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ABSTRACT 

The aim of this review is to provide an overview of the tech-

niques which have been dev~loped for measuring tritium in various 

media. The main emphasis is on measurements for surveillance and 

protection in environmental and occupational situations. Tritium 

measurements in specialized research applications are not treated in 

detail. Overviews are first provided of the physical characteristics 

of tritium; of the sources of and typical levels of tritium concentra-

tiona in the natural environment; and of the radiation protection guides. 

The various measurement techniques are then discussed. 
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1. INTRODUCTION 

Tritium (the hydrogen isotope of mass 3) is orie of the most im­

po:rtant radioactive nuclides released to th~ environment during the nor­

mal operation of light water nuclear reactors and their fuel reprocess­

ing plants .. Tritium is produced principally in ternary fission in the 

reactor co:re and to a much lesser extent by- activation of the primary 
~--~ . 

cooling water~ The fission yield' of tritium (tritium atoms per fission) 

is about 0.01% (1 ), and iri fuel ready for repr~cessing ($ 150 days ~£cool­

down( it is p'resent a.t-the-l~vel of about 700 curies/metric ton of .fuel.(1 ) 

Tritium ie also produced by neutron irradiation of the deuterium, 3He, 

10 ~~ :~~d 6 Li in the re~ct.or coolant(Z); Table I (from Ref. 3) 'shows the 
, ~ ~r 

esfmiated\~itium production (Ci/yr) at typical nuclear·power stations 
... I' •. 

of the boiling.water (BWRrand pressurized water (PWR) types. Essen-_, 

tially all o.f the trithirn -p~oduced i.s ultimately released to the environ­

meJt, either at the ;·~ac-tor or most probabl; during fuel repr~cessing. 
,-
'. j ~ 

Tritium appears predominantly .as tritiated water (HTO), and to a lesser 

extent as hydrogen gas (HT). With the use of Zircaloy-clad fuel rods 

in light-water reactors, tritium diffusion from the spent fuel should be 
( ; . ' . ' 

very small(::; 1o/o ), ''so that most of the release .occurs at the fuel rep.ro-

cessing plarit. (4 ). With the increasing number of nuclea.r,power pla~ts, 
the world-wide inventory of tritium is expected to rise dramatically. 

One p~::ojection is shown in Figure 1 (from Ref. 1). 

Tritium is also produced at heavy-water reactors and at tritium 

production facilities, at which its relative importance is generally 

greater than that of all other radionuclide hazards combined. ( 4 ) 

r : 
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Tritium's radioactive decay has a half-life of 12.36 years. The 

decay is by j3 emission. Figure 2 (from Ref. 5) shows the beta energy 

spectrum·. The very weak beta has a maximum energy of 18.6 keV and 

a most probable energy of 5. 7 keV. (The maximum range of an 18 keV 

beta is about 6 microns .in water or 0. 5 em in air.) There is no other 

decay mode. One gram of pure tritium would have an activity of about 

9600 curies. 

Tritium appears naturally in the environment at an estimated 

world-wide level of from 20 to 60 megacuries (Ref. 4), corresponding 

to a mass of 2 to 6 kg. All but a fraction of one percent is in the form 
-.., 

of HTO in the air and water. The fractional atomic concentration rel-

-15 I ative to ordinary hydrogen is about 4 X 10 (HT H
2

) in the atmosphere; 

about 8X10- 17 (HTO/H
2
0) as vapor in air; and about 1 X10- 18 in sur­

face water. (4 ) Most of the naturally-occurring tritiutn is produced by 

interactions in the upper atmosphere of the prin1a ry cosmic ray pro­

tons.(6) 

Production of tritium by atmospheric nuclear tests has dwarfed 

the natural levels: the tritium yield of a thermonuclear reaction (fusion) 

has been estiinated at about 1 kg per megaton equivalent. (4 , 7) Essen-

tially 100% of the tritium produced in this wa,y is converted to HTO 

water vapor. (8 ) The concentration in stratospheric water of tritium 

rose from about 0.03 pCi/ cm3 (in the period prior to nuclear testing) to 

about 20,000 pCi/cm3 in 1960, an increase of almost six orders of mag­

nitude. (4} Altho~gh it is che~ically identical to normal hydrogen for 

most purposes, stratospheric tritium may not mix quickly and thorough-

ly with much of the naturally-occurring water. 
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For 168 ..:hour occupational exposures, the International Comrnis­

sion on Radiological Protection( 9) h~s establish~d ma~imum permissi~le 
concentrations in air and water (MPC) 'ia.nd (MPC) , as well' as max-a w . 

. · imum p~rmissible body burdens (MPBB). For individuals in the gener­

al public, the applicable MPC values are a factor of 10 smaller than 

for occupational exposure; and for exposure to a suitably large sample 

of the general public, another factor of 3 smaller still. The U. S. 

Atomic Energy Comrnission( 10) has established MPC levels identical to 

those of the ICRP. 

The occupational MPBB values are 1 mCi of HTO in body tissue, 

or 2 mCi in the total body. The MPC values are as follows: 

168-hour 168-hour limits, · 
occupational individuals in 

limits general Eublic 

as HTO in water 30,000 pCi/cm 3 3000 pCi/cm 
3 

HT gas in air 400 pCi/cm3 .40 pCi/cm 
3 as 

as HTO vapor in air 2 pCi/cm 3 0.2 pCi/cm 3 

In terms of curies, these permissible levels seem at first glance 

to be very high in comparison to MPC levels for other radionuclides. 

There are three reasons for this: first, there is a large amount of 

water in biological systems, in which ingested tritium can be diluted; 

second, there is no knoWn biological or physical reconcentrationmech-

anism; and third, the tritium betas have very low energy. 

Tritium' s most important biological half--life seems to be about 

8 to 10 days in humans(11 • 12• 13), which is similar to that of the gross 
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water content of the body. There is evidence for a longer half-life 

(..;. 300 to 500 days)for afew percent of the tritium, but the contribution 

to the total dose of this component i~ uncertain. ( 
11

) 

Measurements of tritium are difficult mainly,because of the low 

energy of the triti'urn betas, which can be counted by only a few' of the 

many detectors sensiti~e to ionization energy loss. The discussion be-
. . . 

iow is intended to point out the advantages and disadvantages of the var-

ious existing (or pl"o}!>osed) measuring systems for tritium . 

. We ahall concentrate upon measurements in the air and water 

around nuclear reactors and their fuel-reprocessing plants. We do not 

intend to imply that tritium is not now a significant problem outsi'de oC 

· the reactor industry. Its use is increasing in medical and biological 

research as a tracer, and in industrial applications. A recent study(i 4 ) 

of tritium's use in luminous watch dials is interesting, if only because 

of its historical connection ·With the problem of the radium dial painters 

of several decades ago. A recent study of the United Kingdom(i 5) indi-

cates that tritium is widely used in industry and that 11 the radiation 

doses received by some workers are not inconsiderable." What was 

found was that a few percent of the workers studied received doses less 

than but comparable with MPC levels. Background information on the 

use of tritium in biology and medicine can be found in a recent book.(ib) 

We will consider four distinct measurement problem's: determina-

tions in water, in air as HTO, inair as HT, and in urine. In turn, any 

of these (except that in urine) can be made in either environmental sam-

ples or process samples (water flow or gas stack). We shall attempt to 

discuss these various classes separately, where appropriate. 
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Various interferences must be considered depe.nding on where~ 

when, and how the tritium concentration is being sampled or measured. 

In the ga's phase around, {uel reprocessing plarits, the principal beta 

emitter b.esides tritium is 85Kr, whose higher energy beta :(E · = 672 · ·· · max 

keY) can provide a significant interfering background. In the liquid 

phase, strontium- 90 (Emax = 546 kt=N) is present and may interfere;· 

The literature 'on tritium measurements is voluminous, more so 

than perhaps for any other radionuclide of interest in environmental 

measurements. The IAEA held a Symposium in 1961, the proceedings 

of which(i 7) are a basic reference in this field. A tritium Symposium· 

was held in Las Vegas in September, 1971 (1 8 ), in :which the ma]or re-

search groups in the field summarized the current status of instrumen­

tation at that ti~e. Also, a monograph by Jacobs( 4 ), part of the A. E. C. 

Critical Review Series, is an. excellent reference on the sources of t:d-

tium and its behavior in the environment. Two recent bibliographies by 

Hannahs and K~rshne·r( 19), ~'tnd by r{udolph, Car roll, and Da vidscin(ZO) 

are also valuable. 

In the literature on tritium, one frequently encounters the use of 

the Tritium Unit ('fU) or Tritium Ratio· (TR), defined as a tritium con­

centration of 1 tritium atom in 10
18 

normal hydrogen atoms. A con-' 

centration of 1 TU in water corresponds to 3.23X10- 3 pCi/cm3 of water, 

or alternatively 0.12 dps/liter. 

Another notation which often appears is the designation ' protium' 

for normal hydrogen (1H), todistinguish it from deuterium (2H) and 

tritium (3H). The three isotopes are also commonly denoted by H, D, 

and T. 

I 
j 

. ' 
I . r.'! 

. j 
. i 

./, ... 
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2. · TRITIUM IN WATER 

In water, tritium occurs primarily as HTO (tritiated water). It 

is also occasionally found in tritiated organic compounds dissolved or 

suspended' in water, but we shall not discuss the measurement of these 

cases except when their measurement is contained within the measure-

ment of HTO itself. 

As mentioned above, the maximum permissible concentration 

(MPC)w of tritium as HTO in liquid water for an individual in the gen­

eral population is 3000 pCi/cm
3

. This MPC corresponds to 110 dis­

integrations per second per cm
3 

(dps/cm3 ). The main measurement 

problem is the low energy and range of the beta (the maximum range in 

water being 6 microns). 

A. Liquid Scintillation Counting 

Efforts to obtain sensitive, reliable measurements have essen-

tially all relied on one technique: · liquid scintillation 12ounting. There 

are many liquid scintillation systems in the literature and several are 

available commercially. Here we shall try to summarize the proper-

ties of the various liquid scintillation systems. Two recent J:>ooks are 

excellent references on this subject. (21 • 22 ) 

Liquid scintillation counting relies on the fluorescence of scintil-

lator molecules excited by the deposition of ionization from the beta. 

Energy given to solute molecules by the 13 is transferred to a fluores-

cent molecule which it excites. A photon is emitted when the excited 

molecule returns to its g~ound ~'tate. For most common scintillator 
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solutes, . the fraction of excited molecules 'which ~e-excite by photon 

emission is about 90%. The photons emitted are detected by a multi­

plier phototUbe (MPT); or in the case of tritium nearly always by a 

pair of'MPT' s in time coincidence. 

A good discussion of this technique has beeri given by Horrocks:( 23). 

"The main advantage obtained from the use of liquid 

scintillation counting as opposed to other conventional 

counting me.thods has to do with the fact that the sample 

containing the radioactivity is in intimate contact with, 

and in most cases diSsolved in the detector. This pro-

duces the ideal 4rr geometry. A limiting factor in the 

liquid scintillation counting system is the MPT. Even 

the. best MPT' s have photocathode efficiencies for .con­

version of photons into electrons of only 28o/o .•.. 

"The liquid scintillator solution consists of three 

main parts. The bulk of the solution is the solvent, 

usually an alkyl benzene (i.e., toluene) or dioxane. To 

the solvent an organic compound (or compounds) is added 

which is an efficient photon ,emitter and which emits pho­

tons in the wavelength region which is easily measured 

by the MPT. And finally the liquid scintillator solution 

contains the sample . . . . The most troublesome prob-

lem encountered with liquid scintillation counting involves 

those problems associated with the introduction of the sam-

ple into the scintillator solution in a homogeneous (or near 

homogeneous) form without causing a drastic reduction in 

•. 
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photon emission due to so called quenching processes .... 

"There are two basic types of quenching; chemical and 

color. Chemical quenching involv~s the action of foreign 

materials upon the excited molecules; either solvent or 

solute molecules . . . . Color quenching involves .the re-

absorption of emitted photons by foreign material which 

may be present in the liquid scintillator solution or sample." 

Recent papers by Moghissi et al. have studied the significant fac-

tors which affect low -level liquid scintillation counting of tritium, both 

in homogeneous liquid systems such as solutions( 24 ), and in emulsions~ 25 ) 

From the paper on homogeneous solutions(
24

), several conclusions are 

important: 

(a) Plastic vials are preferable to glass vials; "glass seems to 

decrease the counting efficiency for tritium counting and in-

crease the background as compared to plastic." 

(b) The solution which optimizes counting efficiency is 6 to 7 g 

of PPO, 1.2 to 1.5 g of bis-MSB, and 120 g of naphthalene per 

liter of dioxane. [ PPO is 2, 5-diphenyloxazole; bis-MSB is 

E.- bis- (_£-methylstyryl) -benzene.] Various studies of concen-

trations were conducted to determine this optimum. 

(c) In this solution, the optimum water content is about 1 ml 

water/ 4 ml solution. There are two competing processes 

here, namely that additional water increases quenching at the 

same time that it increases the proportion of water which con-

tains the activity . 
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(d) Phosphorescence is severe, and "in considering the long-
' - . 

' . . . . 
lived component of phosphorescence, it is desirable to avoid 

any light which might .excite the scmtillation solution. 11 (
24} 

(e) A constant check of possible instrument drift is required for 

precise trteasurements. "The recommended order of count.:. 

ing is: background, sample, stand,ard calibration sample, 

duplicate Of Sample, background. II 

(f) "The preparation· of water samples is simple and consists of 

a single distillation." (In fact, some samples require no dis-

tillation at all.} 

(g) - The Y -value (defined as 'minimum detectable activity at a con-

fide:hce level of one sigma of statistical error for ,one-minute 

. counti~g time) is about 1 pCi; cm3 . 

Even more sensitive systems are available, using emulsions.· 

Lieberman and Moghissi( 2 S} report a Y -value of 0. 7 pCi/ cm3 using the 

detergent Triton- N101 (Rohm and Haas Co.) in scintillation solution at 

a ratio of 1:2.75. This miXture can hold 40 to 50% water, when the 

scintillation solution is £:-xylene containing 7 g PPO and 1.5 g his -MSB 

per liter. This cocktail has a counting efficiency of -23%' for the tritium 

beta. By usl.ng three photomultipliers viewing a large-volum~ (250 ml) 

vial, Moghissi( 26} has achieved a Y-value of 0.2 pCi/ cm3 .. 

Calibration and standardization of systems as sensitive as these 

are difficult problems. The U. S. National Bureau of Standards has 

tritiated-water and tritiated-toluene standards. (27} The most frequent-

ly used calibration method is the 1 internal standard 1 , in which a stand-

ard activity (e. g., from NBS) is used interchangeably with the unknown 

. ·'·.·, 

-. 
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samples. The problem is that the addition of a standard can change the 

counting efficiency, due to differences in quenching. This problem can 

be overcome by the addition of a very small (microliter) amount of a 

high-activity standard to a previously counted sample, but accurate 

measurements of small size samples, usually made gravimetrically, 

are difficult and tedious . 

. Moghissi and Carter(ZS) have used two samples which differ only 

in that one employs normal and the other tritiated naphthalene. This 

minimizes most of the errors due to chemical differences. 

Another method is to use one or more radioactive gamma sources 

placed outside of the counting vial (the so-called 1 external standard 

method'). These can be used to adjust the gain on the photomultiplier 

tubes, or to partially compensate for differences in quenching charac-

teristics among several samples in a train. Systems with automatic 

feedback control, using radioactive sources, are available from some 

of the commercial liquid-scintillation manufacturers. Both the Amer­

ican Public Health Association's Standard Methods(Z 9) and the American 

Society for Testing and Materials compilation( 30) contain standard meth-

ods using liquid scintillation counting for tritium analysis. 

B. Tritium in Flowing Water 

Measurements in flowing water can, of course~ be made by taking 

grab samples for batch counting. A continuous flow..:.system with con-

tinuous measurements would be more desirable for many measurement 

situations. The requirements of such a system are that it be sufficient-

ly sensitive and precise; that it respond in time comparable with the 
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characteristic time for a change in tritium concentration in the flowing 

water; that it sample properly; and that it not be too expensive nor re-

quire excessive maintenance. 

Ting and Litle (31 • 32) have reported on a continuous. flow system, 

developed at Beckman Instruments for use in the secondary coolant of 

a pressurized water reactor. When the clevice was field-tested, the 

tritium levels in this coolant at the San Onofre Nu.cleat Generating Sta.,. 

tion (32) were in the region of 1500 pCi/ crn3 (about half of the MPC), 

measured with a few-percent precision. 

The system: works by mixing toluene-based liquid scintillator (or 

dioxane- based scintillator if very rapid mixing was required) with the 

liquid water. sample in a mixing chamber; the miXed solution flows 

through a light trap, a liquid scintillation counter, and then out as 

waste. The djJficult part of the system is the mixing chamber. Liquid 

scintillator· flows continuously into a viaJ; the water sample enters the 

vial by dripping gravity flow, and is stirred for thorough mixing twice 

before exit. ·Time response is remarkably good: Figure 3 (from Ref. 

31) shows the 'response to 5 tritium samples of 10, 20, 30, 40, and 50 j.!l, 

injected instantaneously with a scintillator flo~ rate of 7.0 ml/min. 

Residence time was less than two minutes in the test, and the total 

response peak is over in about 4 minutes, as seen in Figure 3. The 

efficiency for detection of the tritium beta is 32o/o. The sample flow 

rate is 0.5 ml/minute, and the minimum detectable tritium concentra-

tion is about 25 pGi/ml. This system shows great promise for the con-

tinuous monitoring of tritium in flowing water. Its main drawback is 
I 

the high operating cost from consumption of liquid scintillator: at 7 

·.-.·· ··: 
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ml/minute e·· 10 liters/day), the annual cost of liquid scintillator can 

be in the range of $ 9000 to $15,000 ($ 3 to $ 5 per liter). 

c. Urinalysis· 

The rriost common procedure for the determination of tritium 

body burde~ is radioassay of tritium (as HTO) in urine. Chronic expo-

sure of workers to air containing HTO vapor at 'the A. E. C. recom-
. . 

' . 
mended occupational MPC level will produce tritium activity of about 

30,000 pCi/ cm3 ofurine. (33 • 34) 

Levels· down to the 10 pCi/ crri3 region can be measured routinely 

with liquid-scintillation counting_PS) using an emulsion technique similar 

to that described earlier.<25) Thus sensitively is not a problem for anal­

ysis in the laboratory. For rapid measurements, which are sometimes 

required after possible large accidental exposures, Osborne has devel­

oped an automatic liquid- scintillation urine analyzer. (36) This system 

provides a measurement two minutes after the sample is i~troduced, 

with a minimum sensitivity of about 1000 pCi/ em artd measurements up 

to 10 7 pCi/ cm3 with precisions of about ± 10o/o. This device is partie-

ularly useful to assess a possible HTO exposure immediately after an 

accident. 

One difficulty with urinalysis is the possible quenching due to 
. ' 

foreign substances in the sample. This is the. reason that the p-xylene-

based emulsion technique is preferred over the homogeneous- solution 

method. (3 S). Alternatively, one can distill the urine before determining 

the tritium activity level in any of the conventional dioxane- based sys-

tems. 
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Block, Hodgekins and Barlow( 37) have developed a proportional 

counter technique which can detect 1000 pCi/crn3 and is relatively sim­

ple (Block et al., 1971). The system is based on t:he reaction of water 

and calcium carbide to form acetylene as follows: 

Tritiated water yields tritiated acetylene· (C2HT), used as a counting 

gas in the proportional counter. This system is attractive particularly 

for its adaptability for use in the field, despite the fact that its sensitiv­

ity is much les·s than that of the liquid scintillation systems. 

Sandia Laboratories( 3S) have developed a urinalysfs capability 

using metallic calcium to reduce the water in urine; a sealed ion cham-

ber is filled. with the evolved hydrogen. The main advantage of the in­

strument (th~ T -449) is an immediate analysis capability for use in 

emergency accident s ituatioris. The calcium cartridge is disposable, 

and the instrument makes determinations in five minutes, with ± 15% 

accuracy (2CJ) down to levels of 10,000 pCi/crn3 . This instrument is 

portable ( 8 kg), and is useful for field use in case large exposures oc-

cur in a remote location. 

D. Solid Scintillation Counting 

Although liquid scintillation counting has been the most commonly 

used technique for tritiated water measurements, plastic scintillation 

systems are also used. These systems have several drawbacks corn­

pared to the liquid -scintillation systems, but two advantages: first, plas­

tic scintillation systems provide faster response than the liquid methods; 
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and second, the liquid systei:n can be expensive due to consumption of 

large amounts of the organic solvents and solutes, which must be dis-

posed of after use. 

One needs a high surface-to-volume ratio, and the early systems 

used small crystals of anthracene. More recently, various kinds of de-

tectors u,sing thin sheets or layers of anthracene or plastic sCintillator 

spread over lucite (for light piping) have been described. Figure 4 

shows one _such detector( 39), in which 100 rods of lucite are coated with 

anthracene powder. The counter can detect 1000 pCi/ml of water at a 

rate of 10 cpm. To measure urine, the sample must be decolored by 

passage over a charcoal column. The response to tritium in air is 20 . 

cpm for 1 pCi/ cm3 of air. In an unshielded laboratory environment, 

the normal external background gamma levels were at about 30 cpm. 

Osborne( 40) has developed a plastic detector, shown in Figure 5, 

with the sensitivity of 24 cpm for 1000 pCi/cm3 of water. At this count-

ing rate, small fractions of an (MPC) can be detected easily. For tri­
w 

tiu:tn in air, about 0.01 pCi/cm3 can be detected. The background is 

about 40 cpm. 

The main problem with plastic detectors is that over a period of 

time the plastic surfaces tend to degrade because of sedimentation, bac-

terial growth, and discoloration. Any of these can produce large de-

creases in counting efficiency because of the difficulty in light collection 

through the thin light paths. The detector can sometimes be cleaned, 

but not always. At present, this technique does not compare favorably 

with liquid scintillation counting for effluent water monitoring, although 

when specific activity is high and the water sample is pure it can be 
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used satisfactorily. 

3. TRITIUM INAIR 

In air, tritium occurs primarily in two forms: as water vapor 

(HTO) and as hydrogen· gas (HT). Tritiated organic compounds in the 

vapor phase and on particul~te matter also occur occasionally. 

There are two common approaches to measurements in air: first, 

one can use an ionization chamber or gas proportional counter with fil-

tered·air introduced for internal counting; the tritium betas produce ion-

ization within the sensitive chamber volume. This method is sensitive 

to tritium in all of its gaseous chemical forms. Secondly, HTO vapor 

can be removed from the air with a bubbler or with some dessicant such 

as silica gel or a molecular sieve, and the resulting tritiated water 

counted using one of the liquid or plastic scintillation techniques. To 

measure tritium as HT or in tritiated organics, it is possible to burn 

the gas, converting the tritium to HTO before dessication and counting. 

We shall discuss each of these methods in turn. 

A. Ionization Chambers 

The earliest tritium detector for stack eHluent measurements was 

(41 42 43) . 
the Kanne chamber ' ' , developed m the early 1940's. The gas 

to be measured is drawn continuously through an electrostatic precipita-

tor or ion trap, then into a large ionization chamber. The resulting cur­

rent is measured with a picoammeter .. · Large chambers of volumes 18.5 

and 51.5 liters are in common use at Savannah River Laboratory<44); 

. 3 
they have minimum sensitivity limits (2a) of 7 and 2 pCi/cm in air, 

respectively. 
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We quote from Marter and Patterson:(
44

) 

"Although these instruments are sensitive to unusual 

particulate air loading, external gamma radiation, and 

other radioactive gases, these problems are reduced by 

filtering the air intake, by locating the chambers in areas 

of low gamma background, and by using moisture traps be-

tween two chambers in series, respectively." 

One important problem with ionization chambers is the background 

in the presence of external gamma fields ..•. there is no way for as in-

gle ion chamber to differentiate between external gammas and internal 

betas (or internal y' s or a's). The background is such that 1 mR/hr of 

gammas is about equivalent to 100 pCi/cm3 of tritium in air. (4 S) To 

reduce this problem, one common procedure is to place two identical 

chambers side- by-side, one sealed and the other open to the ambient 

air. (46) This reduces the interference by a factor of 50 to 100. (4 S) The 

limitation is in maintaining identical air masses in the two chambers in 

the presence of fluctuations in ambient pres sure, temperature, and hu-

midity. 

If the gamma flux is directional, chambers adjacent to one another 

may not sample the same flux. This problem is reduced in a design by 

Osborne and Cowper( 4 ?) in which the compensating chamber is placed 

inside the active chamber to provide equal response in all directions. 

A 40-liter chamber of this design has a minimum detectable limit (2a) 

for tritium at levels as low as about 1 pCi/ cm
3 

of air. Instruments 

with 0.3 and 1.2 liter volumes have also been constructed. (4B) 
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Interference by other gaseous radionuclides is also a major prob-

lem for ion chambers. Particulates may be eliminated with filters, but 

radioactive noble gases (e. g., 41 Ar, 85K~) are inert and difficult to dis-

criminate against. 
85 . 

Each disintegration of Kr produces many times 

the ionization of a tritium disintegration.. This major disadvantage is 

what makes an ionization chamber inappropriate unless tritium is known 
I 
' . . 
I 

to be the only significant radionuclide present. To overcome this, 

Osborne has reported the development of two chambers identical except 

that one has ''a self-renewing drying system so that continuous subtrac-

. .. ··. . II (49) 
tion (tritium +noble gases minus noble gases) can be accomplished. 

Waters( 50), in a review of general problems with ion chambers, 

reports that factors such as cigarette smoke, ions, aerosols, humidity, 

and memory effects can also cause erroneous readings in ion chambers. 

He suggests the use of a micron pore size filter followed by an electro­

static precipitator. Also, materials such as rubber and some plastics( 51 ) 

are particularly susceptible to absorption of tritiated water vapor, caus-

ing a low reading; later re-emission or exchange with ordinary water 

vapor then produces an error in subsequent measurements. Waters re-

ports that: "Teflon is satisfactory but is difficult to use because of its 

tendency to cold-flow under pressure." 

For monitoring tritium in air, the ionization chamber is undoubt-

edly the most. commonly used instrument. Portable flow-through instru-

menta of various sizes (typically with about 1 liter chamber volumes) 

have been a mainstay in health physics despite the problems discussed. 

Perhaps the most sophisticated instrument of this type is the 

Sandia T -446 (38), now available from Bendix Corporation. ( 52 ) This 

., 
i 



•I 

-19-

instrument is expensive (over $ 5000) but provides a collection of fea-

tures which makes it almost ideal for monitoring in those applications 

where accident-warning instrumentation is needed. The ion chamber 

output current is fed to a vibrating reed electrometer, then amplified 

and measured. All electronics are solid-state,· on printed circuit 

boards. If is sensitive down to about 5 pCi/ cm3 of air and up to 10 

f.J.Ci/ cm3 in seven decade ranges with automatic range changing. It em­

ploys an electrostatic precipitator, and has a 200 f.J.Ci 63Ni source plated 

to one electrode of the precipitator. Ionization· created by the source 

is used for self-contained calibration when the precipitator is turned off. 

There are two. adjustable alarm levels which can be used· to distinguish 

between immediate hazards and levels in the region of a· few occupational 
. 

(MPC) • The instrument is either portable (batteries) or alternatively a 

the detector can be used in remote- sensing situations; it has a fail- safe 

failure indicator, automatic range changing, a filter to eliminate ion-

izing aerosols, and other features. The T-446' s principal disadvan-

tages besides the high cost are a sensitivity to external gamma fields 

and radioactive gases which is common to all ion chambers. 

B. Proportional Counters 

The gas proportional counter differs from the ionization chamber 

mainly in two respects: it is a pulse counting instrument, and it re-

quires a particular filler gas to which the sample of (tritiated) air is 

added. It offers an advantage over the ion chamber in that energy dis-

crimination is possible by electronic discriminating on the output pulse 

height, whose size is proportional to the energy deposited. The essen-

sial disa~vantage of the gas proportional counter is the continual 
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consumption of counting gas,' which is discarded after being mixed with 

the tritiated sample and counted. 

Driver (53 ) built a tritium counter oi this type as early as 19 56. 

More recently, Ehret( 54) has achieved a minimum deteCtable concentra­

tion (2u) of 0.1 pCi/ cm3 of air, using a chamber of about 11iter volume 

with methane as the counting gas,· to which is added 20 to 30o/{i air. 

"Air is pumped through 'the counter by means of a small membrane 

pump. At the counter inlet methane is added to the air within a small 

mixing chamber.'' (54) 

In this design, there must be a compromise between speed of re-

sponse and inordinate consumption of methane. Using a methane flow 

rate of 25 liters/hour, a response time of a few minut'es can be achieved. 

Ehret' s design also includes an anti-coincidence proportional counter 

surrounding the tritium-sensitive counter, to discriminate against the 

41 . 85 
longer -range betas of Ar. and Kr. This counter suffered from 

"memory effects'' due to absorption of tritiated water vapor (HTO) in 

plastic tubes, an effect mentioned earlier. Use of Teflon should elim-

inate this problem . 

. Block, Hodgekins and Barlow( 3 
?) have built a large -area, thin 

window gas -flow proportional counter system: two counters are identical 

except that one has an aluminized mylar window opaque to tritium betas 

while the other has a Formvar windown thin enough to allow detection of 

tritium. This system can thus compensate not only for gamma back­

ground but also for the beta activitie~ of 41 Ar and 8 5Kr. The window is 

porous to the counting gas (propane), and th~ flow occurs because of a 

positive pressure inside the counter. The counting volume is 0.2 liters. 
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The window is permeable to T 
2

0 and HTO (but not to HT or T 2>. ln a 

gamma flux of 3 mR/hr, the counter had a minimum sensitivity in the 

region of about 1 pCi/ cm
3

. 

C. Silica Gel/ Liquid Scintillation 

The use of silica gel as a desiccant to remove moisture (H20, 

HTO) from air before liquid scintillation counting is a common technique 

for tritium determinations in air. In fact, it has been proposed as a 

"Tentative Method for Analysis for Tritium Content of the Atmosphere" 

by the Intersociety Committee for a Manual of Methods for Ambient Air 

Sampling and Analysis. (55) Its main advantage is its extremely high 

sensitivity. 

In the Intersociety Committee procedure, a 30 em X 3.-1 em diam. alu-

minum cylinder is filled with silica gel ( 180 g). Silica gel can absorb. 

moisture up to 40o/o of its own weight. Air is pumped at about 100 to 150 

cm3 /minute through the silica gel column, which collects essentially all 

of the moisture. With this much gel, a continuous sample can be taken 

over as long as a two-week period; of course, a smaller set-up can be 

used for shorter sample -collection times. 

Following the sample collection, the silica gel is heated in a dis-

tilling flask to remove the moisture. The distillate is then counted us­

ing the liquid scintillation technique of Moghissi et a.l. (Z4 ) A sample of 

air at 30° C (86° F) and 100% ~elative humidity will yield 6600 pCi/ cm3 

of moisture when tritium (as HTO) is present at the (MPC)a concentra­

tion of 0.2 pCi/ cm
3 

for individuals in the general public. ( 55) Also, the 

system has .negligible interference from other radioactive nuclides, be-

cause they do not absorb on silica gel and further are eliminated in the 

· .•.. 
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distillation process. The largest source of systematic error is the un­

certainty in the volume of air sampled and the prev<idling temperatur·e, 

pressure, and relative humidity of the air. Also, tritium as HT gas is 

completely excluded by this method. 

Osloondet al.(S 6 ) have reported a detection limit (2a) of 2X10-S 

pCil cm3 of air by counting the silica gel directly (without distillation) 

in the liquid scintillation system. 

The chief drawback of this system is the fact that concentrations 
I 

are integrated over a long time period (hours to days), and that each 

batch analySis requires a separate procedure in the laboratory. The 

advantages are that its sensitivity and precision are excellent, and it 

suffers from almost no interferences. Another drawback is that the 

desiccant must be renewed periodically, and this must be done before 

it becomes saturated. 

D ~ Bubbler Exchange 

Osborne( 4 S) has removed tritiated water vapor {HTO) from air 

using a water -filled gas washing bottle ("bubbler"). Moist air is bub-

bled through water, and exchange occurs between the vapor and liquid 

stages. It is easy to sample a known volume of air so that the overall 

collection efficiency is within a few percent of 1 OOo/o. For example; 

Osborne cites sampling for Hi hours at 10 cm3 I sec {or for 1 hour at 

100 cm
3 I sec) through ZOO cm

3 
of water with an overall collection effi-

ciency of 96-97o/o. One advantage of this method is that tritiated hydro-. 

gen gas {HT) is selectively eliminated: in a bubbler system studied at 

Los Alamos, the collection efficienty for HT was < O.io/o under conditions 

in which HTO collection efficiency was 90 to 95%. (S?) Also selectively 
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eliminated are noble gases: in Osborne's example(4 S), "the ratio of 

noble gas activity to tritium activity in the water would be <0.013% of 

the average ofthe ratio in the sampled air.'' A typical bubbler system 

is somewhat less sensitive .than the desiccant approach, with minimum 

detectable activity being in the region of 0.1 pCi/ cm
3

; however, this 

sensitivity may be acceptable in many situations, given the convenience 

of the method. 

Osborne(4 S) has also described a method in which the bubbler can 

be tied onto a tritium-in-water liquid scintillation detector for contin-

uous monitoring.. Many elements of this system would then be very 

similar to that described above in the discussion on "Tritium in Flow-

ing Water." 

E. Combustion for HT Determinations 

Techniques have been developed for the separate determination of 

tritium in air as HTO (water vapor) and HT gas. We shall discuss two 

different techniques here. 

Griffin et al. (SS) have determined HTO and HT separately, using 

a technique whose flow train is shown in Figure 6. Because HT (or Hz) 

in the gas to be measured is present at very small levels, tritium-free 

Hz gas is added as a carrier. The moisture (including HTO) is then re­

moved in Air Dryer #1, consisting of Drierite-brand anhydrous calcium 

sulfate in Plexiglas cylinders.< 59 ) The dry gas is combusted in a catalytic 

burner: all combustable compounds are oxidized with the help of a 0.5% 

platinum on 3 -mm diameter aluminum oxide pellets, at a· temperature of 

400° C maintained by a heating jacket. Not only HT, but also tritiated 

organics (such as CH3T, etc.), are converted to HTO in this step. 
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The HTO is then removed from the flow by Air Dryer #2. · Both HTO 

(Drierite) samples are analyzed by liquici scin~illation counting a!ter the 

Drierite is dehydrated and the water vapor distilled under vacuum. 

Griffin has indicated( 60) that a pallad.ium catalyst, operating at lower 

temperature, would be much easier to use than his platinum catalyst.. 
. . 3 . ' 

Levels of tritium (in stack gas) in the 0.2 to 2.0 pCi/ em region were 

measured withaccuracies of ::1::8.5%. 

Osth1md( 61) has developed another technique. His procedure also' 

converts H':[' and other tritiated co:rripounds into HTO (water vapor) by a 

catalytic combustion process; palladium metal carried.on a molecular 

sieve is used to combust hydrogen in air tobetter than 98o/o. The result­

ing water is absorbed in t.he same catalyst. Sampling times as short as 

10 minutes can be used to measure tritium levels in the 1 pCi/cm3 re-

gion, with errors in the 3 to So/o region. 

One difference between the two techniques is that Ostlund's is 

better adapted to single measurements, while Griffin's is designed for 

continuous, long-term sampling followed by batch analysis. of the inte-

grated activity. Also, because in Ostlund' s technique the catalyst base 

molecular sieve is. also the desiccant, there is not a problem with con-

tamination and "memory" which might exist in the other technique. 

Either technique can perform independent measurements of HTO and 

HT in air, a significant advantage. 

4. ENRICHMENT TECHNIQUES 

Most measurements of tritium in environmental samples ordinar-

ily do not require an enrichment step prior to counting. However, 

i'. 

II 
I •' 
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techniques for tritium enrichment have been developed for those special 

cases ·in which tritium levels are extremely small. One example is in 

geological research, where studies have been made of underground nat-

ural waters whose ages are so great (many thousands ofyears) that tri­

tium levels are minute ( < 10- 3 pCi/cm3). Here we will not attempt to 

do more than summarize some of the important work in the field of en-

richrrient. 

Among the procedures used to enrich tritium in water samples 

are electrolysis, thermal diffusion, and chromatography. Hoy( 62) has 

developed a chromatographic system in which a palladium column is 

· heated; tiritiurn diffuses through the column faster than does normal hy-

drogen, and the first gas evolved is tritium-enriched. Tritium recovery 

of about 60% was obtained in the first 500 ml of gas evolved, and with a 

30-minute counting period a T:H ratio of 10-17 could be measured with 

± 41% (10') error. Perschke( 63) was able to enrich tritium up to 40 

times with 100% tritium recovery, using gas solid chromatography on 

metal sieves. 

Another approach is electrolysis. When water is electrolysed, 

hydrogen is given off more readily than tritium; the relative loss rate 

can be as high as 35:1, varying with electrode material, .. surface condi­

tions, electrolyte, and temperature. Hartley( 64) has done a detailed 

analysis of the parameters involved in electrolytic procedures. 

Ostlund( 6.5) has achieved enrichments in the 10 2 region by a series of 

successive electrolytic stages. 

Thermal diffusion is another method used for tritium-hydrogen 

separation ( 66) but it is complicated and time consuming. 
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For further information on enrichmen_t techniques, the interested 

reader is referred to the references cited. 

5. SUMMARY 

Three important numbers determine the sensitivity required of 

instruments for measuring tritium in environmental media. These are 

the "Maximum Permissible Concentrations" (MPC) for an individual in 

the general population. (9) 

3000 pCi/ cin 
3 

·(as HTO in water) 

40 pCi/ cm3 (as HT gas in air) 

0.2. pCi/ cm3 (as HTO vapor in air). 

The ideal instrument is one capable of measuring down to frac-

tiona of MPC levels in the appropriate medium. There are two main 

classes of measurements in each medium, that is laboratory and field 

measurements. The requirements are quite different in the two cases, 

since field instruments generally must be more rugged, require less 

maintenance, be less sensitive to temperature and humidity effects, 

and have some method of automatic readout (whether the measurements 

are continuous or hatched). We shall summarize the situation in each 

of the various measurement areas separa~ely: 

a) Laboratory measurements of HTO in water. The liquid scintilla-

tion technique is the established method for this task. It is extremely 

sensitive (sensitivities below 1 pCi/ cm3 of water), has excellent repro­

ducibility, suffers from few interferences (especially if distillation pre-

cedes counting), and is now commercially available in a variety of 

. i 
I 
' . 

#I 
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of sophisticated, automatic systems. The disadvantages of liquid scin-

tillation counting include both the high capital cost of equipment and 

high operating costs. Plastic scintillator systems are less expensive 

and have faster time response, but this is at the expense of perhaps two 

orders of magnitude in sensitivity. An important disadvantage of these 

plastic t_echniques is that the surface tends to degrade in time. 

b) Urinalysis. This is now a well-developed technique, using liquid 

scintillation counting methods similar to those for HTO measurements 

in water. Automatic analysis equipment can reach sensitivities in the 

range of 10 pCi/crn3 of urine. A proportional counter technique sensi-

/ 
3 : 

tive in the 1000 pCi em range has also been developed for portable 

field use. 

c) Field measurements of HTO in (flowing) water. A system for con-

tinuous measurements using a flow/mixing system and liquid scintilla-
""' .. ·-:: 

tion counting has recently been developed. Refinements of this tech-

nique seem capable of ultimately providing reliable, sensitive iristream 

monitoring capability for routine reactor effluent monitoring. Present 

sensitivities in the 25 pCi/cm3 range seem adequate for effluent mea-

surements, but can only be improved at present by using more scintil-

lator at higher cost. 

d) Continuous field measurements of total tritium in air. Flow-

through ionization chambers and proportional counters have been a main-

stay for tritium-in-air monitoring for nearly 25 years. Several com­

mercially-available instruments now exist. The ion chamber suffers 

from various types of interferences, most lilotably Jrom external gamma 
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fields; however, well-developed compensation systems now seem capa­

ble of measuring down to about 1 pCi/ctn
3 

in the presence of gamma 

fluxes in the {ew-mrad/hour range. Ion chambers also cannot distin-

. h . . . f . h . tt ( · 41 A 8 5K ) d guts tr1t1um rom ot er gaseous em1 ers e. g., . r, r , an are· 

sensitive to cigarette smoke, ions, and aerosols unless suitably pro-

tected (this protection is now available in some commercial instruments). 

Gas proportional counters can partially discriminate. against other radio-

nuclides, and are less sensitive to aerosols. Their sensitivity (in the 

1 pCi/cm3 range) is comparable to that of the ion chambers. To detect 

. levels much below about 1 pCi/cm
3 

in air, it is necessary to remove 

tritiated water vapor .from the air for liquid scintillation counting, or 

use combustion techniques. 

e) HTO in air by· removal and liquid scintillation counting. There are 

two well-developed methods for HTO (vapor in air) determinations at 

very low levels: the use of silica gel, and bubblers, for removal of va-

por. In each case, liquid scintillation counting measures HTO in the 

resulting water. With silica gel, sensitivities w~ll below 0.01 pCi/ cm3 

of air are achievable; with bubblers the sensitivities are typically in the. 

region of about 0.1 pCi/ cm
3

. These are both integrating techniques, 

capable of field sampling, but the analysis is by batch counting in the 

laboratory. Interferences are few, and precision is high. 

f) HT in air (combustion). Combustion techniques followed by HTO 

counting can determine tritium as tritiated hydrogen gas (HT) at the level 

of a fraction of one pCi/cm
3 

of air. If HTO vapor is removed bydesic­

cation first, separate HT and HTO measurements can be made. 

: ' 
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6. CONCLUSIONS · 

At present, measurements at levels well below MPC values for 

individuals in the general public are possible in each of the important 

measurement situations. In particular, laboratory liquid-scintillation 

analyses of batch water samples (HTO in water, HTO vapor extracted 

from air) are. extremely sensitive and suffer few interferences. Un-

fortunately, these measurements are time-consuming and expensive. 

These same cornnients apply to the HTO-in-water system for in-

stream effluent measurements. 

In air samples, continuous measurements with ion chambers and 

proportional counters are only sensitive at about the 1 pCi/cm3 level 

which is well above the MPC value of 0.2 pCi/ cm3 for general public 

exposure. More sensitive measurements in air require vapor removal 

and laboratory counting. 

Clearly, advances are required to perform continuous, low-level 

. monitoring of tritium in air. Also, cost-reduction in liquid (HTO) mea-

surements is very desirable. Finally, the ruggedness, reliability,· 

and maintainability of many present field instruments is of the highest 

priority. 

., 
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TABLE I 

Estimated tritium (3H) production at nuclear power stations, Ci/yr. (3). 

(Power level approximately 1000 MWe and 3300 MWt) 

Boiling water P11essurized 
reactor water reactor 

coolant water 2 3 H(n, )') H 8 3 

dissolved boron 10B(n, 2a.) 3H 0 600 

uranium fuel rods fission 13,000 13,000 

boron control rods 
10 . 3 

B(n, 2a) Hand 5.000 0 

1 0 B(n, a.) 7 Li · 

7 Li(n, na) 3H 



.. I . i 
>,) .,; 

-39-

FIGURE CAPTIONS 

FIGURE 1. Estimated production of tritium (3H) from the nuclear power 

industry of the free world (from Ref. 1) •. 

FIGURE Z. Beta energy spectrum for tritium (from Ref. 5). 

FIGURE 3. Response of the flowmeter described in Ref. 31. Analog 

recording of ratemeter output for five injected tritium water 

samples. 

FIGURE 4. Schematic diagram of the scintillation detector (from Ref. 

39). 

FIGURE 5. Detector for tritium in water. The scintillator sheets fit 

into a cubic lucite cell. The lucite plate shown here, on which 

the sheets are mounted, forms one vertical side of the cell 

(from Ref. 40). 

FIGURE 6. Sampling train for total airborne tritium (from Ref. 58). 
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r------------------LEGALNOTICE---------------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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