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ABSTRACT

Historically, ionization chambers have been used successfully to measure low-level tritium
concentrations in air for radiation protection purposes. Problems have been encountered in
applying this technique to measure much higher concentrations of tritium in gases other than air,
particularly to measure tritium in argon and helium. An experimental program was, therefore,
initiated to investigate the various factors that affect the response of ionization chambers. Carrier
gas effects on the measurement of elemental tritium were investigated in the concentration range
0-150 Ci/m3. Higher than theoretical calibration factors were obtained consistently with low-level
tritium gas standards in both helium and argon, while with high-level gas standards the
experimental calibration factors were close to the theoretical value. Use of a commercial
ionization chamber to measure tritiated water vapour in dry air streams resulted in severe
contamination of the chamber. Water swamping of the dry air stream reduced the ionization
chamber contamination to a negligible level, allowing reliable measurements to be made. The
calibration of ionization chambers with representative process gases and operating conditions is
necessary to ensure reliable tritium concentration measurements.

I. INTRODUCTION

Tritium monitoring is important for a variety of applications, including air detritiation, fusion
fuel clean-up, blanket recovery and room monitoring. Because ionization chambers are simple to
operate, easy to incorporate in a system and provide real-time measurement, they aTe widely
selected for this function.

The measured current in an ionization chamber is determined by the interplay of various factors.
Some of these factors are specific properties of the gaseous media and others are those determined
by the ionization chamber design and operating conditions.1"4 Impurities, humidity and
ionization chamber contamination can have a significant influence on the measured ionization
currents.

The steady-state ionization current measured for a given quantity of tritium in a gas is given by:1

K-Cg-Ve-frE-e-C

h - w
where

Cg = tritium activity in the gas phase of the chamber (Ci/m3),a

E = average energy deposited in the gas per disintegration (5.65 keV for soft beta particles
emitted in the decay of tritium),

Ig = ionization current due to gas phase tritium in the sensitive volume (A),

K = 3.7xlO10 (Disintegrations/(Cis)),

Ve = effective ionization chamber volume (m3),

a 1 Ci = 37 GBq.
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W = ionization efficiency, i.e., mean energy deposited per ion pair in the gas (eV),

e = electronic charge (1.6x10'^ C),

$ = charge collection efficiency, and

C, = fraction of total beta-emission energy absorbed by the gas in the sensitive volume of the
ionization chamber.

Under a given set of operating conditions (temperature, pressure and applied voltage), for a given
ionization chamber and carrier gas, $ and C, are constant13 and the ionization current is given by:

I = nvCg

where m is the calibration factor (A/(Ci/m3)). Under the conditions that ion-pair recombination is
absent and all charges are collected effectively, i.e., <j>=l, the ionization chamber is said to be
operating in the ion-current saturation regime. In this case, the calibration factor is uniquely
determined by the W-value of the carrier gas.

The W-values of noble gases commonly used as a carrier are extremely sensitive to the presence
of impurity gases.5'6 Large increases in the total ionization have been noted in the presence (a few
parts per million) of impurities. This effect is known as the "Jesse effect".6 This effect has been
exploited in the design of highly sensitive ionization-type gas chromatographic detectors for the
detection of permanent gases and organic vapours.7'8 The Jesse effect increased with the molar
fraction of the impurity at low concentrations and with the total pressure at a given impurity molar
fraction. It has been attributed to Penning ionization of impurity molecules by highly excited
noble gas atoms in metastable states with energies higher than the first ionization potential of the
impurities according to the reaction:**

where X* is an excited metastable noble gas atom and M is an impurity atom. The excitation
energy is, therefore, expended in additional ionization of impurity gas molecules and, as a
consequence, the ionization yield by beta particles is increased, reducing the W-value for impure
noble gases. The Jesse effect has also been observed with impurities having first ionization
potentials higher than the metastable states in argon, but it is generally higher for impurities with
ionization potentials lower than the excited metastable states in noble gases.6

It is therefore important that the performance of ionization chambers be demonstrated for the
process conditions of interest. An experimental study was initiated to examine the effects of
various parameters, e.g., impurities, humidity, tritium concentration and carrier gas on
ionization chamber response and overall performance. Some of the initial results from this study
are presented and discussed.

Charge collection efficiency depends on the applied voltage and also on the tritium
concentration in the chamber.
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II. EXPERIMENTAL

Ionization chamber calibration data for noble gases were obtained using a fixed-volume, closed-
loop, gas recirculation system. Known tritium concentrations in the ionization chambers were
produced using two different procedures. In the first procedure (Procedure A), a known tritium
concentration was prepared by introducing a known amount of a tritium gas standard into the
ionization chamber and diluting it with the appropriate nonradioactive carrier gas. In the second
procedure (Procedure B), known tritium concentrations were prepared by sequential dilution of the
standard. In this procedure, the tritium gas standard was introduced into the chamber at
-101 kPa; after measuring die current, the chamber was evacuated to a lower measured pressure
and the chamber pressure was restored to -101 kPa by adding the carrier gas. This was repeated
several times to produce tritium gas mixtures of decreasing concentration. A pump circulated the
gas mixture until a stable ion-current reading was obtained. The ionization current
measurements were made at a total ionization chamber pressure of -101 kPa and at ambient
temperature. Ionization chambers were calibrated using several tritium gas standards in helium
(minimum purity 99.995%) and in argon (minimum purity 99.996%) in the range 0-150 Ci/m3.
All gas standards used contained ~0.1%H2 added to the standard to reduce tritium adsorption on
the container walls. The ionization chamber used was a conventional, cylindrical-type chamber
with an active volume of 120 cm3.

The effect of humidity on the measurement of tritiated water vapour in air with ionization
chambers was investigated using a gas flow-through system. An Overhoff Betatec tritium
monitor (active volume -1690 cm3) was used in the study. Different tritium concentrations and
humidity levels in the air stream to the monitor were obtained by passing a small air flow through
a bubbler containing tritiated water and mixing the tritiated air stream with the main flow
(—85°C dew point, -0.02 m3/min) upstream of the ionization chamber. Water swamping of the
tritiated air stream to the ionization chamber was achieved by injecting a measured air stream
saturated with tritium-free water vapour (-0.002-0.007 m3/min) to the main flow.

ni. RESULTS AND DISCUSSION

A. Carrier Gas Effects

The calibration factors determined as a function of the tritium concentration in the ion-current
saturation regime are given in Figure 1 for different gas standards in helium. The average
values determined from linear regression analysis of the calibration data for the different gas
standards are given in Table 1. These data clearly show an increase in the calibration factor with
decreasing tritium concentration. Also, for the same tritium concentration, the calibration factor
obtained was found to be higher with the tritium gas standard with a lower tritium concentration
(Figure 1). Calibration factors close to the theoretical value were obtained with the high-level gas
standards.

Higher than theoretical calibration factors indicate higher current measurements for a given
activity in the chamber than allowed at complete saturation. Higher current measurements,
therefore, suggest an unaccounted tritium source in the chamber (as surface contamination) or a
decrease in the W-value (eV/ion pair) for the carrier gas. With the calibration procedure used
(Procedure A), surface adsorption of tritium (contamination) should lower the measured
ionization current for a given concentration. The measured higher currents, therefore, should
have resulted from a reduction in the W-value for the carrier gas.
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Table 1 - Average Calibration Factors for Tritium Gas Standards in Helium
(Theoretical Calibration Factor at Complete saturation = 0.095)

Gas Standard
Ci/m3(STP)

Calibration Factor Correlation
Coefficient

0.72±0.02
3.06±0.04

67.0±2.8
150.6±3.5

0.140
0.108
0.108
0.092

0.997
0.996
0.999
0.997

1

0.20

0.15

0.10

0.05

0.7Ci/m3
3Ci/m3
60 Ci/m3
150 Ci/m3

Theory

10 10J

Ci/m3
10"

Figure 1 - Calibration Factor vs Tritium Concentration (HeIium/0.1%H2>

The tritium gas standards used in the calibration experiments contained 0.1% H2 in helium.
Also, the commercial-grade high-purity helium gas used in the preparation of the tritium gas
standards contained as maximum amounts, -15 ppm of moisture, ~10 ppm of oxygen, -20 ppm of
nitrogen, -20 ppm of neon and -55 ppm of other impurities, including hydrocarbons. Helium has
several metastable excited levels with energies about ~20 eV.9 The first ionization potential of all
common gases, including hydrogen, is below 20 eV, except for neon, whose first ionization
potential is 21.6 eV. The ionization yield relative to pure helium increased by about 10% at an
impurity content of approximately 10 to 20 ppm for all noble gases, except for neon.6 The increase
in the ionization yield reached a plateau (40-50%) at an impurity content of-0.1% in helium.
Thus, it is possible that the observed higher-than-theoretical calibration factors were caused by
hydrogen (0.1%) or other impurities (except neon) present in the helium carrier. If such is the case,
the absence of impurity effects at high tritium concentration ranges in helium needs to be
explained.

The effect of adding 0.19% argon initially into a tritium in helium gas standard is shown in
Figure 2. These data were obtained using the calibration procedure B and a different ionization
chamber of active volume 100 cm3. A very unusual and complex calibration factor was obtained
with the argon impurity. A large increase in the calibration factor was obtained at the highest
argon concentration (highest tritium concentration), corresponding to a ~6% increase in the
ionization yield relative to the tritium gas standard with no argon added. The effect of decreasing
argon concentration (decreasing tritium concentration) on the calibration factor was complex.
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The calibration factor decreased below the values obtained with the tritium gas standard with no
argon added at tritium concentrations ~<50 Ci/m3. Similar effects were observed when organic
vapours were added to the tritium gas standard. The cause for the sharp increase in the calibration
factor at the low tritium concentrations shown in Figure 2, which was typical for all calibration
runs, is, however, not clear.

0.09 I

0.08

0.07

a 0%Ar
+ 0.19% Ar

0.06

tfa fc B

SO 100
Ci/m3

150 200

Figure 2-Tbe Effect of Argon Inq>iirity on the Calibration Factor

Attempts were made to determine the effect of common impurities on the measured ionization
current using a 15 cm3 ionization chamber pre-contaminated with tritium. Three helium gases
(commercial high purity - total impurities -120 ppm (HP), ultra high purity - total impurities
-16 ppm (UHP) and 0.1% H2 in ultra high purity gas (O.IH2-UHP)) were used to determine the
background contamination exhibited by the chamber. The measurements were made at -101 kPa
pressure and at ambient temperature. Almost identical currents, 1.29,1.32 and 1.31 nA, were
measured for the gases in the order HP, UHP, and 0.1%H2-UHP. The absence of any significant
difference between the measured currents, irrespective of the differences in the composition of the
gases used, was surprising. However, when these gases were circulated continuously through a
SAES St707 getter purifier maintained at 400°C to remove impurities and hydrogen, the measured
current decreased by approximately 10-18% within five minutes and attained a steady value. The
measured current values rose again with time when circulation of the gas through the getter bed
was stopped. These data are consistent with a reduction in the ionization yield as helium gas is
purified, and an increase in the ionization yield as the helium gas is recontaminated with
impurities degassing from the system walls when the purifier is by-passed. The contamination of
gases by impurities degassing from the container and system walls may account for the absence of
any difference in the currents measured with different carrier gases.10

In order to eliminate the interference caused by impurities desorbing from various sources in the
system on the measured ionization currents, the background current of the same ionization
chamber was measured in a flow-through system. Prior to these measurements, the ionization
chamber was further contaminated by exposing it to pure tritium at -50 kPa for 10 days. The
measured background current as a function of the flow rate for the three helium gases is given in
Figure 3. Under static conditions (no flow), the same background current (-105 nA) was
measured for the three gases consistent with contamination of the gases under this condition. As
shown in Figure 3, the measured currents decreased with increasing gas flow rate and reached
steady values at high flow rates. The measured background current at high flow rates increased
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as a function of the impurity content in helium, consistent with an increase in the total ionization
yield (or a decrease in the W-value) in the presence of impurities. These data show that the rate of
impurity ingress was insufficient to cause severe contamination of gases under flowing
conditions.

o HP-He
* UHP-He
a 0.1%H2/UHP-He

W=33.5 eV

W=39.2 eV

= 42.3eV

5 10
Flow Rate (L/min)

15

Figure 3 - The Effect of Impurities on the W Value of Helium

Argon has two metastable excited states, with energies 11.53 and 11.72 eV.9 The first ionization
potential of most commonly encountered impurity gases are higher than 11.72 eV. Consequently,
common impurities in argon (moisture -15 ppm, oxygen -7 ppm, nitrogen -15 ppm and carbon
containing gases ~5 ppm) should not have any noticeable effect on the measured ionization
currents unless organic vapours with first ionization potentials lower than 11.72 eV are present in
the gas. However, a very small Jesse effect in argon has been observed with carbon monoxide,
carbon dioxide, methane, nitrogen and oxygen, while no Jesse effect has been observed with
hydrogen.6 Calibration data obtained in the ion-current saturation regime are shown in Figure 4
for three different gas standards, and the average calibration factors determined from linear
regression analysis of calibration data are given in Table 2. Approximately the same calibration
factor was obtained with the two high-level gas standards. This constant calibration factor (0.148-
0.150 nA/(Ci/m3)) obtained with the high-level gas standards was close to the theoretical value
(0.152 nA/(Ci/m3)). A very high calibration factor was obtained with the 10 Ci/m^ gas standard in
argon, similar to the results obtained with the low-level helium gas standards. However, a steady
decrease in the calibration factor with the tritium concentration was not observed as it was with
helium. Although these results are consistent with the absence of impurity effects in argon, to
explain the observed higher than theoretical calibration factor obtained with the low-level tritium
gas standard in argon, impurity effects have to be invoked.
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Table 2 • Average Calibration Factors for Tritium Gas Standards in Argon
(Theoretical Calibration Factor at Complete Saturation = 0.152)

Gas Standard
Ci/m3(STP)

Calibration Factor
(nA)/(Ci/m3)

Correlation
Coefficient

10.1+1.5
75.1±1.3
145.0±6.4

0.181
0.148
0.150

0.999
0.999
0.999

Impurities of a few parts per million increased the ionization yield in both helium and argon.5> *>
It is tempting to suggest that impurities present in the gas standards at low tritium concentrations
were responsible for raising the calibration factors above the theoretical levels. If calibration
factors are affected by the impurities present in the gas standard, the absence of such effects in
helium at high tritium concentrations is difficult to explain. Similarly, while the results obtained
with argon are consistent with the absence of any Jesse effect at high concentrations, impurity
effects need to be evoked to explain the high calibration factor obtained with the 10 Ci/m3 gas
standard. On the other hand, the increase in the calibration factor with the addition of argon to the
helium gas standard, the decrease in the background ionization current measured with the 15 cm3

chamber during continuous helium purification and the increase in the background ionization
current measured at high flow rates with the impurity content in helium, clearly show the effect of
impurities on the measured ionization currents (Jesse effect). The calibration data obtained,
however, cannot be explained on the basis of the Jesse effect alone. The impurity effects on the
measured ionization current may be complex. For example, the Jesse effect in argon caused by
25 ppm of ethylene was almost completely suppressed by the addition of 0.5% nitrogen.11

Therefore, a detailed knowledge of the impurities present in the gas standards and single
component and mixture effects on the measured ionization current are required to understand the
differences observed in the measured calibration factors.

10 Ci/m3
70 Ci/m3
145 Ci/m3

•Theory

Ci/m3

Figure 4- Calibration Factor vs Tritium Concentration (Argon/0.1%H2)
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Although it is generally difficult to be certain that a carrier gas is free of unwanted impurities, the
effect of trace impurities on the response of ionization chambers has not been given sufficient
attention in the literature to date. Recently, however, a possible dependence of the calibration
factor for ionization chambers on the hydrogen content in the sweep gas has been suggested to
explain the observed increase in the steady-state tritium recovery rate with a sweep gas of
composition 1%H2-He compared to the reference sweep gas of 0.1%H2-He in the BEATREX-II
breeder-blanket experiments.12 In another recent study, a significant increase in the measured
ionization current was observed when argon and xenon (-40%) were added to deuterium
(hydrogen)-tritium gas mixtures.13 The observed increase in the ionization yield has been
suggested to be due to secondary ionization by excited metastable species.

B. Effect of Humidity on the Measurement of Tritiated Water Vapour

A summary of the experimental results obtained under various test conditions is given in Table 3.
The dew point and ionization chamber measurements are given at steady-state conditions. As
shown in Table 3, the measured tritium concentration was significantly higher than the
calculated value a t low humidities (~<-50°C dew point), indicating severe contamination of the
ionization chamber in the tritium concentration range -0.3 to 1.3 mCi/m3. At high humidities
(~>-40°C dew point), however, practically no contamination of the ionization chamber was
observed in the concentration range investigated, -0.3 to 42 mCi/m3. In all cases, the measured
tritium concentrations at high humidity (~>-40oC) were lower than the calculated values (see
Table 3). However, the calculated tritium concentrations are based on dew-point measurements
and the observed discrepancy could be explained by an error in these measurements. The
measured tritium concentration values were within the range of the calculated values when a
±2.0°C error in dew-point measurements was considered, which is typical for such measurements
at low humidity.14 Figure 5 (data from Run #1) shows the effect of humidity on the ionization
chamber response graphically. A severe contamination of the ionization chamber was seen with
high specific activity water vapour (-50 Ci/kg) until the dew point was raised (from -60°C to 0°C) by
adding non-tritiated water vapour reducing the specific activity of the vapour to -0.05 Ci/kg just
prior to the inlet of the ionization chamber. A very rapid decrease in the contamination level was
seen when this change was made.

The adsorbed amount of tritiated water on metal surfaces per unit surface area has been shown to
be a linearly decreasing function of the H/T ratio in the gas phase in the concentration range 0.24-
360 mCi/m3.15 In Run #3, the same H/T ratio (6.6 x 104) was maintained at all dew points, but the
tritium concentration was increased from 0.3 to 41.5 mCi/m3. These data are shown in Figure €.
Although the fraction of tritium in the adsorbed phase in these runs was similar, these data show a
decrease in the contribution from the surface adsorbed tritium to the ionization chamber response
(surface plus air) with increasing tritium concentration. For the ionization chamber used it
became negligible at concentrations ~>5 mCi/m3.

Purging with dry and wet air streams was investigated to determine the efficiency of this
technique to decontaminate the ionization chambers used for tritiated water vapour
measurements. Figure 7 shows the results of purging the experimental system following Run #5.
A large increase in the ionization chamber response was noted immediately following
termination of the tritiated water vapour addition, due to the removal of adsorbed tritiated water
vapour from various surfaces in the system. In accordance with the literature data,1 5 the
decontamination rate was very slow for both dry and wet purge gas streams. This slow transfer of
adsorbed tritiated water on stainless steel surfaces to the bulk gas has been attributed to a slow
tritium migration process from the bulk of the oxide film on stainless steel to the surface.15 This
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slow desorption of adsorbed tritiated water vapour in ionization chambers can seriously limit their
ability to measure the concentration of tritiated water vapour reliably in process systems with
rapidly changing conditions.

Table 3 - Effect of Humidity on the lonization Chamber Response to Tritiated Water Vapour

RUN

DEW POINT

System
Inlet
(°C)

Ion
Chamber

Inlet
(°C)

Ion
Chamber
Response

(maximum)
(uCi/m3)

Calculated
Value

(uCi/m3)

1

2

-€0.7
-60.7

-23.9
-23.9

-60.7
+1.8

-23.9
+0.2

1475
212

268
162

415
280

323
240

-64.3
-51.6
-10.7
-30.2
-20.4

-64.3
-51.6
-40.7
-30.2
-20.4

1032
2539
5540

13400
31955

270
1343

4972
15549
41500

4

5

-59.5

-59.6

-19.7

-19.2

252

303

423

418

2000

CO

I
1

Non-tritiated
'. Water Swamping

20

-20

-40

-60

-80

C

ir P
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a
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r
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-100
100 200 300 400

Elapsed Time (min)

Figure 5 - Effect of Humidity on the Ionization Chamber Response



CFFTP GENERAL -10- CPFTPG 91115
AECL-10520

- 7 0 - 6 0 - 5 0 - 4 0 - 3 0
Dew Point CO

- 2 0 - 1 0

PMfi|yt nf TTiifpiHijy ftp fop TntniTOfrinn f!hnmh«r fintifanwrnfifiiin

10£

I

10'

Wet Purge On
(-20°C D.P.)

oo

o o e e o o
HTO Addition Off,
Dry Purge On (-60°C D.P) oo

Ion Chamber Background
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Elapsed Time (min)

100 120

figure 7 - Ionization Chamber Decontamination

IV. CONCLUSIONS

Higher than theoretical calibration factors were obtained with tritium gas standards in helium
and argon at low concentrations. At high concentrations, the calibration factors were close to
theoretical. The measured ionization current and, hence, the determined calibration factor in the
ion-current saturation regime is affected only by the W-value of the carrier gas. Some of the data
presented indicate an impurity effect on the measured ionization currents (Jesse effect). The
differences observed in the calibration factor with tritium concentration in the gas, however,
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cannot be explained on the basis of the Jesse effect alone. A detailed knowledge of impurities
present in the gas standards, and single component and mixture effects of impurities on the
measured ionization currents, are required to understand the differences observed. Most
importantly, the data presented indicate the need to calibrate the ionization chambers with
representative process gas mixtures and operating conditions to ensure reliable tritium
concentration measurements.

Use of current commercial ionization chambers to measure high specific activity tritiated water
vapour in dry air streams, such as those encountered in air detritiation systems or blanket purge
systems, will result in severe contamination of the chamber and, hence, a large error in the
measurements. Reliable measurements can be made by using water swamping of the dry air
stream to reduce the specific activity of water vapour and, hence, ionization chamber
contamination. The transfer of adsorbed tritiated water vapour to the bulk gas stream is a slow
process and this can limit the applicability of ionization chambers for reliable monitoring of
rapidly changing conditions or upset situations in processes.
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