ten minutes to degas the sample. The volume partitioning (the TSV is 200cc)
is sufficient that more than 99% of the He exsolves during this procedure.
Liquid nitrogen is then placed around the sample storage tube (SST), at a
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level 1 cm above the activated charcoal. Two things happen: the major ex-
solved gases (nitrogen, oxygen and argon) are adsorbed onto the charcoal,
and water vapor is frozen onto the glass walls. As the ice builds up, the
liquid nitrogen is raised. This process acts as an efficient vapor pump for
those gases (viz., He and Ne) that are not quantitatively adsorbed on the
charcoal. The water sample is stirred during this phase as well, and af-
ter approximately ten minutes, the sample is sealed off by flame sealing
the constriction in the SST. Efficiency blanks (re-extractions) show the
extraction efficiency to be greater than 99.8%.

After seal-off, the extraction is checked by opening the pump isola-
tion valves (1 & 3) and diffusion pumping through a liquid nitrogen-chilled
trap, monitoring the pressure surge upon opening the valves. Pressure
surges of less than 1 x 10~6 torr are typically encountered. Stirring is
continued for an additional few minutes, and the TSV is sealed off by flame
sealing the constriction. The TSV is then stored in a freezer at -20°C (to
reduce He diffusion rates) for 3He regrowth. The diffusion blank encount-
ered during storage of the tritium samples is also reduced by pretreatraent
of the TSV. The vessel is first evacuated and then filled with helium-free
tank nitrogen. It is then baked in a helium-free nitrogen atmosphere at
350°C for eight hours.

The helium blank, due to diffusion through the viton o-rings during
extraction, is typically 5 x 10~9 cc, or about .3% of the helium extracted
from the sample.

3. The Mass Spectrometer

The mass spectrometer used in the 3He technique is basically that de-
scribed elsewhere (1, 2). It is an all metal, dual collection, statically
operated, 90° magnetic sector, 25 cm radius, single-focussing mass spectrom-
eter using a modified Nier type electron-impact source. The instrument is
operated at about 5MA electron emission current, with a trap/shield current
ratio of the order of 10, and an electron acceleration voltage of around
100V. Instrumental sensitivity is typically 2.7 x 10"̂  amp/torr and resolu-
tion is about 1.7 x 10~3.

The 4He ion beam (typically 10^ ions/sec) is collected on a Faraday
cup and measured using a 10*0 ohm "grid leak" solid state electrometer. The
3He ion beam (about 10 ions/sec) is collected on 20-stage focussed mesh
electron multiplier (Johnston Laboratories, Inc., MM-2) operated in the cur-
rent integrating mode with a gain of 1.5 x 105. The electron multiplier out-
put is measured in the same fashion as ̂ He. Both electrometer outputs are
digitized using voltage to frequency converters (Teledyne-Philbrick Model
4709-03) and the integrations are performed with digital counters.

Since it is operated in the static mode, the spectrometer is baked at
400°C for several days after it is opened to the atmosphere. During normal
operation, it is ion pumped to a pressure below 10~8 torr. Hydrogen levels
within the instrument are minimized in several ways. First, the instrument
was fabricated from hydrogen-free (Oxygen-Argon atmosphere) type 316 stain-
less steel. Second, several thimbles of activated titanium sponge are loca-
ted within the static volume (these are periodically reactivated). Third,
the samples are introduced by passage through an activated titanium trap.

4. Analytical Procedure: 3He/^He Measurements
The gas samples are stored, after degassing and prior to isotopic an-

alysis, in either lead-glass or alumino-silicate glass breakseal sample
tubes. The transferred water (typically 600 + 300 mg) contributes a small

^ • • ~~amount to the He due to tritium decay during storage. For example, a 12
T.U. sample of 600 mg stored for one year results in a perturbation to the
isotopic ratio of 0.40/00- For the normal range of oceanic samples, this
correction is therefore negligible, but for high tritium levels, it should
be applied.
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The primary analytical standard consists of aliquots of air. Aliquots
are drawn from a 14.7 £ stainless steel reservoir. This reservoir has been
determined to be helium leak-tight so that laboratory air (which can often
contain tank helium contamination from operating gas chromatographs in the
building) does not compromise the standard air. The standard air is obtained
on an approximately monthly basis by evacuation of the reservoir, closing of
the UHV metal valve (Nupro Valve No. SS-4BW), and filling of the reservoir
by opening the valve outside in a vigorous sea breeze. The temperature, rel-
ative humidity and barometric pressure are measured, and used to compute the
partial pressure of helium in the tank to an accuracy of 0.3%. The aliquot
volume (.3735 +^ .0005 cc) is chosen to produce standards close in helium
content to the samples. Pairs of sample analyses are bracketed by air stand-
ards which are processed in the same system in an identical fashion.

Sample processing proceeds as follows. A sample tube is attached to the
processing line by a viton o-ring coupling, and the line is evacuated to a
pressure of better than 2 x 10~5 torr. The system is isolated from the dif-
fusion pump, and the sample introduced by breaking the breakseal. The sample
is passed through a liquid nitrogen-chilled water vapor trap and a liquid
nitrogen-chilled activated charcoal trap, and Toepler pumped into a small
volume between a stop-cock (below) and an air actuated stainless steel bel-
lows valve above (Nupro type SS-4BW-TSW-STE-93NC). The mercury of the Toep-
ler pump is raised to a reproducible mark on the last stroke.

The sample is expanded into the mass spectrometer through a liquid ni-
trogen-chilled activated charcoal trap (fine mesh) in series with an activa-
ted titanium trap for a precisely defined period of time which is terminat-
ed by closure of the "downstream" air actuated valve. Air actuation is used
since it allows a more precisely reproducible inlet time than manual activa-
tion. During this inlet, 62% of the helium is transmitted, but only 2.5% of
the neon. The purpose of this procedure is to eliminate as much of the sam-
ple's neon as possible, and thereby reduce the potential errors that might
enter due to the systematically different He/Ne ratios between sample and
standard. The effect of Ne is substantial if all of the Ne is let in, so
this procedure avoids the necessity of correcting for those effects. Occa-
sional tests are made to ensure that no Ne effect exists using this tech-
nique: tripling the Ne content of the air standards results in less than
2a change in the apparent 3He/^He ratio so that the effect is negligible
for the 25% difference in He/Ne ratios between air standards and seawater
samples.

The -%e/̂ He ratios obtained from air standard analyses for the day are
fitted to one or more straight lines, which are used to interpolate the in-
strumental air response for each sample and the scatter about which is used
to estimate sample reproducibility. A similar procedure is used to calibrate
the ^He peak-height response. The analyses themselves consist of eight 90-
second integrations on the 3He and ̂ He peaks (simultaneously) bracketed by
nine 10-second integrations on the baseline. Table 1 summarizes a typical
day's analyses. It was necessary to use two straight lines to fit the 3He/
^He ratio trend, but this trend is seen (i.e., the relatively sharp decrease
followed by a more gradual increase in the standard ratio) to persist from
day to day.

The scatter about the regression analysis of the standard ratios is av-
eraged over many days analyses to estimate the sample reproducibility. The
average scatter is usually around 1.8°/<>°, but daily values can range from
less than lc/oo to in excess of 3 /«<>, a variation which we interpret as a
result more of a variation in our estimates rather than a real variation in
instrumental accuracy. Longer term variability has been noted which we do
interpret as longer term variations to machine performance. The uncertainty
estimate obtained by this technique agrees closely with reproducibility of
replicate samples.

More importantly, we see size dependence in the ratio. That is, analy-
sis of otherwise identical standards of differing sizes yield different ra-
tios. In practice, we have determined this "non-linearity" to be a func-
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Table 1: A Representative Day's Analysis of He/ He (August 31, 1979)

No.

1
2
3
4
5
6
7
8
9
11
12
13
14
15
16
17
18
19
20

Sample

Air 58
Air 59
6-1-5
6-1-4
Air 60
6-1-6
6-1-7
Air 61
6-1-1
Air 62
7A-1-9
7A-1-7
Air 63
7A-1-2
7A-1-4A*
Air 64
7 A- 1-5
7A-1-4B*
Air 65

AHe P.H.
(V)

1.6581
1.6692
1.7130
1.7544
1.6992
1.7205
1.7451
1.6746
1.7415
1.6830
1.7361
1.9455
1.6770
1.7160
1.7397
1.6764
1.6944
1.7181
1.6776

3He P.H.
(V)

.3383

.3388

.3590

.3662

.3375

.3592

.3652

.3368

.3610

.3385

.3687

.4040

.3386

.3572

.3656

.3380

.3577

.3615

.3401

3He/4He

.2040

.2030

.2096

.2087

.2022

.2088

.7093

.2011

.2073

.2011

.2124

.2077

.2019

.2081

.2102

.2016

.2111

.2104

.2027

Tritium Concentration
Uncorrected Corrected
(T.U.) (T.U.)

32.7
30.2
34.6
39.0
31.0
54.4
(30.5)+

31.2
41.0
44.2
40.1

30.2
25.5
31.8
34.9
27.2
51.0
(15.7)+

29.1
37.6
43.4
38.1

Ratio
Regression #1 (Samples 1-8): R= .2041 - .000038N OR = .00031 (1.5°/«o)
Ratio
Regression tï (Samples 8-20): R = .2000 + .000123N aR = .OOO36 (1.8°/oo)

P.H. Regression (Samples 1-20): *He(V) = 1.6652 + .000814N 04 = .0054 (3.2%»)

Samples drawn from the same Niskin bottle.
+Not considered reliable due to large size.

tion of the total gas pressure in the mass spectrometer. This was estab-
lished by careful analysis of suites of different-sized air standards, coup-
led with analysis of artificial isotopic mixtures. The nature of this varia-
tion is governed by the details of the spectrometer's "fine-tuning", but in
general, we find a general trend of increasing ratio for larger standards:
typically of the range of 0.8 "/00 ratio enhancement per 1% sample size in-
crease. This effect can be minimized, but only at the expense of sensitiv-
ity. The effect is generally relatively small (the corrections are typically
about two or three standard deviations) and is stable. Nonetheless, the cor-
rections have to be made.

The mass spectrometric ^He peak-height response reproducibility is
treated in a similar fashion, and averages to 5 °/0o-

5. Analytical Procedure: Tritium Measurement

The 3He that has grown in from tritium decay during storage, is ex-
tracted and analyzed mass spectrometrically. The analysis consists of peak-
height comparison of the extracted helium with helium from air standards.
The mass spectrometric response (i.e., "standard curves") is used to cali-
brate instrument sensitivity and to correct for the infused helium.
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As opposed to the earlier techniques (1) the approach used here avoids
some of the "linearity" corrections that were necessitated by the use of
standards which were two orders of magnitude larger than the samples. Fur-
ther, the techniques described here yield some advantages which become evi-
dent below.

The primary standards consist of air aliquots which are volumetrical—
ly reduced to a size comparable to that of the samples. Aliquots of 0.7646
+_ .0009 cc are drawn from the reservoir and expanded into another reservoir
405.5 + .4 cc, from which aliquots of 0.3735 _+ .0005 cc are drawn. All the
volumes and interconnections are helium leak-tight and are made of metal, so
helium blanks are minimized. The size of a single aliquot by this technique
corresponds to about 3.5 x 10~9 cc (STP) ^He and 4.9 x 10~15 ce (STP) 3He.
Such an aliquot corresponds very roughly to 1 T.U. for a 45g sample stored
for one year. Including uncertainties in the partial pressure and volume
of the aliquots, the aliquot size is known to an accuracy of 0.4%.

During the course of a day's analyses, a "standard curve" is obtained
by measurement of standards which have varying numbers of aliquots (e.g.,
1,2,3,4,6, etc. aliquots) so that the system is calibrated over the entire
dynamic range of interest. These aliquots are processed in the same vacuum
line and treated in exactly the same fashion as the samples so that all pos-
sible systematic effects are accounted for. A linear regression of the ̂ He
peak height response vs. the number of aliquots (including O aliquots, viz.,
a line blank) gives as a "zero intercept" an averaged determination of the
system's operating blank and, as a slope, a precise calibration of the sens-
itivity of the spectrometer. Typically the standard processing blank amounts
to about 5 x 10 ^cc He, corresponding to about 15% of a one aliquot stand-
ard. The variability of the blank is less than 1 x 10~̂ ^ cc ̂ He, as deter-
mined by the scatter about the regression line. The uncertainty in the sens-
itivity (slope) determination generated by these blank variations is typic-
ally .4%.

The regression of the 3He peak height vs. the ̂ He peak height for the
standards yields three parameters. The slope of the regression gives the
instrumental (including processing) calibration of the discrimination. The
zero intercept (i.e., ^He value at zero ^He response) yields an estimate of
the 3ue offset due to baseline slope (see analysis details below). The scat-
ter about the regression line gives a measure of the zero tritium detection
limit. This last estimate represents the smallest amount of 3He detectable
above scatter from the atmospheric regression line. Typically, this scatter
is about 4.5 x 10"~16 cc (STP) 3He, which corresponds to .08 T.U. for a 45g
sample stored for one year (45g-y). Recently, we have been tending more to-
ward using 90 g samples. For the larger samples, which are stored in the
same storage vessels, the infused He component is the same so that this
same scatter gives a detection limit of .04 T.U. for a one-year storage
period.

In actuality the scatter decreases for very low ̂ He, presumably due to
low count rate statistics (the detection of a 3He ion, from the neutral gas
atom stage to the impact on the electron multiplier, depends on probabilis-
tic processes). The smallest detection limit of the instrument is about 2.4
x 10~16 cc (STP) 3He, corresponding to about 6000 atoms. Ultimately, hoŵ -
ever, the helium infused during storage increases the statistical uncertain-
ty to the quoted error of 4.5 x 1016 cc (STP).

The "zero point" in the 3He- He is generally non-zero due to the slope
of the baseline. An analysis consists of four 100-second integrations on
the 3jje peak bracketed by five 100-second integrations on the baseline at
a point approximately .01 a.m.u. down-mass from the peak. Any slope in the
baseline due to H-D,H3 tailing, ̂ He tailing or spurious peaks will result
in a positive or negative residual which should be accounted for. This re-
sidual is usually (depending on instrumental fine-tuning and set-up) of
the order of + 2 or 3 x 10" *6 cc 3He.
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The helium which infuses the samples during storage, plus the sample
handling blank, is characteristically close in size to a single aliquot
standard. The ̂ He of the sample in conjunction with the regression ratios,
etc., is used to subtract the 3He associated with this "spurious" helium, a
correction which constitutes about 4 x 10~̂ 5 cc (STP) ^He, or about .8 T.U.
for 45g-y (45g stored for one year) samples. The question may arise, then,
as to whether this helium is atmospheric in isotopic ratio. Repeated (daily)
analysis of the line blanks, show the blanks to have an atmospheric ratio to
within 1 x 10~16 cc (STP) 3He (standard deviation of the ensemble mean).
This contributes negligible uncertainty into our estimates. Further, analy-
sis of four empty storage vessels showed an excess 3He composite of 0.1 _+
2.5 x lO"1̂  cc (STP) 3He in the total operational blank (including in ~
storage diffusion). This places a limit of 0.04 T.U. to the uncertainty
introduced by the infused helium correction.

The lack of isotopic fractionation in the infusion blank is noteworthy.
It is expected that some degree of fractionation would occur if steady-state
diffusion were to occur. Clearly what is occurring is that the helium in-
fused is actually atmospheric helium dissolved in the glass leaching into
the vessel.

The tritium blank and detection limit can be further checked by examin-
ing analysis of "zero tritium" samples. These samples were taken from the
deep (D > 600 m) Antarctic, and are presumably free of tritium. The results
of eight such analyses are given in Table 2, and average to —0.01 T.U. with
a standard deviation of the mean of .03 T.U. and a scatter of .08 T.U., in
agreement with our previous estimates of detection limit.

In addition to the detection limit error, there is, at least for high-
er tritium concentrations (ca 5 T.U. and greater) a significant relative un-
certainty, in part generated by systematic uncertainties in instrument cali-
bration, and in part due to real variability in instrumental sensitivity.

Table 2: Deep Antarctic 3H Results (F. Drake 76)

Station
Location
(°S x W)

Depth
(m)

Temperature
<°C)

3H
(T.U.)

77 58.9 x 63.1 795 2.07 -.04
3003 0.79 -.03

81 58.2 x 63.3 637 2.39 .10
3001 1.17 .00

91 56.8 x 64.5 2990 1.30 -.08

95 56.5 x 65.5 995 3.07 .12
1496 2.56 -.06
2494 1.91 -.11

An upper limit estimate of the relative error can be made by accepting the
scatter about the regression line of ̂ He peak height vs. aliquot number.
This yields an estimate typically of the order of 2Z. However, it must be
realized that a substantial fraction of the observed variance is due to var-
iations in procedural blanks: a variation in blank size of the order of 10%
would lead to an apparent relative error of 1.5%. Table 3 summarizes five an-
alyses of identical distilled water samples drawn sequentially from a well-
mixed bottle and degassed on the same day. The results are corrected for
volume partitioning and for isotopic enrichment due to preferential loss of
light water by distillation during the degassing process.
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The analyses yield an average of 30.77 T.U. and a sample variance of
0.34 T.U., corresponding to a relative error of 1.1Z. Adding the absolute
error to this gives an overall uncertainty of 1.2%.

Table 3: Replicate Analyses of Distilled Water Standards

Sample
Number
1
2
3
4
5

Storage
Time
(Days)
187
186
187
186
187

Excess
3He

Uncorrected
Tritium

., Concentration
(cc/g x 10 )

2.097
2.138
2.105
2.105
2.100

(T.U.)
30.60
31.37
30.72
30.88
30.65

Corrected*
Tritium

Concentration
AM/M
.039
.025
.035
.021
.036

(T.U.)
30.49
31.32
30.63
30.85
30.56

*Corrected for volume partitioning and for fractionation from distillation
losses.

Table 4 gives a typical daily analysis of tritium samples, and a sum-
mary of the statistics of the regression curves. There were six standards
analyzed (the number in parentheses after the standard number is the num-
ber of aliquots). The air aliquot size was 4.60 x ce (STP) He, and
the mass spectrometric peak height response was computed by multiplying the
slopes of the two regression curves.

Since the ultimate limitation to the tritium detection limit is how
small an amount of ^He can be measured, increasing the sample size or stor-
age time can reduce the tritium detection limit substantially. Figure 2
shows the analytical precision as a function of sample size for one year
storage time. Recently, this laboratory has changed over from routine anal-
ysis of 45 g samples to 90 g samples, reducing the basic detection limit to
.04 T.U. Currently, a study is underway using 4.5 kg samples, and consider-
ation is being given to 500 g samples. These are given as reference curves
in the figure and for comparison, a typical curve for enrichment and gas
counting is included.

In summary, it appears that the present state-of-the-art for tritium
measurement by the ̂ He regrowth mass spectrometric technique has a relative
error of 1.2% and a detection limit of 1.9 x 10~3 T.U./g-y, the latter of
which corresponds to a detection limit .08 T.U. for a 45g sample stored for
one year, and less than .001 T.U. for a 5 & sample stored for the same time.

6. The Helium Isotope Effect in Solution

An important first step to using %e and % in hydrology, oceanography
and limnology, is to know what the baseline levels of ^He are in solution.
This is equivalent to knowing what the equilibrium ^Ee/^Be ratio is as a
function of temperature and salinity. Weiss, (3), using «nicrogasonometric
techniques, measured the solubility of ^He and ̂ He at one atmosphere partial
pressure. In general, his results showed that %e is slightly less soluble
than ^He and that this effect was a weak function of temperature and salin-
ity. However, there is a clear need for further measurements.

First, only two measurements were made in seawater in the region of in-
terest (0-25°c). Second, the analytical accuracy was of the order of 3°/oo
(i.e., about 2 a of our current analytical precision). Third, extrapolation
of the results from one atmosphere to 7 x 10" " atmospheres for -*He and from
one atmosphere to 5 x 10~" for ̂ He is not above question.
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Table 4: A Sample of Daily Tritium Analyses (August 10, 1979)

00o\

Sample

Line Blank 28 (0)
STD 131 (1)
39-1-3
42-1-9
47-1-11
STD 132 (2)
47-1-17
39-1-5
39-1-7
STD 133 (4)
47-1-13
47-1-10
31-1-18
STD 134 (6)
42-1-13
47-1-16
33-1-8
STD 135 (3)

4He P.H.
(mV)

.582
2.982
3.240
4.287
3.378
5.460
3.369

11.412
4.818

10.350
4.137
3.996
4.479

15.303
4.026
3.732
4.848
7.860

3He P.H.
(mV)

.070

.490
2.244
1.008

.522

.742
1.389
1.854

.919
1.580

.733

.562
2.623
2.348
1.132

.868
1.041
1.210

Excess Efess

3H» Hu. - .
(mV) x 10 ccg

1.755
.367
.021

.890

.114

.196

.115
-.034
1.953

.531

.313

.314

21.54
4.46

.26

10.81
1.38
2.38

1.40
-.41

23.72

6.46
3.80
3.81

Storage
(d)

333
346
346

346
345
345

346
346
344

346
346
344

Mass
(g)

44.93
43.64
44.70

43.77
45.59
42.13

45.74
45.23
43.92

45.24
44.51
43.64

Tritium Concentration
Uncorrected Corrected

AM/M (T .U . ) ( T . U . )

,020
.026
.062

.048

.036

.075

.034

.046

.027

.043

.055

.039

3.98
,78
.05

1.97
.24
.45

.24
-.07
4.34

1.14
.68
.70

3.95
.78
.05

1.96
.24
.45

.24
-.07
4.32

1.13
.67
.70

Regression Analyses for August 10, 1979

4He (mV) " 0.544 + 2.454 N (N - number of aliquots)
U4 - .036

3He (mV) = -0.021 + 0.1543
°3 = 0.43

sens. " .0075 (.3% of one aliquot)

(mV)
0ratio - 0.0036 - .52 x ce (STP) 3He ^'.08 T.U.

3He Standard aliquot = .3787 mV « 4.60 x 10-15 cc (STP) 3He



Consequently, we have compiled a number of near—surface (shallower than
or equal in depth to 10 m) sample analyses from a number of oceanic regions.
These results include only those obtained by this laboratory since it is not
known whether systematic effects may occur between laboratories at l°/oo lev-
el. Samples were taken from a number of ocean environs (coastal versus open
ocean versus Mediterranean, calm versus stormy) and no significant salinity
effect was observed over the salinity range covered (32 °/oo to 38°/oo). The
data plotted in Figure 2 exhibit a significant temperature dependence. A
linear regression (solid line) yields the following relation:

(a-1) x 1000 700 = - (17.3 + .8) + (0.28 + .06) T (°c)
with a regression scatter of 2.6 °/oo and a linear correlation coefficient of
0.640 (36 points). The scatter is somewhat greater than analytical precision
and may reflect either natural variations due to undetermined parameters, or
may be due to variation of systematic errors between analysis batches (the
samples were measured over a three-year period).

7. Summary and Recommendations

The current state-of-the-art in helium isotope mass spectrometry ap-
pears to be 1.8°/oo in the 3He/^He, 5 V0« in the ̂ He peak height. For trit-
ium measurement by 3He regrowth, the detection limit is .08T.Ö. for a 45g-y
sample (.04 T.U. for a 90g-y sample), with an overall accuracy of 1.2Z.

The primary analytical standard is air, which is assumed to have a hel-
ium concentration of 5.240 JH .005 ppmv (4), and a 3He/*He ratio of 1.384 x
10~° (1). Currently, all analyses reported by this laboratory are calcula-
ted using a tritium half-life of 12.262 years, although in a recent report,
(1), this has been questioned: it appears that better agreement with the HBS
tritium standards and other laboratories is achieved when a 12.51 year half-
life is used.

The advantages of the %e regrowth technique are that (1) it is less
susceptible to low-level contamination, since the samples are never exposed
to the atmosphere, (2) the measurement procedure is rapid and relatively con-
venient, except for the mandatory storage period, (3) the technique is essen-
tially "open-ended" in that larger samples can be used to obtain lower detec-
tion limits, and (4) the measurement depends only on one readily available
and convenient standard.

Specific to the technique, a primary concern would be a detailed and
careful study of the relative spatial and temporal variability of the He/
^He ratio in the atmosphere at the l-2°/oo level. One study (6) has been
performed at the IZ level, showing no significant variability. Further, it
would be attractive to redetermine independently the helium partial pressure
in the atmosphere, and its absolute isotopic ratio.

In general, it appears vital to redetermine the half-life of tritium
in an accurate fashion by a number of techniques. One possible approach
would be to monitor the NBS standard via the 3He technique, but this would
be an especially long-term project: if by multiple analyses the 3He-3H meas-
urement were to achieve an accuracy of 0.5%, a ten-year period would be re-
quired to obtain a 1% estimate of the half-life.

Aside from the absolute standardization, intercomparison between the
3He regrowth and gas counting techniques should be encouraged on an infor-
mal basis.
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A COMPARISON BETWEEN THE ̂ -COUNTING AND
THE He-3 INGROW TECHNIQUE FOR
LOW-LEVEL TRITIUM WORK

W. WEISS
Institut für Umweltphysik,
University of Heidelberg,
Heidelberg,
Federal Republic of Germany

There are two methods available to measure tritium T,
e.g. the classical 3-counting technique (cf. for example [1])
and the He-3 ingrow technique [2]. The concept of these
methods are as follows: the ß-counting technique is a differential
method which is based on the measurement of the ß-decay rate
during the counting time (typically 10OO1 for oceanic tritium
concentrations, e.g., £1O TU). In order to obtain a detection
limit of O.1 TU which is required for oceanic applications
1O moles of hydrogen have to be processed and the enrichment
of the samples becomes crucial, cf. [1]. The He-3 ingrow
technique is an integrating method, which is based on the mass
spectrometric measurement of the tritium decay product He-3,
so called tritiugenic He-3 ? accumulated in a sampling device
during a given ingrow-time ,

He-3tritiugenic = «•»•c<1-e-) tec STP]
m = sample mass
c = tritium concentration [TU]
t = integration time
« - 2.48-10-15

(.for water samples)
For a given tritium concentration c the amount of tritiugenic
He-3 is proportional to the mass of the sample m and to first
order (t ^ 1 year) to the integration time t. Both m and t
can be varied over a wide range to obtain the required preci-
sion and detection limit. For a typical sample of 4O g of
water a detection limit of O.1 TU requires an integration time
of about 6 months using the state of the art helium-3 technique
[2].

Fig. 1 compares the ß -counting technique applied at the
Heidelberg tritium lab [1] with the He-3 ingrow technique of
Clarke (Hamilton, Canada) and Jenkins (Woods Hole, USA) . The
He-3 ingrow technique is superior to ß -counting because of the
simplicity of the analytical procedure, which requires only
two steps, e.g., complete degasing of the sample and measurement

191



instead of 4 to 5 steps (distillation, 1- or 2-step enrichment,
reduction to hydrogen, measurement). The only drawback of the
method seems to be the relatively long waiting time, which can
however be overcome by using larger samples. In the Woods Hole
lab experiments with samples up to 4 liters volume are underway.
Some difficulties have been mat in the past because it is not
straightforward to completely degase samples of this size.
This is illustrated by the fact that the amount of tritiugenic
He-3 produced by O.1 TU during a one year storage time corres-
ponds to no more than O.3& of the He-3 content of water which
is in solubility equilibrium with the atmosphere. Another
aspect of using larger samples is that the state of the art
tritium detection limit can be lowered considerably this way.
For certain océanographie applications this is highly desirable.
The 3-counting technique has reached a point where this proves
to be very difficult. One reason for that is the occurance of
blanks [3], especially the analytical blank. Theoretically the
tritium detection limit of the He-3 method could be pushed down
to 10 TU for a sample volume of 4 liters and 1 year storage.
It is not clear yet what the ultimate detection limit of this
method will be. It is, however, expected that one of the
limiting steps will be the storage blank, e.g. He-3 diffusion
through the walls of the glass vessels during storage [4]. The
amount of this blank can be minimized by using glass of low
helium permeability and storage of the samples at low temperatures
and it can be estimated from the He-4 content of the water [2].
Other factors like the statistical uncertainty of the low He-3
ion current and mass spectrometer line blanks may also be of
importance.

Another aspect in favor of the He-3 technique is the
time required for one measurement. In the Heidelberg tritium
lab the overall sample handling for a fully enriched sample
requires 5 hours of work (distillation7 enrichment, and counting
time not included) whereas no more than 1 hour is needed if
the He-3 technique is applied.

The precision obtained with the He-3 is comparable to or
even better than that of the B-counting technique, cf. Fig. 2.
There is some question about the accuracy which becomes obvious
from a comparison of results from the Miami (G. östlund, ß-coun-
ting) and the Hamilton tritium lab (W.B. Clarke, He-3 technique)
(cf. Fig. 4 in [2]). Another intercalibration between the
Woods Hole and the Heidelberg lab is underway (OCEANUS cruise 52,
1978).
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Fig, 1 ; Flow diagram of the analytical steps required by the ß-counting and
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BLANKS IN LOW-LEVEL TRITIUM MEASUREMENTS

W. WEISS, W. ROETHER
Institut für Umweltphysik,
University of Heidelberg,
Heidelberg,
Federal Republic of Germany

Low level tritium measurements in the concentration range
below 1 TU require the consideration of various types of blanks,
e.g. sampling, storage, and analytical blank. This paper summarizes
results of blank experiments performed in the Heidelberg tritium
lab. The magnitude of the blank of a tritium measuring facility
is expected to depend strongly on the specific procedures of
sample handling, on the ambient tritium concentrations during
sampling, storage, and analysis and on the type of bottles used
for the storage of the samples. The results reported here can
therefore only be regarded as an indication of the magnitude of
the blank values which are to be expected in other labs.

The analytical blanjc is a result of tritium picked up during
the handling of the samples in the lab (exposure of the sample to
ambient air, memory effects, water content of chemicals, etc.).
The determination of this blank is straightforward if the tritium
concentration of the laboratory "dead." water is well below the
detection limit of the tritium facility in question; (cf. below).
In this case the analytical blank can be corrected for (without
knowing its absolute value) by identical treatment of samples and
"dead" water. In cases where the dead water tritium concentration
is comparable to or even larger than the detection limit, the ana-
lytical blank and the dead water tritium concentration can be es-
timated following a procedure which has previously been published
[1]. Values of O.O7 ± O.03 TU for the analytical blank of our lab
and of O.15 ± O.O3 TU for the then-used blank water (deep ground
water) have been reported there. Since 1977 we use North Atlantic
deep water as laboratory dead water (so called MAGGI, about 4OO
liters from about 30OO m depth, stored in batches of 60 1 each;
38°31'N 11°32'W, collection date 18. April 1976). Ocean deep water
if taken at a suitable geographical position [2-4] is preferable
to groundwater because of the long time scales involved in the
oceanic deep water turnover. Another aspect in favor of ocean deep
water is the availability of sampling techniques [5], which mini-
mize the risk of the contamination by tritium-rich surface water,
ambient air, etc. This water is routinely used to determine the
overall blank of our analytical systems [6], including counter-
background. The mean tritium concentration of 60 deep water samples
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collected between 1973 and 1975 in the eastern part of the North
Atlantic, where - according to océanographie evidence [7] - no tritium
is expected, has been found to be O.017 + O.O11 TU (1-sigma). This
value is regarded as upper limit of the tritium concentration of
our laboratory blank water because it includes a possible sampling
blank. The 2-sigma detection limit of our tritium measuring faci-
lity is thus no more than O.O4 TU. For a single measurement a
1-sigma limit of O.06 TU is obtained.

The uptake of tritium from ambient air during the storage of
water samples, e.g. the storage blank S strongly depends on the
transpiration coefficient B of the bottles and on the ambient
tritium concentration C :

h = ambient humidity
S = B C-h/m ,

m = water mass

B can be estimated from the transpiration loss of the bottles at
a given ambient humidity. Table 1 and Fig. 1 give some examples.
It is obvious that 1 liter glass bottles are highly preferable to
polyethylene bottles because their storage blank is more than
one order of magnitude lower; at a tritium concentration of 1OO TU
the storage blank of a 1 liter glass bottle is 3.7-10~ TU per
year, which figure well below the detection limit of this lab and
therefore negligible. Storage blanks of polyethylene bottles are
substantial (cf. Fig. 2, Table 1) depending on the size of the
bottle and of the water mass of the sample. 1 liter glass bottles
are routinely used for the storage of tritium samples in our
lab since 1977. The routine procedure is as follows: the glass
bottles are normally used without any pretreatment; from each
consignment of bottles and polyethylene plugs a few randomly
picked samples are checked for a bottle blank (one consignment
of polyethylene bottles used during our previous work showed
indeed a bottle blank of *• 0.2 TU! cf. Fig. 2). Before analysis
the samples are routinely stored in a sampling library. The
ambient tritium concentrations in this room are routinely moni-
tored. Sampling blanks are minimized by taking care that the
filling of the samples takes as little time as feasible. The
bottles are not flushed with sample water before filling in
order to avoid the contact with wet surfaces.
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Table 1

Type of bottle Transpiration
coefficient^)
B (cm3/d)

Storage blank
S2) (TU/year)

1OOO ml high density
polyethylene

1OOO ml low density
polyethylene

10O ml low density
polyethylene

1OOO ml glass, with
low-density polyethylene
plugs

250

270

82

12

O.O77

0.084

0.254

O.OO37

1)
2)
taken from Fig. 1.
ambient tritium concentration 100 TU
ambient humidity 8.5-10~ g/cm , e.g. 5O% at 2O°C rel. humidity
water mass = bottle volume
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Fig. 1 : (taken from [1] )

Water loss vs time for three of the bottles listed in Table 1 (d) : 1 1. and © : 100 ml low
density polyethylene bottles, © : 11. glass bottle) ; the slope gives the transpiration loss ; only
about half the total duration of the experiments is shown. Humidity-temperature conditions
cf. J « to make the water losses directly comparable, those of curve ® have been re-

J duced by a factor of 0.6 before plotting.

J Humidity-temperature conditions were, approx.
9 • 10~« g/cm3 and 25°C for the polyethylene bottles,
and almost dry air at 22° for the glass bottles.

Fig. 2 : (taken from 1 )
Theoretical storage blanks (in TU) vs measured
tritium concentration (corrected for analytical
blank, lanalytical precision) for water samples
of originally negligible tritium concentration;
triangles and circles: 11. low-density polyethylene
bottles (mode (l)); t:<_ 2 yr of storage, A: 2-3 yr,
0: 3-U yr, •: 6 yr; the slope of the straight line
is 0.95; oblique squares: 11. high-density polyethylene
bottles stored in aluminium boxes (mode (3)), filled
square stands for 15 samples that fall in the range
0.18 to 0.23 TU.
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RECOMMENDATIONS

1. The group recognises that the previously recommended tritium
half-life (12.262 years) cannot now be upheld, and that the U.S.
National Bureau of Standards (NBS) has made a very accurate re-
determination of water tritium standards. In order to avoid confusion
in measuring scales , it is recommended that tritium laboratories
should in future base their reported data on the new NBS tritium
standard NBS H926-C, and a tritium half-life of 12.350 years, using
a procedure that will be outlined in a published paper presently being
prepared by a subgroup of this meeting. *

It is further recommended that the previously used term tritium
unit (TU), being a dimensionless number, be replaced by the term
tritium ratio (TR) in accordance with the 1958 recommendation of ICRU.
The Agency should also encourage a redetermination of the tritium
half-life with the best possible accuracy.

It is also recommended that NBS be asked to make available (the
new NBS tritium standard (U926-C) in suitable dilutions) for distribution
to low-level tritium laboratories.

The group agreed that in order to help to improve the tritium
detection limits, particularly in newly established laboratories, a
water standard of virtually tritium-free water with a known level of
accuracy would be most useful. It is therefore recommended that the
Agency prepare such a standard for distribution to low-level tritium
laboratories.
2_._ Interlaboratory comparisons of low-level tritium measurements
organized by IAEA proved to be an important factor in the improvement
of the quality and accuracy of analysis in laboratories all over the
world. It is recommended that the IAEA continues the low-level tritium
interlaboratory comparisons at intervals of five to six years. It
is further recommended that intercalibration samples will be available
to laboratories in the interim periods between intercomparison
programmes for cross-checking purposes.

3_._ The simplest low-level tritium measurement technique presently
available to new laboratories combines a moderate electrolytic
enrichment with liquid scintillation counting. But the global decrease
of tritium in environmental waters means that this technique is not
presently sensitive enough in some applications. The Agency should
therefore encourage and support research and development which aims
to improve the sensitivity and resolution of this technique. In
electrolytic enrichment this requires to perfect equipment able to
cope with larger samples. Over recent years good progress has been
made in improving the sensitivity of liquid scintillation counting,
but it is very desirable to continue these trends by studies in skilled
laboratories which aim to develop methods by which, however, very
stable background count rates can be obtained in spectrometers of
conventional design, and to develop new types of spectrometers which
may offer still better performance. This may be achieved by Research
Contract Programmes.

U. The group considers that IAEA has provided valuable service in
establishing (through Technical Assistance Programmes) tritium
laboratories in developing countries (provision of equipment, training
of personnel, and expert visits). Because techniques and applications
continue to develop, the need arises to keep these and other
laboratories abreast of the situation. One effective way of achieving
this would be to organize one or more Training Seminars which would

After reconsideration by the working subgroup the recommended
half-life value is 12.1430 years.
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bring together scientists from these laboratories. This would help
to improve reliability and quality of analytical work and to bring
new developments and techniques to broader use.

Preparation and circulation could be undertaken of a detailed
up-to-date procedure manual for laboratories using IAEA-type
enrichment cells and liquid scintillation counting: this would include
sections on sampling and storage, electrolytic enrichment procedure,
liquid scintillation counting, calculation of results, standardisation
and contamination problems.
5_._ Because industrial tritium will play a major role in the future,
the IAEA is recommended to draw the attention of low-level tritium
counting laboratories to the following aspects:

- suitable siting of laboratory facilities away
from sources of tritium contamination

- sampling and storing of waters
- luminescent watches, signs or lights which
may contain tritium

- continuous control of tritium levels in air
moisture.

6̂ _ In order that the Agency fulfill its role, it must have state-of-
the art capability in low-level tritium measurement. This is
particularly important in light of the continuing decrease of
environmental tritium levels. We therefore recommend that the Agency
take steps to acquire the new %e-regrowth technology for tritium
measurement. We believe this new technique to have many advantages
(see Appendix) which makes it attractive despite the large initial
cost.

We do not recommend the abandonment of the more conventional
techniques, since they certainly have applicability to a wide range of
problems and have the advantage of more immediate results. Also, due
to the high level of technology involved in the ̂ He-regrowth technique,
we do not recommend this technique for new laboratories with limited
technological infrastructure. However, these laboratories would
benefit from the availability of the ̂ He-regrowth technique in the
laboratories to the Agency.

We would further like to point out that the acquisition of the 'ne
mass spectrometer technology gives the capability of using the %/%€
dating technique, which has been developed and exploited for limnology
and oceanography and which holds some promise in hydrology.
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FOLLOW-UP ACTION

The group has selected a sub-group consisting of:
W.B. Mann National Bureau of Standards,

Washington, B.C., USA
C.B. Taylor Institute of Nuclear Sciences,

Lower Hutt, New Zealand
W. Roether Institut für Umweltphysik der

Universität Heidelberg, Fed. Rep. of Germany
W.J. Jenkins Woods Hole Océanographie Institute,

Woods Hole, Mass., USA
which has been asked to prepare a paper giving information to the broad
circle of readers on the new recommended tritium half-life, available
tritium standards and the method for recalculation of old tritium data
into the new "tritium scale".

The paper shall be published soon in the International Journal of
Applied Radiation and Isotopes.
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APPENDIX 1

A summary of the advantages of the He
regrowth technique

1. The detection limit is presently comparable to the "best
enrichment-gas counting techniques, and can be reduced
substantially. The procedures developed are inherently
much more contamination-free than those involving
enrichment.

2. The accuracy of the technique is currently a factor of two
or three better (i.e. about 1$) and can be improved.

3. The sample processing used in the regrowth technique (i.e.
degassing and storage) is much more straightforward, since
it does not involve complicated chemical conversion and/or
enrichment procedures.

The actual analysis and treatment is more rapid, leading to
a much higher sample throughput. More than two thousand
samples per year can be analysed by two technicians using
one mass spectrometer. This leads, in part, to a considerable
reduction of the cost per sample. Comparing operating costs
of existing laboratories which use the counting and the %e
regrowth technique for the tritium concentration range below
10 TU, the reduction is estimated to be of the order of a
factor of two. As a consequence, the large initial capital
investment could be amortized over a period of a few years.
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