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ABSTRACT

This thesis describes a thorough and comprehensive systems

study on the development of an advanced tritium-in-air monitor.

Three technologies were investigated for possible use in a state-

of-the-art tritium detector system: double-resonance laser-induced

fluorescence spectroscopy, direct beta detection using a

CaF2(Eu)/bismuth germanate phoswich structure, and indirect beta

detection using a closed-loop liquid scintillation system.

The concept of each of these technologies is discussed in this

thesis. Various detector systems are proposed, and the numerous

components making up each system are selected based on performance

and cost. Calculations of sensitivity and estimated purchase price

are included in the analysis of each proposed system. Each is also

evaluated in terms of its time constant, portability, movability,

ability to distinguish between the elemental (HT) and oxide (HTO)

forms of tritium in air, and the ability to reject false signals

from external alpha-, beta-, and gamma-emitting radionuclides.

This thesis is intended to be used as an aid in the selection

of a conceptual system to be developed as an advanced tritium-in—

air monitor; therefore, development costs and probabilities of

successful implementation are given for each proposed system. It is

concluded that two systems, a laser-induced fluorescence detector

and a CaF2(Eu)/bismuth germanate detector, should be considered for

further development, and a development scenario is recommended.
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I. INTRODUCTION

This thesis describes a systems study undertaken for the

development of an advanced tritium detector. This work was carried

out at Oak Ridge National Laboratory under the auspices of the

Department of the U.S. Navy's Naval Electronics Systems Command

Nucleonics Branch, Code 81531.

The current state of the technology was first surveyed by com

paring the various existing detection techniques. Following that,

the different technologies were assessed with regard to potential

improvements in tritium monitoring techniques. For example, a liq

uid scintillation system in which the scintillator is continuously

cleaned of the sample and contained in a closed loop has been con

sidered in this study as an improvement in an existing technology.

Other techniques, such as tritium detection using ionization cham

bers, have also been investigated. However, it is believed that

application of most of the current technologies would result in only

minimal improvements unless a major breakthrough occurs.

This study was therefore directed toward the conceptual devel

opment of two promising new techniques for detecting tritium in air:

laser spectroscopy and solid scintillation detection using a "phos-

wich" structure. It is anticipated that these new detection tech

niques might increase detection sensitivity at a minimal increase in

cost.

The development of these new detection techniques followed the

framework of a conventional systems study. The study was broken



down into three main phases—concept, selection, and analysis. The

synthesis phase, normally included in a systems study, was not

included here because it is anticipated that this phase will occur

later based on a favorable evaluation of the proposed systems.

The primary function of the advanced tritium detector system is

to measure airborne tritium isotope activity both on shipboard and

at shore weapon facilities, and air samples shall be representative

of the air normally inhaled by personnel located at these sites.

The detector system shall repeatedly measure a specified concentra

tion of tritium in air (sensitivity). A desirable level of sensi

tivity is 0.1 PCi/m^. A feasibility and cost analysis was also made

for each conceptual detector system to decide whether to include the

capability of differentiating between and recording the activity

levels of hydrogen tritium (HT) molecules and hydrogen tritium oxide

(HTO) molecules. Consideration was also given to minimizing the

sensitivity of each system to radiation—emitting nuclides other than

tritium.



II. TECHNOLOGIES PRESENTLY EMPLOYED

This systems study began with a literature search which

investigated the different detection techniques used in the past to

measure airborne tritium levels. An effort was made to assess each

technique in a qualitative manner. Table 1 lists the papers

reviewed in the literature search and gives a description of the

detection technique along with counting data, operating data, abil

ity to compensate for gamma radiation and other external sources,

and comments on good and bad points of the particular detection

technique. Table 2 lists commercially available detectors according

to model and gives data on detector type, sensitivity, range,

response rate, temperature range, humidity range, compensation, and

cost.

All detectors manufactured in the United States use flow-

through ionization chambers. Some of the problems associated with

the use of these detectors when counting tritium include their sen

sitivity to external gamma radiation, to other beta and alpha emit

ting radionuclides, to ions present in the air, to smoke and dust

particles, and to temperature and humidity changes. Most of these

problems can be solved, but in general the lower limit of detector

sensitivity is imposed by its response to external gamma sources.

Practical sensitivities for ionization chambers are about 5 |iCi/m^

(1 Ci = 3.7 ̂  10^ disintegrations per second).

Table 3 is a comparison of the technologies employed in the

past according to sensitivity. Each method is also evaluated

3
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according to its ability to make real-time measurements; its

suitability to differentiate between and separately measure the

activities of HT and HTO; its time constant; and its ability to

compensate for external gamma sources and other beta- and alpha-

emitting radionuclides.

Notable technologies include liquid and solid scintillation

counting, both of which achieve an acceptable degree of sensitivity.

However, all liquid scintillators possess solvents that are toxic to

individuals by either inhalation or absorption through the skin.

Consequently, the liquid scintillator must be isolated in order for

the liquid scintillation technique to be employed in a closed envi

ronment such as a submarine. A conceptual system would include some

technique to continuously clean the liquid scintillator of the sam

ple. For example, the scintillator could be contained in a closed

loop which would constantly take in a sample, count it, and then

extract the sample from the scintillator, making it possible to use

the liquid scintillator over and over. The systems study has inves

tigated just such a possibility. The technique will be discussed in

detail later in this thesis.

Another interesting technology is the solid scintillator

method, which in the past has used plastic scintillators to view a

given Seunple of air. This method allows relatively large-area

detectors to be built. The main disadvantage of using plastic scin

tillators is their "memory effects." Tritium, in the form of either

HT or HTO, can readily diffuse through the plastic and become
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attached to the scintillator's molecules by a chemical reaction.

Hence, over a period of time the detector's background increases,

causing its sensitivity to decrease. Eventually the plastic scin

tillator must be replaced with fresh material.

An alternate scintillator material investigated during this

study is CaF2(Eu), which is nonhydroscopic (water vapor does not

diffuse well through it). Since it is a nonorganic material,

attachment by molecular hydrogen through chemical means is a negli

gible occurrence as compared to organic plastic scintillators. This

study has investigated CaF2(Eu) by using it in a phoswich structure,

a technique that reduces the response of the detector to external

gamma radiation and hence increases sensitivity to tritium. A

detailed discussion of this technique will follow later in this

report.

Several methods have been developed to physically separate the

two molecules HT and HTO in order to differentiate and separately

count their activities. Two methods which may be incorporated into

a portable instrument are separation by semipermeable membranes and

separation by condensation. In the latter case HTO can be condensed

readily by passing the air sample over a cold plate, mixing the con

densate with a liquid scintillator, and subsequently counting it in

a liquid scintillation detector. After condensing the water from

the air sample, a hot palladium catalyst can be used to convert HT

to HTO. After the air sample has passed over the catalyst a second

condensation will take place in which the activity of the condensate
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will be in direct proportion to the amount of HT in the sample.

This second condensate can also be counted in the liquid scintilla

tion counter. The effects of varying humidity levels in the air

sample can be compensated by first saturating the air with water and

then condensing the water. An attractive feature of this method is

that radioactive noble gases are not condensed but remain in the

gaseous form.

Another method of separating HT from HTO is by using semiperme-

able membranes. Separation factors on the order of 1000 and time

constants on the order of 5 min are easily obtained using multiple

cells. Other techniques for separating HTO from HT include bubblers

in which the air sample is bubbled through a water sample. This

method collects 90 to 98% of the HTO but only about 0.01% of the HT.

The main problem with this method is its long time constant, which

is the main reason that it has not been used in the past. Both the

condensation method and the use of semipermeable membranes to sepa

rate HT and HTO will be discussed further as components of actual

systems. The condensation method finds particular relevance in the

liquid scintillation counting system, while semipermeable membranes

are well suited to use in the solid scintillator flowthrough cell.

Various techniques have been used in the past to enrich a given

sample. Of particular importance is electrolysis, in which an elec

trical current is passed through a water sample and molecular hydro

gen and oxygen gas are evolved. The hydrogen gas can then be

allowed to enter the counting cell. (The water sample may be the
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condensate from the condensation system described above.) This

technique is particularly attractive from a radiological viewpoint

because the more hazardous HTO is converted to HI. Other enrich

ment techniques include thermal diffusion, gas chromatography, and

distillation. These techniques require sophisticated and bulky

laboratory apparatuses which would not be suitable for a portable

instrument. The electrolysis method will be discussed further rela

tive to the conceptual development of the laser spectroscopy system.



III. OVERVIEW OF ADVANCED TRITIUM DETECTION TECHNIQUES EXAMINED

A. Laser Spectroscopy Technique

Based on the experience of coworkers at ORNL, it was thought

that laser spectroscopy would be a sensitive and viable means of

detecting HT and HTO (Hurst, et al, 1980). It was anticipated that

this method would be capable of separately measuring the concentra

tion of HT and HTO without using any preparatory separation tech

niques such as condensation. Various laser spectroscopy techniques

are compared in Table 4 (Radziemski, 1983). The molecular density

7  3of tritium in air equals 2.066 ^ 10 molecules/cm at an activity

level of 1 M^Ci/m^. This compares to 2.689 ^ 10^^ molecules of air
O

per cm at 300°K and standard pressure. Therefore, tritium must be

detected in concentrations of approximately 1:10^'*. Based on the

comparisons given in Table 4, the two methods which seein most suit

able for such a task are laser-induced fluorescence (LIF) and reso

nance ionization spectroscopy (RIS).

The basic physical concept of LIF is illustrated in Figure 1

(Steinfeld, 1974). A laser is used to selectively excite the mole

cule of interest from its ground state to a vibrational level of an

excited electronic state. The molecule then decays to the lowest

vibrational level of the excited electronic state via nonradiative

collisions with surrounding molecules. (The time involved to decay

to the lowest vibrational level is typically on the order of 1 ns.)

After a period of time characteristic of the excited electronic

state, the molecule decays further to a vibrational level of the

17



18

Table 4. Comparison of various laser spectroscopy techniques.

Ltser absorpclon
fl pectroscopy

Laser'lnduced

fluorescence (LIF) Optoecousclc
Laser*

Raman

Resonance lonlsatlon

spectroscopy (RIS)

Selective

Quantitative

Limits of detection

Number of lasers

Movable

Portable

Cost

Capable of detecting
Low levels

Yes

Yes

Parts per billion

I

Yes

Yes

Low

No

Yes

Yes

Less Chan parts
per billion

I

Yes

Yes

Low

Yes

Yes

Yes

Parts per billion

I

Yes

Yes

Low

No

Yes

Yes

2

Yes

Yes

High

No

Yes

Yes

Parts per Parts per trillion
thousand

I

Yes

No

High

Yes
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Figure 1. Electronic transitions in a molecule:
of laser-induced fluorescence.
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ground state of the molecule. During this phase a photon is

emitted, a process known as fluorescence. The molecule finally

decays to the lowest vibrational level of the ground state via non-

radiative collisions with neighboring molecules. Lasers are well

suited as the excitation source in such a system because they are

highly monochromatic, thus enabling selective excitation. The laser

frequency can be tuned to a frequency exactly equal to a given

transition energy in a molecule of interest. Since very few photons

of an energy different from the excitation energy are mixed in the

laser beam, other molecules in the sample are not excited. Also a

laser is capable of directing its emitted energy in a very small

collimated beam. Since the energy is concentrated in this beam, and

diverges to such a small extent compared to other light sources,

excitation of trace amounts of selected molecules can be

achieved in a volume containing large amounts of other molecules.

The basic setup of a typical LIF system is shown in Figure 2.

The laser beam is allowed to enter the cell containing the sample.

Reflective coatings on the opposite wall allow multiple passes of

the beam through the cell, which increases the volume of possible

excitation and may therefore excite a larger number of the molecules

of interest. The molecule then decays via fluorescence, and these

emitted photons are present for detection. The detector's surface

is placed at a 90° angle to the laser beam. Since the frequency of

the photons emitted by the laser is higher than those given off in

fluorescence, optical filtering can be used in front of the detector
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Figure 2. Basic laser-induced fluorescence (LIF) system.



22

to pass only the fluorescence photons. This greatly reduces

background counts and hence makes the system very sensitive. The

laser is pulsed, allowing a correlation analysis of the detector and

the laser, a technique that allows signals buried in large amounts

of noise to be extracted. The system therefore becomes even more

sensitive. Because of the efficiency and selectivity of the system,

LIF is capable of detecting very low concentrations of molecules. A

system has been reported (Fairbank, et al, 1975) which can detect

sodium vapor to concentrations of 100 atoms/cm .

In resonance ionization spectroscopy the molecule is carried

directly to ionization by the use of two or more laser photons of

different wavelengths. Since the power output of lasers can be made

relatively high, most of the molecules of interest are ionized.

Once ionized, the molecules can be detected as they drift and are

collected in an ionization chamber or proportional counter. Because

efficiency of detecting the ions is very close to unity, the overall

system can detect molecules of interest to a high degree of sensi

tivity. Theoretically, single atoms can be detected using this

system. It is among the most sensitive techniques in spectroscopy.

However, its main disadvantage is that high-power lasers are needed

in order to ionize the molecules, which requires very expensive and

bulky equipment. Consequently this technique is not suitable for

use in a portable instrument, and it is therefore obvious that LIF

is the technique most suitable for a portable tritium detector.
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B. Solid Scintillation Technique

As mentioned earlier, solid scintillation detectors have been

used In the past to detect tritium In real time. The two primary

sclntlllators which have been used are NE102 and anthracene, both of

which are low atomic number (Z) organic sclntlllators. This makes

them relatively Insensitive to gamma radiation since the gamma cross

section Increases monotonlcally with Z. Sensitivities on the order

of 0.1 M^Cl/m have been reported using such systems. As Indicated

before, however, organic sclntlllators suffer memory effects when

detecting tritium. This Is because HT and HTO diffuse easily Into

the sclntlllator and become attached to Its molecules through chemi

cal reactions. Various other solid sclntlllators have been compared

In an effort to select a better material (see Table 5). Ideally,

the sclntlllator should be of low Z material, which enables low

energy charged particles to penetrate easily Into the material.

According to Table 5, CaF2(Eu) has the lowest average Z of the scln

tlllators listed. A particularly Important feature of CaF2(Eu) Is

that It Is nonhydroscoplc; Its solubility Is 0.0016 g/ml at I8°C.

In comparison, hydroscoplc Nal(Tl) has a solubility of 187 g/ml at

18''C. Hence, very little diffusion of HTO can be expected using

CaF2(Eu). It has been reported that CaF2(Eu) can been evaporated as

a thin film onto a substrate. A 0.0001-ln. layer of CaF2(Eu) has

been vacuum deposited onto a 0.0625-ln. pyrex disc and has success

fully detected trltlumm (Prevo, et al, 1970). The range of the
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Table 5* Comparison of various solid scintillators.

Sctnc11lator Type

Density

(g/cis')
Rsfracttvc

Index

Light output

(2 Anthracene)

Orcay constant,

•aln component

(•)

Wavelength of
maximum emission

(*)

Ratio of H 1

to C atoi

NE102 Plast Ic 1.012 l.lgl 41 2.2 « 10-' 4210 1.101

Cryseal 1.21 1.42 IW 10 « 10-^ 4470 0.711

Sttlb«ne Cryatal X.lh 1.426 10 4.1 > 10-* 4100 0.818

Naliri) Cry-tt.ii l.ft? 1.771 2 30 0.21 - 10-* 4130

MKF.'i) Crystal 4.OA 71 1.2 - 10"* 4710

ChKTI) Crystal 1.11 1.748 91 0.7 '10-* 4200-1900

C»F Crystal l.H 1.434 12 1 - lO"* 3900

ralj(Ku) Crystal 3.96 460 0.79 « If)-* 4700

CaFjlF.u) Crystal 1.179 1.44 49-111 0.94 - 10-* 4310

ZnS(Ag) Multi-

crystal
4.09 2.316 300 0.2 '10-* 4100

81.0.,0.^ Crystal 7.11 2.1)2 23 0.30 « 10-* 4800



25

18.6-keV maximum energy beta particle emitted in tritium decay is

7.26 10"*^ in CaF2(Eu). Therefore, the 0.0001-in. evaporated

CaF2(Eu) layer would stop all tritium betas but would pass all other

betas with higher energy. (Tritium is the lowest energy beta emit

ter of interest.) A phoswich structure could be employed, whereby a

different scintillator could be placed directly behind the evapor

ated C£iF2(Eu) crystal. Here, the higher energy betas would deposit

only a fraction of their energy in the CaF2(Eu) crystal; most of

their energy would be deposited in the other detection media. This

method allows most all other beta emitters to be rejected.

The concept of a phoswich detector is illustrated in Figure 3.

Two scintillator crystals with different light decay time constants

are placed back-to-back. Different light decay time constants are

used in order to identify the crystal in which a radiation event has

occurred. Pulse shape discrimination is used to reject light pulses

from crystal 2 and to accept light pulses from crystal 1. For tri

tium detection, the first crystal's thickness is made equal to the

range of the maximum energy beta emitted in tritium decay. Crystal

1 is made of low Z material in order to efficiently detect tritium

betas. Crystal 2 is made of high Z and high density material in

order to efficiently detect Compton scattered photons, generated in

crystal 1, and to stop all charged particles in a short range. The

light decay time constant of crystal 2 is less than crystal 1. The

pulse shape from tritium decay has a long rise time, while shorter

rise-time pulses are generated for all higher energy beta emitters.
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Most of the higher energy beta emitters deposit nearly all of their

energy in crystal 2, Therefore, the light pulse from the phoswich

system is composed almost entirely of the light emitted in crys

tal 2. The same holds true for alpha particles, except that a com

paratively small amount of energy is deposited in crystal 2. For

alphas that decay further away from the window, the alpha may be

completely stopped in crystal 1. This is due to the fact that

energy is lost in the air between the point of decay and the window.

Therefore, alpha discrimination may be a problem. Pulse height

analysis may also be employed here to discriminate against alphas,

since the relative pulse height of an alpha interaction is 0.2 times

that of a beta interaction, where equal energies are deposited in

the CaF2(Eu) crystal. Most alpha energies range from 5.3 to

8.8 MeV. Calculations on possible pulse amplitudes for various

particles will be given later in this report.

The phoswich detector is also useful in discriminating against

gamma interactions. Again, Figure 3 illustrates this concept.

Crystal 2 is made thick enough to stop all Compton scattered photons

generated in crystal 1. The light pulse will be primarily dominated

by the light generated in crystal 2, in which the scattered photon

is stopped. In the case of a photoelectric interaction in crys

tal 1, the pulse is again dominated by the light from crystal 2.

Most photoelectric interactions generate very high energy electrons

whose energy is about equal to the gamma's energy. Also, since
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crystal 1 is made of low Z material, the probability of a photoelec

tric interaction is low.

A very good detection system is one that uses CaF2(Eu) as crys

tal 1 and bismuth germanate (Bi^Ge30]^2) crystal 2. From the data

given in Table 5, it is seen that the light decay time of bismuth

germanate is approximately three times smaller than that of

CaF2(Eu). Also, CaF2(Eu) is a low Z material, making it efficient

for low-energy beta detection and inefficient for gamma detection.

Bismuth germanate has a high density and is a high Z material.

These characteristics make it efficient for detecting Compton scat

tered photons generated in the CaF2(Eu) crystal. Both scintillators

are nonhydroscopic, which is particularly attractive because no

special controlled environments are needed in either constructing or

operating the detector. Since it has been reported that CaF2(Eu)

can be evaporated as a thin film, a conceptual detector could be one

in which a 0.0001-in. thick layer of CaF2(Eu) is evaporated onto a

bismuth germanate crystal. The actual conceptual development of

such a detector will be given later in this thesis.

C. Liquid Scintillation Technique

As indicated earlier, the method of liquid scintillation count

ing is a very sensitive technique for detecting tritium. A proto

type model which detects aqueous tritium has been developed for the

U.S. Navy (Colman, et al, 1982). Figure 4 illustrates the block

diagram of the system. Coincidence circuits are used to reduce
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phosphorescence, and the two single-channel analyzers (SCAs) are

used to correct the measured count for quenching effects. A sepa

rate circuit has been developed in which the two photomultiplier

tubes (PMTs) can be easily and quickly balanced in the field, which

eliminates the need of stocking matched PMTs. A conceptual liquid

scintillation system could be developed in which the above described

detector could be modified to detect HT and HTO in air. In such a

system air samples could be condensed, HT and HTO could be

separated, and the condensates could be mixed with a liquid scintil-

lator and counted.

As mentioned previously, liquid scintillators possess toxic

solvents. Consequently, in order for such a system to be used in a

closed environment such as a submarine, the liquid scintillator

would have to be kept in a closed loop. A technology must therefore

be developed whereby the scintillator can be continuously cleaned

and reused. Investigations have shown that radioactive organic

solvents can be separated from liquid scintillators by distillation

(Mangravite, 1983). (Any radioactive water remaining in the liquid

scintillator was reported to be removed with anhydrous CaCl2.) For

the conceptual development of this system, the only sample present

in the liquid scintillator is water. Therefore, distillation is not

needed, and anhydrous CaCl2 could be used to remove the sample.

From a radiological viewpoint, this is an attractive way of removing

HT and HTO from the environment. The CaCl2 could be removed and

disposed of periodically as low-level waste. Other improvements can
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also be made to increase the sensitivity of the system. For exam

ple, a plastic scintillator could be placed around the sample cell

and connected in anticoincidence. This would reduce the gamma sen

sitivity of the system since Compton scattered photons could be

rejected. Further discussion of this system will be presented later

in this thesis.



IV. LASER-INDUCED FLUORESCENCE DETECTOR

A. Overview of Conceptual System Development

This section describes the study of the conceptual development

of a tritium detector using the technique of laser-induced fluores

cence (LIF). In the concept phase of the study the molecular energy

levels of HT and HTO were analyzed and compared with the molecular

energy levels of H2 and H2O. While HT and H2 can be readily distin

guished using this method, HTO and H2O cannot be so readily distin

guished because of the close spacing of their molecular vibrational

levels. It was therefore initially decided that it would be cost

effective to develop a system that detects only HT. (HTO can be

decomposed to HT by first condensing an air sample and then decom

posing the condensate to molecular hydrogen by electrolysis, and the

resultant hydrogen gas can be analyzed by the LIF method.)

The next step of the study concentrated on selection of the

various components that would be used in the system. The main com

ponents include a vacuum ultraviolet (VUV) source, a tunable infra

red (IR) diode laser, and an IR detector. In order to detect HT a

double resonance excitation was needed, which requires two sources

that emit two different wavelengths of light. A VUV source is

needed in order to excite all hydrogen molecules in the seimple (HT

and H2). Once in the excited state, an IR diode laser is used to

selectively excite HT. As HT decays via fluorescence a spectrum of

IR photons is emitted, and the IR detector is used to count the

number of HT molecules present in the sample. A particularly

32
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attractive feature of this method is that an HT molecule can be re-

excited many times. Therefore, efficiencies close to unity may be

feasible since a great many photons can be detected from a single HT

molecule. The theoretical efficiency of such a system could be much

greater than a system which detects the beta particle since only one

beta particle is given off per HT molecule, and its half-life is

12.262 years.

Based on a comparison of the different components of the sys

tem, the study relegates itself to configuring an entire system.

Here, price versus sensitivity becomes a major factor. The final

portion of the study is based on an analysis of the system. Sensi

tivity is calculated for the overall system, and the results of

analyzing cost versus sensitivity for various components in the

system are presented.

B. HT and H9 Molecular Levels

Using the LIF technique, HT and H2 are distinguished from each

other by the fact that their molecular vibrational frequencies are

different in a given electronic state. One can consider, as a

first-order approximation, the two hydrogen atoms attached by a

spring. The mass of tritium is three times greater than the mass of

hydrogen. Therefore, it becomes intuitively apparent that the fre

quency of vibration for HT should be less than that for H2. Fig

ure 5 illustrates a classical calculation of the vibrational motion

of a diatomic molecule. The mathematical analysis of a harmonic

oscillator is included as an appendix. As can be seen, when
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comparing the potential energy curves the analogy of attaching the

two atoms to a spring is a good one. Calculations indicate that the

frequency of vibration is inversely proportional to the square root

of the reduced mass of the system. The reduced mass is equal to

0.503913 u for the H2 molecule and 0.755404 u for the HT molecule.

Therefore, the frequency of vibration of the HT molecule is less

than the frequency of vibration of the H2 molecule by a factor of

0.816748. In order to completely analyze the vibrational motion of

a diatomic molecule, a quantum mechanical analysis is required

(Tipler, 1969). Schrodinger's Equation can be written as

^  (E - V)4' - 0 , (1)
dx^ h^

where

(|j s wave function of diatomic molecule,

M = reduced mass of the molecule,

h  = Planck's constant,

E  = energy of the molecule, and

V  = potential energy of the molecule.

Using Hooke's Law, the molecule's potential energy is assumed

to be equivalent to that of a spring. Schrodinger's Equation, for

a harmonic oscillator, then becomes

d2<i. _ ^ 81^ ̂ _ (2)
h2
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where k is Hooke's constant for the spring. The solution to Eq. (2)

yields a quantitized set of values for the energy of the harmonic

oscillator:

E « 0)^ (v + -i) , (3)

where v is the vibrational quantum number of the molecule. It is a

constant and can have values of 0,1,2,3,.... The fundamental fre

quency of vibration of the system, is equal to that obtained

from the classical analysis of the harmonic oscillator and is given

A better approximation of the potentijil energy function of the

diatomic model is obtained from its Maclaurin series:

V(x) - +(^\ X +-(^ x2 +-f^) + ..., (5)
\dx/ 2 \dx / 6 \dx /
\ /o ^ 'o 'o

where the constants are evaluated at the equilibrium position of the

molecule. Vrtien Eq. (5) is substituted into Eq. (1) and solved, the

vibrational energy levels are given by

<^e (v + y) - u^x^ (v + i)2 + (v + 1)3 + (6)
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where and are anharmonicity constants. The energy levels can

be calculated for an isotopically substituted molecule. Here, the

reduced mass of the system is taken into account and the result is

E = po) (v + 4") -P^'^ X (v + (v + + .... (7)
6  Z 06 Z 66 Z

where P is the square root of the ratio of the reduced mass of the

two molecules and is equal to 0.816748 for the HT/H2 molecules.

A molecule has many electronic states each of which is

described by potential energy curves similar to those shown in Fig

ure 1, p. 19. Imposed on each curve are discrete vibrational energies

which the molecule can assume, as given in Eqs. (6) and (7). It is

assumed that the gross electronic structure of a molecule remains

the same for all isotopic combinations. It is also assumed that

only the vibrational energies are changed. The gross electronic

states of both HT and H2 are shown, according to energy versus quan

tum states, in Figure 6. Quantum selection rules allow only certain

transitions to take place. The allowed transitions are indicated by

arrows. It must be kept in mind that Figure 6 does not show the

vibrational levels for each state.

Table 6 lists the values of the dissociation energies of vari

ous electronic states of H2, along with their fundamental vibra

tional frequencies and anharmonicity constants (Herzberg, 1957).

Using Eq. (7) the values of the fundamental vibrational frequencies

and anaharmonicity constants of the same electronic states for HT
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Table 6. Singlet states.

State T * Hi* a» y * Remarks
e  e e e e'e

Experimental

X  0 4 395.2 117.99 +0.29 Isa^

B  91 689 1 356.90 19.932 +0.4029 Isa 2pa Lyman Bands

C  100 043.0 2 442.72 67.03 Isa 2px Werner Bands

E  100 062.8 2 588.9 130.5 Isa 2sa
O

D  113 888 2 325.1 52.25 Isa 3pTr

H  ̂Zg"^ 113 889 2 538 124 Isa 3sa

HT Calculated (corrected with Isotopic ratio)

1  + 2X ^Zg^ 0 3 589.8 78.708 +0.16 Isa

B ^Z^"^ 91 689 1 108.25 13.296 +0.2195 Isa 2pa Lyman Bands

C  100 043.0 1 995.09 44.71 Isa 2pTr Werner Bands

E ^Z^"^ 100 062.8 2 114.5 87.05 Isa 2sa

D  113 888 1 899.0 34.85 Isa 3pTr

H ^Zg""" 113 889 2 073 82.7 Isa 3sa

*Values given are In units of cm~^.
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were calculated. They are also shown in Table 6. The transitional

wavelengths required to excite both H2 and HT have been calculated

and the results are presented in Table 7. Experimental values for

the excitation of H2 are also given (Suchard, et al, 1976). As can

be seen, Eq. (6) agrees nicely with experimental values, particu

larly at the low vibrational quantum numbers of the excited B

state. It is also apparent that different excitation wavelengths

are needed to excite the HT molecule to the equivalent level. This

level was chosen as the first excitation level in the double reso

nance scheme. Excitation to this level requires vacuum ultraviolet

(VUV) sources with wavelengths that can be obtained easily and

inexpensively. Excitation to any other electronic level would

require shorter wavelength photons and would increase the cost of

the system dramatically since exotic sources of VUV photons would

be needed. A source which emits a continuum of required wave

lengths can be used to populate the B state of both H2 and HT.

Selective excitation of only the B state of HT, using a laser,

would be very difficult and costly. The source, which will be

described later, will populate a number of the vibrationeil levels

of the B state for both HT and H2. The lifetimes of the higher

vibrational states are equal to 1 ± 0.2 ns (Suchard, et al, 1976).

Collisions with nearby molecules will de-excite the B state to its

lowest vibrational level (v = 0), nonradiatively.

Once in the lowest vibrational level of the B state, a laser

is used to selectively excite the HT molecule to the first
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Table 7. Transitional energies for H2 and HT

(... (Is<j2) X %

... (Isa 2pa) B

. 0

0.

State B, vibrational
quantum number, v"

Transition wavelength

H,

Calculated

(A)
Experimental

(A)

HT

Calculated

(A)

1

2

3

1092.74

1077.65

1063.34

1092.6

1077.5

1063.3

1092.34

1079.86

1067.93

4

5

6

1049.76

1036.83

1024.49

1049.7

1036.9

1024.7

1056.51

1045.55

1035.03

7

8

9

1012.70

1001.38

990.51

1013.1

1002.1

991.6

1024.90

1015.15

1005.73

10

11

12

980.04

969.91

960.11

981.7

972.2

963.2

996.62

987.81

979.26

13 950.59 954.6 970.95
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vibrational level of the E state. The wavelengths required to

achieve this transition have been calculated for a number of

vibrational quantum numbers of the E state, and the results are

shown in Table 8. The transition to the first vibrational level of

the E electronic state appears to be the best to excite selectively.

This wavelength is at the limit of the tunable, inexpensive diode

lasers. Excitation to higher vibrational levels would require

expensive, tunable, bulky dye lasers. Selection of the laser will

be discussed in a later section.

Once in the first vibrational level of the E state, collisions

with nearby molecules will cause the HT molecule to quickly decay

nonradiatively to the lowest vibrational level of the E state. No

experimental data have been found for the lifetimes of the vibra

tional levels in the E state, but it is anticipated that they are on

the order of a few nanoseconds. From the lowest vibrational level

of the E state, the HT molecule will decay radiatively to various

vibrational levels of the B state. These transitional wavelengths

have been calculated for the HT molecule and are listed in Table 9.

As can be seen, photons of different wavelengths are emitted. An

infrared (IR) detector is used to detect and count the photons emit

ted in this transition of the HT molecule. The H2 molecule does not

emit IR photons because it has not been excited to the E state.

(The laser is used to excite only the HT molecules in the sample.)
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Table 8. Transitional energies for H2 and HT

(... (IscJ 2 pa) B - 0 "

... (Isa 2sa) E

State E,

quantum

vibrational

number, v'

Transition wavelength

H2 HT

Calculated

(A)
Calculated

(A)

1 8857.39 9260.24

2 7486.76 7958.51

3 6395.09 7063.46

4 5985.26 6420.36

5 5558.16 5945.49

6 5259.15 5589.91

7 5056.54 5323.35

8 4931.63 5126.40

9 4873.96 4986.42
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Table 9. Emission spectrxim of HI

(... (Isa 2sO) E _ Q -►

...(Isa 2pa) B

Calculated transition
State B, vibrational wavelength
quantum number, v" (A)

1  12 860
2  14 885
3  17 593
4  21 409
5  27 181
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C, HTO and H2O Molecular Levels

The next step in the systems study was an analysis of the H2O

and HTO molecules. In the analysis of the triatomic molecule the

conventional assumption was made that the vibrational frequencies of

a particular molecular bond were independent of any other properties

of the molecule. Bond properties such as length or disassociation

energy can also be assumed to be largely independent of the

surrounding atoms in the molecule. Bonds for which this approxima

tion is true are said to have "localized" molecular orbitals, i.e.,

orbitals is which only a pair of nuclei are contained. H2O bonding

is achieved when the molecule forms four sp hybrid orbitals.

Mutual repulsion causes the electrons in this orbital to form a

tetrahedral bonding arrangement. The measured bond angle of 105 deg

confirms that this is true. Since sp bonding is a localized form

of bonding, the assumption of separating the vibrations of the two

0-H bonds is a valid one.

Figure 7 illustrates the H2O molecule and its three vibrational

modes—the symmetric stretch, antisymmetric stretch, and bending

modes. Each mode of vibration is assigned a separate and indepen

dent quantum number, v^. The equation of vibrational energy states

can be calculated in much the same manner as was the diatomic mole

cule (Herzberg, 1966). The results are given by
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E(vi, V2, V3) - 0)1 (vi + y) +0)2 (v2 +4) + ̂3 (V3 +4)

+ xii (vi + + X22 (V2 + + X33 (^3 +

+ X12 (vi + 4)(v2 + y) + xi3 (vi + 4^(v3 +

+ X23 (v2 + 4) (v3 + y) + •••. (8)

where

VI » quantum number of the symmetric stretch mode,

V2 =■ quantum number of the antisymmetric stretch mode,

V3 = quantum number of the bending mode,

o)i = zero-order frequency of the symmetric stretch,

0)2 = zero-order frequency of the antisymmetric stretch,

0)3 = zero-order frequency of the bending mode, and

Xik" anhairmonicity constants.

A vibrating molecule can take on all possible combinations of vibra-

tional quantum numbers. Isotopic variations of a given molecule can

change the frequencies of vibration in a manner analogous to the

diatomic molecule case. It is assumed, though, that the disassocia-

tion energies of the electronic states do not change with respect to

isotopic variations.
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The gross electronic structures of HTO and H2O are shown in

Figure 8, (Herzberg, 1966) and the allowed transitions of the €2^

point group are given in Figure 9, A calculation was made of the

transition wavelengths that would be required to excite the HTO and

H2O molecules to the C state, and the results are shown in Figure 10

for the HTO molecule and in Figure 11 for the H2O molecule. As can

be seen, there is very little separation in wavelengths for the two

molecules. This is due to the complicated nature of the possible

combinations of vibrational modes in the molecule. It was next

thought possible to use a double-resonance technique analogous to

the method described earlier for the detection of HT. Calculations

were made of the transition wavelengths from the C to the D states.

The results are shown in Figures 12 and 13 for HTO and H2O respec

tively. As can be seen, the required photons fall in the far-

infrared region. The present state of technology does not allow

very selective excitation at these frequencies. Higher energy

states could be excited from the C state, but since little data is

available for these electronic states, the transition wavelengths

could not be analyzed.

D. Electrolysis of Hydrogen from Water

It is thought that it would be advantageous to separate H2O

and HTO molecules from a sample and count only HT molecules using

the double-resonance LIF method. Water can be condensed from the

air sample using a commercially available cold plate. The amount

of water liberated from the condensation method can be made
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Figure 10. HTO molecular levels (0-T band).
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Figure 11. H2O molecular levels (0-H band).
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Figure 12. HTO molecular levels (0-T band).
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Figure 13. H2O molecular levels (0-H band).



54

Independent of the humidity levels present in the sample of air by

first saturating the air. This can be achieved by passing the air

over a continuously wetted filter.

The reasons for removing water from the sample are threefold.

First, as mentioned previously, selective excitation of HTO is

unachievable from a practical viewpoint. Electrolysis of the con

densation would liberate HT and H2, and the evolved gas could then

be counted using the double-resonance LIF method. Conversion from

HTO to HT is the second reason for using this method, because from a

radiological viewpoint HT is much less hazardous than HTO. The

third reason for removing water from the sample is that water may

provide a trapping center for the VUV photons that are intended to

excite HT and H2. The higher vibrational levels of the C elec

tronic state of the water molecule could conceivably be excited

when it is the intention to excite the hydrogen molecule.

A block diagram of a system that condenses water vapor from

the air sample and converts the condensate to gaseous hydrogen is

shown in Figure 14. The level indicators can be two simple

contacts monitored by an on-board microprocessor. All valves can

be solenoid operated, controlled by the microprocessor. The

positive displacement pump is used to fill the LIF counting cell

with either a dry air sample or a hydrogen sample. Because of

isotopic effects, H2O will be decomposed and liberated more rapidly

as H2 than HTO. The entire system is configured in such a way that

the entire operation of taking air samples and separately
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monitoring for HT and HTO can be accomplished by an on-board

microprocessor.

A typical thermoelectric cold plate costs $550, while the cost

of the vacuum pump and the hot plate are typically $550 and $200

respectively. The power supply used In the electrolysis of the

condensate costs approximately $200. All components of this system

are readily available from most laboratory supply houses. The

entire condensation and electrolysis system, Including all other

components. Is estimated to cost about $2000.

E. VUV Light Sources

The selection of a vacuum ultraviolet (VUV) light source for

the excitation of the hydrogen molecule from the ground state to

the B electronic state Is not a trivial matter. A survey of

various suppliers of UV light sources Indicated that none were

commercially available at the frequencies of Interest. A survey of

the emitted spectra of various low-pressure discharge sources Is

presented In Figure 15 (Price, 1959). As can be seen, Ne emits a

continuum of wavelengths over the required range. The wavelength

range needed to excite molecular hydrogen Is 1100 to 970 A. How

ever , the Ne source could be filled to slightly higher pressures,

which would cause the emission spectrum to shift to slightly longer

wavelengths due to colllslonal broadening. Filling the source to

higher pressures also Increases the power output of the source. A

simple high-voltage power supply and a discharge capacitor can be



57

Xe

MANY-LINE SPECTRUM BEGINS

I4?0
jSfggtagi'r

Kr

1236

t067

744

N«

600

_L

500

I '

1000

J  L

1500

I

2000

(^)

25 20 15 10 9 8

'* (eV)

RARE GAS CONTINUA

Figure 15. Continuous emission spectra of the inert gases.



58

used to operate the Ne source. The cost of such a power supply is

estimated to be approximately $100.

Various window materials that can transmit VUV light are

listed in Table 10 (McNeeby, et al, 1964). It appears that LIF is

the preferred window material for the VUV source. LIF can be

sealed with black wax (Apiezon W) to Pyrex for use at room tempera

ture. Therefore the construction of the VUV source is a simple and

inexpensive matter. It is anticipated that such sources could be

constructed at prices well under $50.

F. IR Tunable Lasers

The wavelength required to excite the HT molecule from the

lowest vibrational level of the B electronic state to the first

vibrational level of the E electronic state is 9260 A. Figure 16

compares the current technology of tunable laser sources according

to the range of emitted wavelengths (Demtroder, 1981). As can be

seen, semiconductor lasers and dye lasers offer two possible sources

at the required wavelength. However, dye lasers are traditionally

large and expensive, and_therefore they would not be suitable for

this application. On the other hand, semiconductor lasers are small

and inexpensive, their only problem being their relatively low power

output.

Figure 17 illustrates the spectral ranges of various semicon

ductor materials (Demtroder, 1981). Three materials would be suited

for this application: In, Ga P, Al Ga, As, and GaAs, P .
1-x X X 1-x ' 1-x X
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Table 10. Transmission of some window materials In the vacuum

ultraviolet.

Wavelength above which a
Window l-mm-thlck window has

material >10% transmission

(A)

LIF 1050

LIF (x-rayed) 1200

CaF2 1200

Sapphire 1450
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Semiconductor diode lasers can be tuned by varying the bias current

of the device.

Tuning appears to be preferable from the viewpoint of calibra

tion. Initially, a tritium sample of known concentration could be

introduced into the LIF cell for calibration purposes, and the on

board microprocessor could automatically tune the laser to the right

excitation frequency while monitoring the IR detector. The response

from the IR detector is calibrated according to the concentration of

tritium injected into the LIF counting cell, making calibration a

simple and easy task which could be performed at various maintenance

points such as ports of call or other labs.

A survey of various commercially available laser diodes indi

cates that the 926-nm wavelength is not available as an off-the-

shelf item. Typical AlGaAs lasers have spectral emissions in the

range of 795 to 905 nm, while the spectral emission range of InGaAs

lasers is 1270 to 1330 nm. However, by changing the composition of

the semiconductor material it would be possible to achieve the 926-

nm wavelength. This is achieved by specifying a lower tolerance on

the wavelength range of the laser. The cost of such a device is

approximately $2800, (Opto-Electronics, Inc.) its rise time is less

than 55 ps, and its peak pulse power is stated to range from 100 to

600 mW.

It is eilso possible to make the transition to the lowest vibra-

tional level of the E electronic state instead of exciting the first

vibrational level of the E state. The required wavelengths for this
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transition are 1129 nm and 1116 nm for HT and H2, respectively. The

required wavelengths are not as well separated as for the transition

to the first vibrational level, but commercial laser sources are

readily available at this wavelength.

An alternative IR source that could be used is a noncoherent,

IR-emitting diode. Texas Instiruments (Texas Instruments) manufac

tures an efficient high power GaAs IR diode with a peak output

intensity of 925 nm. Its fwhm bandwidth is 45 nm, and the output

power of this device can easily reach 50 mW. The only requirement

for using such a device is that an optical bandpass filter must be

used to pass only the 926-nm wavelength and stop the 886-nm wave

length. These filters are easily obtained and cost approximately

$100 each.

Dye lasers are commercially available in the range 400 to

800 nm, and the price and physical size of these devices have

decreased recently. It may be possible to excite the third vibra

tional level of the E electronic state of the HT molecule. The

wavelength required to make this transition is 706 nm, which is well

separated from the transition wavelengths of 749 nm and 660 nm for

H2. Such units cost about $3500, (Laser Science, Inc.) and their

physical size is 12.25 ^ 4.62 * 2.06 in. The main problem with such

a unit is that tuning must be done with an adjustable micrometer.

Automatic tuning would be very difficult.

In order to efficiently operate both the laser and the nonco

herent diodes, it is necessary to reduce the temperature of the
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device. Temperature regulation is necessary also because the

emitted spectra for both devices shift as temperature changes. A

cold plate would provide a simple solution to this problem. Cold

plates are readily available from laboratory supply houses and cost

approximately $550. They are capable of operation from an ac source

and can maintain a temperature of 0°C. A servo-mechanism could be

used in which thermocouples could be attached to various points in

the instrument. The on-board microprocessor could then take

periodic readings and make the necessary adjustments to the cold

plate controls.

G. IR Detectors

The IR detector must be able to detect wavelengths ranging from

1286 nm (1.286 t^m) to 2141 nm (2.141 Mm). Figures 18 through 21

illustrate sensitivity versus wavelength for a variety of different

IR detectors (McCormick, 1983). As can be seen, Ge, PbS, and HgCdTe

detectors can be operated at or about room temperature. PbS and Ge

have about equivalent sensitivities, depending on their temperature,

while HgCdTe is the least sensitive of the three. A Ge detector

sold by Opto-Electronics, Inc. (Opto-Electronics, Inc.) has a

response range of 500 to 1800 nm, and its cost is $3900. The rise

time response of this device is less than 0.6 ns, which makes it

ideal for photon counting.
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H. Calculations of Sensitivity

A brief discussion is presented here on the physics of the

emission and absorption of electromagnetic radiation in atomic sys

tems. Results are used to calculate the sensitivity of the double

resonance LIF system for HT described earlier. A transition can

take place in an atomic system with an initial energy, E^, and final

energy, E^, if a photon of energy (E^ - E^) is absorbed. As men

tioned previously, only certain discrete energy levels are present

in the HT molecule.

Since each energy state has a finite lifetime, an absorption

spectrum is associated with that state. The lineshape function,

g(v), determines the probability of absorption and emission of a

given electronic state with respect to the frequency of the electro

magnetic radiation (Yariv, 1976). It is normalized over the entire

range of frequencies:

(9)

In the case of homogeneoxis broadening due to the lifetime of the

atomic states, the lineshape assumes a Lorentzian function:

/  \

g(^) X WT ' (1°)
2Tl[(V - V )2 + ( )2]

°  2

where

Av = ̂  (11)
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and is the lifetime of the emitting or absorbing state and is

the transition frequency. The transition probability for absorp

tion, is given by

8Ti

Sh^c
(12)

and the transition probability for spontaneous emission, is

given by

nm 3h
(13)

rnm
The matrix element, R , is given by

R™° =• U* M (!> dt ,
m e n '

(14)

where

M - dipole moment of the electron states
e

(I* , ̂  =» electronic eigenfunctions
n  IE

5t = volume element.

Normally, the transition probability is given in terms of oscillator

strengths, f'™:

STt^Pcv
^nm _ o

3he^

^m
(15)
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where

H » mass of electron,

e = charge of electron, and

c » speed of light in vacuum.

The relationship between transition probabilities is given by

B  = —- A . (16)
mn S'thcV nm

o

Oscillator strengths for the transitions to various vibrational

levels of the B electronic state from the ground vibrational level

of the X state, for the HT molecule, are given in Table II. The

radiative lifetimes of various vibrational levels of the B state

have been calculated (Dalgamo, et al, 1970) and they are listed in

Table 12. Experimentally, the intensity of a light source, I, falls

as it travels through an absorbing gas according to the equation

-k Ax

I = I e , (17)
o

where

Iq = initial intensity,

» absorption coefficient, and

Ax = distance travelled through the gas.
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Table 11. Oscillator strengths, f , for the transition

B IZJ 1Q  X 2 g of the HI and H2 molecules.

Band

(0,0) 1.75 X 103
(1,0) 5.19 X 103
(2,0) 11.5 X lo3
(3,0) 17.6 X 103
(4i0) 24.5 X 103
(5,0) 25.8 X 103

Table 12. Lifetimes of various vibrational levels in the

B  electronic state for HT and H2.

Quantum vibrational Lifetime
number, v (ns)

0 0.53

1 0.57

2 0.61

3 0.65

4 0.69

5 0.73

6 0.77

7 0.83

8 0.88

9 0.93

10 0.97

11 1.01

12 1.05

13 1.10
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The energy absorbed by the gas, per unit area and per unit time, is

equal to

IT. = /(I^ - I) dv = I^Ax/k^dv .^nm
abs " ' o

(18)

It can be shown that this is equal to

I™ - I N B hv Ax ,
abs o m mn o

(19)

where N is equal to the concentration of molecules in the lower
m

state. Setting Eqs. (18) and (19) equal, the value of the absorp

tion coefficient is obtained;

fk^ dV - N
V  3hc m

^m
(20)

In terms of oscillator strength, the absorbed intensity becomes

UN f°™e
I™ . lAx
abs ^^2 (21)

It is assumed that the first five vibrational levels of the B state

of HI are populated using the Ne source. The population, Ng, of the

lowest vibrational level of the B state is given by

Ji .nm _ B

dt abs Tg (22)
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In steady state, the derivative is equal to zero and the population

becomes

From the calculated lifetimes, (Dalgarno, 1970) t = 0.53 ns. In
D

the calculations, the necessary conversions are made to convert from

power to number photons/s. Also, various constants are employed,

which may not be given in the equations, in order to keep units

consistent.

It is assumed, for purposes of sensitivity calculations, that

the VUV source emits 10 W of continuous power over the spectrum of

interest. It is also assumed that the energy emitted per unit fre

quency of the source is constant. Hence, over the range of 744 to

1100 nm, the power emitted per unit frequency is 7.6679 ^ lO"^'* W/Hz

The power emitted per unit frequency is integrated with Eq. (10) to

yield the power absorbed at the various transition frequencies.

This is easily converted to the photon rate involved in the transi

tion (9n/9t). Table 13 lists the various values calculated in the

VUV transition to the B state of HT. The value of the transition

bandwidth, Av, used in Eq. 10 is calculated from the Doppler-

broadened case. Since the sample is at 0°C and 1 atm, Doppler

absorption predominates (Dalgarno, 1970). This can be calculated

by the equation
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Table 13. Calculations of the VUV transitions to the B state

of HI [10-W VUV neon source (LIF window)]

(... (Isa2) X . 0 "

... (iso 2pa) B

B state,

vibrattonal

quantum

number, v

Transition

wavelength

(V
(A)

Lifetime

of state

(V
(ns)

Oscillator

strength
Doppler-broadened

bandwidth

(300'K)J
(Hs)

Power delivered

to transition

(P,)
(oW)

Photon rate

delivered to

transition

(do/dt)

(«'b

0 1105.40 0.53 1.75 X 10^ 2.367 X lo'i 3.630 2.02 X ini5
1 1092.34 0.57 5.19 X 10^ 2.396 X lo'" 3.674 2.02 X lo's
2 1079.86 0.61 11.5 X loA 2.423 X lO'® 3.716 2.02 X lO'®

3 1067.93 0.65 17.6 X ioA 2.450 X lO" 3.757 2.02 X 10'5
4 1056.51 0.69 24.5 X 10' 2.477 X lO'® 3.799 2.02 X in's
5 1045.55 0.73 25.8 X 10^ 2.503 X lo'® 3.839 2.02 X lo'®
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^  In 2 . (24)
o

iPF

The population of the lowest vibrational level of the B electronic

state in the HT molecule is directly proportional to the concentra

tion of HT in the sample and the power of the VUV source. This

approximation is valid for low power levels of the VUV source where

stimulated emission is negligible.

Using Eqs. (20), (21), and (24), the absorption coefficients

are calculated for the passage of the various transition wavelengths

through a concentration of 1 M^Ci/m of HT gas:

^  He Av..

The power delivered to the transition is approximated by

P  =2 Av (26)
dv V '

where dP/dv is 7.6679 ̂  10"^*^ W/Hz and Av is the Doppler broadened

bandwidth calculated for each transition. The values are given in

Table 14. Again it is assumed that the transitions are dominated by

Doppler broadening. A conceptual LIF cell is shown in Figure 22.

The VUV source is placed on one of the large area walls. The popu

lation of the lowest vibrational level of the B electronic state,

Ng , is approximated by
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Table 14. VUV absorption coefficients for HT,

B State of HT, Transition Integrated absorption
vlbratlonal quantum wavelength, X coefficient,* K

number, v (A) (cm"^)

0 1105.40 0.255

1 1092.34 0.252

2 1079.86 0.249

3 1067.93 0.246
4 1056.51 0.243

5 1045.55 0.241
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-t_T dn^ -k,,T

^ 4^ <1 - e " =) . (27)

where the window attenuation is assumed to equal 0.10 for all VUV

wavelengths. The factor of 1/2 approximates the geometrical factor

of the LIF cell. The cell's thickness, Tq , is shown to equal

5 cm. The sum is taken over all five transition frequencies.

O

Hence, for the 10-W VUV source, and a concentration of 1 W3i/m ,

the steady-state population of the lowest vibrational level of the

B electronic state in HT is approximately equal to 2.28 ^ 10 .

For the transition from state B to state E, a laser diode is

used which is tuned to the wavelength of 926 nm. Since this is a

strong transition, an oscillator strength of 1 10 is assumed.

Data have not been found that could confirm this. From the above

calculations, the B state is assumed to be uniformly populated in

—3
the cell at a calculated concentration of 72.96 cm" (population

divided by cell volume). The Doppler-broadened bandwidth is equal

Q

to 2.837 ̂ 10 Hz at this transition. It is assumed that the laser

absorption is dominated by Doppler broadening since the sample is

at 300°K and 1 atm. At the given concentration the attenuation

coefficient, K, is calculated, from Eq. (25), to equal

4.289 ̂  10"^ cm"^. The laser diode available from Opto-

Electronics, Inc., has a typical output of 300 mW at the transition

frequency. This is equivalent to a photon emission rate, 9n/3t, of

1 Q

1.40 10 photons/s. The emitted light from the laser is allowed

to pass through the cell many times by the use of mirrors placed on
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the appropriate walls of the cell. A practical value of 10 reflec

tions is assumed on one mirror, therefore the pathlength, X, is

equal to 500 cm. The steady-state deexcitation-transition rate of

the lowest vibrational level of the E state to the B state is

given by

5N^. (^) . (28)

Therefore, the rate of detectable photons emitted, as the E state

decays back to the B state via fluorescence, is equal to

2.99 ^ 10^^ photons/s. For the same concentration of tritium in

the same volume, the rate of detectable betas emitted is equal to

116 betas/s. Therefore, a great many more detectable photons

than detectable betas are emitted.

The surface area of the IR photodetector available from

Opto-Electronics, Inc., has a diameter of 20 cm. Therefore, it

is assumed about half of the photons emitted in the sample, when

the E state decays to the B state via fluorescence, falls onto

the detector's surface. Therefore, about 1.49 ^ 10^^ photons/s

are detected by the photodetector. This is equivalent to a power

of 1.98 ̂  10" W impingent on the detector. The noise of the

detector is given at 5 10"^ W, and the minimum detectable concen

tration of tritium is therefore approximately 0.025 ^Ci/m^. If the

laser is pulsed and correlation analysis is used to recover the

signal, it is not inconceivable that the sensitivity could approach
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3  3
1 ^ 10" JiCi/m . The equivalent counting time of such a system

could conceivably be on the order of 1 min.

Since the laser provided a sensitivity close to the desired

value, it was determined that the laser diode would be more suitable

than the IR diode as an excitation source. Also, the power deliv

ered to the transition by the IR diode would be many orders of mag

nitude less than that provided by the laser. Therefore, the laser

diode is preferable as the source to excite HT from the B state to

the E state.

I. Possibility of Detecting HTO Using LIF

A re-analysis of the molecular levels of the HTO molecule indi

cates that it may be possible to detect HTO by the LIF method, which

would eliminate the need of a condensation and electrolysis system

to separate HTO. Also, the same LIF cell could be used to measure

both HT and HTO. There is very little data available on the molecu

lar levels of HTO higher than the D state (Herzberg, 1966). What is

known is presented in Table 15. It is thought that it may be possi

ble to excite HTO from the C state to the F state with a diode

laser. The C state could be populated with a VUV source using

required wavelengths of about 120 nm and an argon discharge lamp as

the source.

Once a steady-state population has been reached in the lowest

vibrational level of the C state, a diode laser could be used to

excite HTO from this level to the first vibrational level of the F

state. Since the vibrational levels are well separated for the
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lowest vibrational quantum numbers, it is anticipated that a laser

could selectively excite HTO and not H2O.

No data are available on the vibrational constants for the F

level. It is estimated, though, that the required transition wave

length is approximately 1181 nm. Since the fluorescence wavelength

is estimated to be 1250 nm, the same laser could be used to excite

both HT and HTO if the lowest vibrational level of the E state of HT

is excited. The required wavelength for the HT transition is

1116 nm, and the laser could be tuned from one wavelength to another

Laser diodes are readily available in this frequency range. The

light emitted from the fluorescence of the HTO molecule could also

be detected with the same detector.

Therefore, the only required addition to the system would be a

VUV source, which would cost about $50, and the entire electrolysis

and condensation system could be eliminated, which would save about

$2000. This system could separately measure HT and HTO levels at an

anticipated sensitivity of 1 10"^ WJi/m^ for both molecules. It

must be kept in mind, however, that it is not known if this is

entirely feasible since little data are available on the vibrational

levels of the F state. It may be necessary to eliminate water in

the air sample when measuring HT. This can be easily done using

anhydrous calcium chloride as the drying agent and passing the

sample through the cell in which the calcium chloride is contained.

The cell could be designed in such a way that it could be easily

removed and discarded.
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J. Cost Considerations

As mentioned above, two possible methods could be adapted to

detect HT and HTO simultaneously. A block diagram of the first

system, which detects only HT, is shown in Figure 23. An electroly

sis and condensation system is employed to separate and count HTO

from an air sample. This system would be movable but not portable,

and it would cost about $10,000. It is estimated that a sensitivity

of 1 ^ 10"^ JACi/m^ could be achieved for HT. Although a laboratory

analysis of the condensation and electrolysis system would be needed

in order to estimate the sensitivity of detecting HTO, a sensitivity

of 1 10"^ ^Ci/m^ is also anticipated for HTO. The main disadvan

tage of the condensation and electrolysis method is the inherently

long time constant present in the conversion of water vapor to gase

ous hydrogen. Again, a laboratory analysis would be needed in order

to estimate this value.

The second possible system, which would detect both HT and HTO

directly using the LIF method, is shown in Figure 24. It would cost

approximately $8,000, and it would be portable since there is no

condensation or electrolysis involved. It is uncertain however,

whether LIF could be used to separately and directly detect HTO

because no data are available for the electronic level of interest.

A laboratory analysis would be necessary to investigate the feasi

bility of such a scheme, although preliminary estimates indicate

that such a method has a high probability of being feasible. A
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brief summary of the calculated operational characteristics of both

LIF systems is given in Table 16.
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Table 16. Calculated operational characteristics of two
proposed laser-induced fluorescence (LIF) systems.

Characteristic

Direct excitation and

measurement of HI. HTO

detected by condensation

and electrolysis

Direct excitation and

measurement of both HI

and HTO. No condensation

or electrolysis

HI sensitivity
HTO sensitivity

(est.)
Cost (est.)
HT time constant

HTO time constant

Movable

Portable

1 X I0~3 nCi/m'

1 X 10

$10,000

~1 min

~10 min

Yes

No

1-3 uCi/m^

I X 10-3 nci/m3

1 X 10-3 yCi/m3
$8,000

~1 - 5 min

~1 min

Yes

Yes



V. SOLID SCINTILLATION DETECTOR

A. Overview of Conceptual System Development

The basic concept of the solid scintillation scheme which would

be used to detect molecular tritium has been discussed earlier in

this thesis. Comparisons of various scintillator materials have

been made, and the best appears to be CaF2(Eu). It is a low-den

sity, low-Z material, which makes it relatively insensitive to gamma

radiation and sensitive to low energy beta radiation. Also,

CaF2(Eu) is a nonhydroscopic material, which makes it particularly

attractive from the viewpoint of the manufacture and operation of

the detector. Conceivably it would suffer from no memory effects as

do organic plastic scintillators after they have been operated over

a period of time in an environment containing tritium.

Ideally, the thickness of the scintillator should be equal to

the maximum range of the most energetic beta particle emitted in the

decay of tritium. This corresponds to a thickness of about 0.0001

in. in CaF2(Eu). It has been reported that CaF2(Eu) can be evapora

ted as a 0.0001-in. thin film capable of detecting beta particles.

Since a substrate must be used, it was thought that a second scin

tillator may be used as the substrate in the evaporation of

CaF2(Eu). This would allow a phoswich detector to be constructed.

(The concept of the phoswich detection system and the selection of

the two scintillators was given earlier in this thesis.)

85
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The phoswich detector would reduce the sensitivity of the

detector for external gamma radiation and for beta- and alpha-

emitting radionuclides. The best scintillator that could be used as

the substrate would be bismuth germanate (BGO). It is felt that it

is cost effective to use a second scintillator as the substrate and

to employ the phoswich scheme since the price of nonscintiHating

substrates is similar to that of BGO. Traditionally, the cost of

the analog electronics used in the phoswich scheme is relatively

high, but a circuit scheme has been developed which would dramati

cally decrease the cost and complexity of the electronics. There

fore, the tritium sensitivity of the detector can be dramatically

improved, for a given surface area, by employing the phoswich detec

tor scheme at a comparatively small increase in cost. From the

qualitative arguments given above it was decided to develop a phos

wich detector system. An analysis was made of the developed system

and of an equivalent system which did not employ the phoswich

scheme. It will be shown that without the phoswich detector the

sensitivity would be greatly diminished at a very little savings in

cost.

B. Sensitivity Calculations

In calculating the sensitivity of a CaF2(Eu)/BG0 phoswich

detector, it is assumed that the detector has no window since

CaF2(Eu) is nonhydroscopic. It can be shown that the count rate of
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such a detector viewing a medium in which the tritium is uniformly

distributed can be approximated by

•  OA

C - T , (29)
2P P
m

where

" transmission factor due to surface scattering,

S  " specific activity of the medium containing tritium,

A  = area of detector,

- mass absorption coefficient, and

P =• density of medium containing tritium.

The mass absorption coefficient (Price, 1958) can be approximated by

m

where is the maximum energy of the beta emitter in MeV. The

scattering transmission factor, T^, at the detector's surface is

dependent on the Z of the detector and the average energy of the

beta emitter. For the case of tritium and a CaF2(Eu) detector, T^

is equal to 0.957. Using Eq. (27) and various possible detector

areas, it was possible to calculate the counting times necessary to

achieve a given measurement uncertainty with no background present.

The result of these calculations is shown in Figure 25.

These calculations were based on the assumption of 0.1 PCi/m^

of tritium uniformly distributed in air. For example, the
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detector's active area must be about 1000 cm in order to achieve a

measurement uncertainty of 10% in a counting time less than 10 min

when detecting tritium at a concentration of 0.1 kiCi/m with no

background present. The range of the maximum energy tritium beta in

air is 0.453 cm.

An eight-plate detector can be constructed as shown in

Figure 26 using plates constructed of BGO and having a 0.0001-in.

thin layer of CaF2(Eu) evaporated on both sides. Two photomulti-

plier tubes are connected in a coincidence arrangement in order to

reduce thermally generated counts. The active area of the device is

2
1396 cm , and the count rate of such a device at an activity level

of 0.1 HCi/m^ is 1.20 counts/s. A counting time of 1.39 min would

be needed to achieve an uncertainty of 10% if no background were

present.

The response of the detector to external gamma radiation is

shown in Figure 27. Calculations were made of a detector similar to

that of Figure 26, and four configurations were analyzed: the

detector in a phoswich arrangement with no lead shielding; the

detector in a phoswich arrangement with 1 in. of lead shielding; the

detector not in a phoswich arrangement with no lead shielding; and

the detector not in a phoswich arrangement with 1 in. of lead

shielding. A quartz or pyrex substrate could be used instead of BGO

if the detector is not in a phoswich arrangement. Figure 27 plots

calculated count rate versus gamma energy at ̂  exposure rate of

1 mR/h for the four different configurations. As gamma energy
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decreases, the count rate of the no phoswich/no shield configuration

increases dramatically. At 0.6 MeV the calculated count rate would

be 30.28 cps and would rise to 641.2 cps at 0.1 MeV. As can be seen

in Figure 27, the count rate drops off dramatically, particularly at

low energies, when the phoswich arrangement is employed. Its

response is almost equivalent to that of the no phoswich 1-in. lead

shield configuration. The maximum count rate of the phoswich 1-in.

lead shield configuration occurs at about 1.85 MeV and is equal to

about 0.38 cps. This compares to a count rate of 1.20 cps for

tritium at an activity level of 0.1 liCi/m^. The added weight of

1 in. of lead shielding around the detector configuration shown in

Figure 26 would be about 38.3 lb.

As mentioned previously, most alpha energies range from 5.3 to

8.8 MeV. The range of a 5.3-MeV alpha particle in air is approxi

mately equal to 3.65 cm, while the range of an 8.8-MeV alpha parti

cle in air is equal to 8.27 cm. The spacing between plates of the

configuration shown in Figure 26 is equal to 0.178 in. Calculations

indicate that only a small fraction of the alpha's energy would be

deposited in the 0.0001-in. CaF2(Eu) layer, while almost all of it

would be deposited in the BCD crystal, for a decay event occurring

right on the face of the detector.

The light pulse will be predominantly the light generated by

the BGO crystal making pulse shape discrimination of alpha events

rather easy. Because alpha particles lose energy as they travel

through air, pulse shape discrimination becomes more difficult for
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alphas that have decayed farther away from the detector since more

relative energy is deposited in the CaF2(Eu) layer and less in the

BGO layer. This problem is reduced since the effective distance an

alpha particle can travel in air is less than its maximum range.

The spacing between the plates, in which the air sample can flow, is

kept purposely small in order to reduce the alpha sensitivity of the

device.

Calculations were made in order to estimate the sensitivity of

the detector for alpha particles above the 5.3- to 8.8-MeV energy

range. It was assumed that pulse shape discrimination would be

ineffective when the light emitted by CaF2(Eu) equals the light

emitted by BGO. At an activity of 0.1 P^Ci/m the count rate was

calculated to be about 4.06 ^ lO"** cps over the 5.3- to 8.8-MeV

energy range. The count rate for tritium at the same activity level

was calculated to be 1.20 cps. Hence, at the same activity levels

the detector has a tritium-to-alpha count rate ratio of about 3000.

Calculation of the sensitivity of the detector to other beta-

emitting radionuclides is very difficult because beta particles are

emitted over a spectrvim of energies. It is believed, though, that

discrimination factors on the order of about 3000 may be possible,

particularly at higher energies. Since the spacing between the

plates is made equal to the range of the tritium beta in air, the

effective volume of higher energy betas is lower than with larger

plate spacings. Air attenuates very little of the betas' energy

and, since CaF2(Eu) is of low density and low Z, little energy will
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be lost in that layer. Hence, pulse shape discrimination would be

very effective in rejecting many higher energy betas. In fact, the

only betas that would be counted are those with energies approaching

18.6 keV.

C. Construction Techniques

Construction of a detector similar to the one shown in

Figure 26 would be relatively simple and straightforward. Since

both CaF2(Eu) and BGO are nonhydroscopic, no special handling

techniques would be required. The BGO substrates could be evapor

ated as single plates by either electron beam or thermal evapora

tion. [The vapor pressure of CaF2(Eu) is lO"** torr at IOOO°C.] A

quartz crucible can be used to contain the CaF2(Eu) sample during

evaporation, and it can be expected that variations in thickness

along the plate would be less than 25%.

The Incite light pipes could be easily machined, and the BGO

plates can be attached to the Incite light pipes with an optical

grease in order to assure good light transmission through the inter

face. Since the evaporated layer of CaF2(Eu) is very smooth, the

air interface acts much like a mirror. Consequently, internal

reflections cause most of the emitted light to be directed to the

photomultiplier tubes.

D. Separation of HT and HTO

The literature survey of tritium detectors indicates that semi-

permeable membranes could be used to separate HT and HTO. The time
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constant through such a membrane would be on the order of 5 min, and

therefore the total time response of the detector, including count

ing time, could be on the order of 10 min. A conceptual block dia

gram of such a system is shown in Figure 28. A simple air pump

could be used, and the sample could count either HT or HTO by using

a simple purge procedure when switching from HT to HTO or vice

versa. The use of semipermeable membranes is also attractive from

the standpoint of rejecting beta-emitting noble gases. Separation

factors of 10 have been reported.

E. Electronics

As mentioned previously, pulse shape discrimination has

traditionally required expensive and sophisticated pulse processing

electronics. A block diagram of such a system is shown in

Figure 29. The system uses an integrating network composed of a

parallel resistor and capacitor, which causes the output pulse of

the preamp to rise exponentially with a time constant equal to the

light-decay time constant of the scintillator. [The light-decay

time constants for CaF2(Eu) and BGO are 0.94 and 0.30 t^s

respectively.] The output of the preamplifier is connected to a

parallel pulse shaping network. Both sides of the network have

double delay line filters, but the clipping time, T]^, of one filter

is less than the clipping time, T2, of the other. Zero crossing

detectors are placed at the outputs of both double delay line

filters. A logic pulse is generated at exactly the time the input

pulse crosses the baseline. The interval from the time the short
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double delay line pulse crosses the baseline to the time the long

double delay line pulse crosses the baseline is a direct indication

of the light decay time of the scintillator. The time is less for

the BGO scintillation pulse than for the CaF2(Eu) pulse because the

light decay time of BGO is smaller. The time-to-pulse height

converter (TPHC) generates a pulse whose amplitude is directly

proportional to this time duration. The amplitude of the output

pulse from the TPHC is greater for a CaF2(Eu) scintillation event

than for a BGO scintillation event. The major drawback of this

system is that the TPHC is a comparatively expensive and complicated

circuit.

An alternative circuit is shown in Figure 30. Again the same

preamplifier, double delay line filters, and zero crossing detectors

are used. Instead of a TPHC, a simple combination of "one shots"

(monostable multivibrators) and an edge-triggered D-type flip-flop

logic element is used. The pulse duration of the one shot, which is

connected to the D input of the flip-flop, is set so that only

CaF2(Eu) pulses are accepted. The timing is adjusted in such a way

that a BGO scintillation event will not produce a pulse at the out

put of the flip-flop; only a CaF2(Eu) scintillation event will pro

duce an output pulse, and it can be directly counted by a simple

counter.

A block diagram of the entire electronics system for the solid

scintillation detector is shown in Figure 31. As can be seen, pulse

processing electronics is broken down into three networks. The
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coincidence analysis network reduces unwanted counts from thermally

generated noise pulses in the photomultiplier tubes (PMTs), which

eliminates the necessity of cooling the PMTs. The pulse height

analysis network counts only pulses whose height is in the range of

tritium pulses. The pulse shape analysis network accepts pulses

only from scintillation events occurring in CaF2(Eu). If all three

criteria are met, a count is registered. A balance monitor circuit,

developed for a liquid scintillation counter, (Colman et al., 1982)

would permit the use of tubes that are not matched in gain, thereby

reducing the serious logistics problem of stocking matched pairs of

PMTs.

F. Cost Considerations

It is estimated that the cost of the solid scintillation cell,

including labor and material, would be about $5,000. This is the

price most commercial vendors charge for a specially constructed,

large-area phoswich detector. The cost of the two PMTs would be

about $1,200, and the cost of any mechanical parts, including labor,

would be about $1,800. Finally, the estimated cost of the electron

ics would be about $2,000. Therefore, the cost of the entire system

would be approximately $10,000.



VI. CLOSED LIQUID SCINTILLATOR SYSTEM

A. Sclntlllator Cleanup Material

The possibility of separating water samples from organic liquid

scintillators has been reported just recently, (Tipler, 1969) and

thus far anhydrous calcium chloride is the only material known to

achieve the separation. Separation is accomplished by passing the

scintillator, with the water sample incorporated in it, through a

closed cell containing the calcium chloride. The water would be

absorbed by the calcium chloride and remain in the cell. Large

separation factors, in which nearly all the water has been removed,

have been reported. The cell could be discarded periodically and

replaced with a fresh cell. The cell can be disposed of as a low-

level waste; anhydrous calcium chloride requires no hazard labeling,

but exposure to it will bum skin and eyes.

B. Conceptual Liquid Scintillation System

A liquid scintillation system similar to one reported previ

ously by this author (Colman et al., 1982) would be ideally suited

for this application. Figure 32 contains plots of the counting

times required to achieve a given measurement uncertainty with this

system in the presence of various background exposure rates. A

typical background exposure rate, measured in the lab, is about

0.016 mR/h, but this value may vary with the location of the

detector.
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A block diagram of a conceptual closed-loop liquid scintilla

tion detector is shown in Figure 33. In this system an air sample

is bubbled through a given volume of distilled water. It has been

reported that 90 to 98% HTO is collected and about 0.01% of HT is

collected using this method. Air is not bubbled directly through

the liquid scintillator, since this would release toxic scintillator

gases into the environment. Periodically, the water sample is mixed

with the scintillator and transferred to the counting cell. When

the count is completed, the scintillator containing the water sample

is passed through the anhydrous calcium chloride cleanup cell,

removing the water sample from the scintillator. The clean scintil

lator is then stored in a reservoir until another cycle is started.

Typical circulating air pumps have a flow rate of 30 liters per

minute. For example, consider a 1-mL water sample through which the

air is bubbled. From Figure 32, it is apparent that a sample with

an activity of 5 M^Ci/L would be desirable from the standpoint of

short counting times. Therefore, an air sample containing a tritium

concentration of 0.1 ^Ci/m , would require a bubbling time of 1.67

min in order to achieve a measurement uncertainty of 10% in a 1-min

counting time. Therefore, the total time constant of the system

would be about 5 min, including the time for mixing the sample with

the scintillator and transferring the scintillator to the counting

cell. Assuming an intrinsic efficiency of 0.30 for the liquid

scintillator counting system, the expected sensitivity of the
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detector would be 560 ops per ^Ci/m . The bubbling technique

contributes to this high sensitivity because it is very effective

in removing beta-emitting noble gases and alpha-emitting

radionuclides, thereby reducing the background count rate.

The system shown in Figure 33 is incapable of measuring HT, but

an alternative system, which can detect HT, is shown in Figure 34.

In the alternative system HTO is directly condensed using a cold

plate, and the condensate is mixed with the liquid scintillator.

The dried air sample is then passed through a hot palladium catalyst

cell where HT is converted to HTO. The cell requires a tube furnace

because the palladium catalyst must be kept at 400°C. Another cold

plate is used to condense the HTO vapor present at the output of the

hot palladixim cell.

C. Cost Considerations

The approximate cost of the first system would be: two PMTs,

$1,200; electronics, $2,000; circulating air pumps (which can be

purchased from most laboratory supply houses), $400; and all mechan

ical parts (including the filters), $5,000. Hence, the total cost

of the HTO system would be about $8,600. The alternative system,

which can detect HT and HTO, would cost about $11,000 since the

additional cost of the cold plates and hot palladium catalyst cell

would add an additional $2,400 (less the insignificant cost of the

bubbling cell).



107

ORNL owe 83-17647

DISTILLED WATER

SUPPLY

SAMPLE

INLET-

FILTER AND
AIR PUMP PLOW INDICATOR

SAMPLE
SATURATION

CELL
OUTLET

CONDENSATION

CELL
ANHYDROUS CaCI

CLEANUP CELL

HTO

LIQUID

SCINTILLATION

RESERVOIR

MIXING

CELL

COUNTING

CELL

PHOTOMULTIPLIER

TUBE

HOT PALLADIUM

CATALYST CELL

SAMPLE

outlet

CONDENSATION

CELL

NOTE: V, V7 ARE SOLENOID
VALVES OPERATED BY

ONBOARD MICROCOMPUTER

PHOTOMULTIPLIER

TUBE

SCI NTILLATOR

PUMP

Figure 34. Conceptual liquid scintillation HT/HTO detector.



VII. CONCLUSIONS AND RECOMMENDATIONS

A. Comparison of Proposed Detector Systems

Three advanced tritium detector concepts (laser-induced

fluorescence, solid scintillator, and closed-loop liquid scintilla-

tor) were analyzed. Based on a study of each of these, further

evaluation of various detection systems is proposed. A comparison

of the detector systems proposed for evaluation is given in

Table 17. Two of the proposed systems use the LIE concept, three

use the solid scintillator concept, and two use the closed-loop

liquid scintillator concept.

One LIF system proposed for further evaluation employs a

double-resonance scheme to detect and measure HT directly. HTO is

converted to HT using a condensation and electrolysis scheme. It is

estimated that this detector can reliably measure a minimum detect-

3  3
able concentration of 10" W3i/m . The main disadvantage of this

system is that it is not portable; the condensation and electrolysis

system make the detector bulky and heavy. The second LIF system

would eliminate the condensation and electrolysis system by directly

exciting and measuring both HT and HTO. Automatically tuning the

laser source would make possible independent measurements of both

molecules, and it is estimated that the minimum detectable concen-

3  3
tration for this system would also be 10" MUi/m . However, the

probability of implementing this system, as opposed to the other LIF

system, is small because there are no available data on the molecu

lar levels that would need to be excited in the HTO molecule. This
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system appears, though, to be the best possible candidate for

further development since it meets or exceeds all U.S. Navy require

ments. The particularly attractive feature of both LIF detectors is

that neither of them is sensitive to other forms of radiation, and

therefore no counts would be measured from gamma, alpha, or other

beta sources.

Three systems using the CaF2(Eu) solid scintillator technology,

two phoswich detectors and one nonphoswich detector, are proposed

for further study. The first phoswich detector system uses one inch

of lead shielding, as does the nonphoswich detector. The shielded

detectors are not portable, because the lead shielding probably

would weigh about 38 lbs. The phoswich detector with no shielding

appears to meet or exceed most of the required specifications except

the time constant, which is equal to approximately 10 min. Although

this could be reduced to about 3 min if the semipermeable membranes

were not used, that change would render the detector incapable of

separately measuring HT smd HTO.

Two systems using a closed-loop liquid scintillation counter

are recommended for further study. One system is capable of detect

ing only HTO by bubbling an air sample through distilled water,

while the other system is capable of independently measuring HT and

HTO by using a condensation and catalyst system. Neither system is

portable due to the liquid scintillation cleanup system and the

sample preparation system, which make the detectors bulky and heavy.

The main disadvantage of closed-loop liquid scintillation systems is
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that the liquid scintillator may be exposed to the environment in

the event of an accident. Also, no supportive data are available in

the literature on using anhydrous calcium chloride to remove water

samples from liquid scintillators.

B. Cost/Benefit Analysis

Each of the three proposed technologies was analyzed in terms

of development costs and time. The cost of development is given in

terms of work-years of funding. Currently at ORNL, one work-year is

equal to about $95,000. The results of this analysis are summarized

in Table 18. Also, a qualitative analysis was made for each pro

posed system with regard to the probability of its successful imple

mentation. The element of risk involved in the development of a

proposed system is also discussed.

It is estimated that approximately two work-years of funding

would be needed for the proof-of-principle portion of LIE concept

development. Because this technology is entirely new, basic mea

surements would be needed to identify the possible excitation levels

of HT and HTO. Further theoretical analysis would be needed which

would take into account all possible interactions between the mole

cules and the stimulating photons. If the proof-of-principle

portion proves to be successful, it is estimated that one-half work-

year of funding would be needed for a bench-scale demonstration of

the device. Finally, it is estimated that one work-year of funding

would be needed for breadboarding a portable instrument and one

work-year for transferring the technology to a private manufacturing
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firm. Therefore, it is estimated that about 4 1/2 work-years of

funding would be needed in order to develop the LIF concept to a

point where a portable working instrument could be produced. Both

proposed LIF systems have the highest element of risk for successful

development as compared to the other proposed systems.

It is estimated that the development of the solid scintillation

concept would require a total of 3 1/2 work-years of funding: One

work-year would be needed for proof-of-principle, one-half work-year

for bench-scale demonstration, one work-year for breadboarding a

portable instrument, and one work-year for technology transfer. The

best of the solid scintillation instruments appears to be the phos-

wich detector with no lead shielding. The technology of the compo

nents of the instrument, including electronics and detector, are

well established. It appears that this proposed system has the

greatest probability of successful implementation compared to all

other proposed systems.

It is estimated that 41/2 work-years of funding would be

required to develop the closed-loop liquid scintillation concept.

A funding level of 1 1/2 work-years would be needed for proof-of-

principle of this system, primarily because of the time needed to

investigate the feasibility of the new concept of cleaning an

organic liquid scintillator of its water sample using anhydrous

calcium chloride. The technology of the other components used in

both proposed liquid scintillation systems is well known because it

has been developed by the author. It is estimated that it would
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require one work-year each of funding for a bench-scale demonstra

tion, for breadboarding a portable instrument, and for technology

transfer. It is estimated that the probability of successful imple

mentation for both proposed systems is less than for the phoswich

detector with no lead shielding, but greater than for the two pro

posed LIF systems.

C. Recommendations

The proposed LIF system that directly measures HT and HTO meets

all requirements, has the lowest estimated cost, and is the most

selective of the proposed systems. Its sensitivity is the highest

of all proposed systems and, based on information gathered from the

literature search, it would achieve the state-of-the-art in tritium

detection. Although it has the highest risk of development among

the proposed systems, it is recommended that ORNL pursue its devel

opment. The fact that ORNL has direct access to suitable laboratory

facilities and to personnel familiar with this technology would make

it cost effective to design and develop this proposed system at

ORNL. The other portable instrument concept recommended for further

development is the CaF2(Eu)/BG0 phoswich detector with no lead

shielding. This system meets many of the criteria established for

it, and the probability of its successful implementation is very

high because the technology for all of its components is already

established. Much of the electronic technology has been developed

for the proposed detector at ORNL by the author, and it is therefore

recommended that ORNL design the system. The proof-of-principle



115

phase of development could be contracted to an outside firm under

the supervision of ORNL, which would allow a parallel development

effort to be undertaken in conjunction with the LIF system. Based

on the results of the proof-of-principle phase for both systems, one

system can be selected for final bench-scale demonstration and

breadboarding.

Neither of the proposed closed-loop liquid scintillation sys

tems is portable, and the estimated purchase price of the system

that could simultaneously detect HT and HTO is the highest of all

proposed systems. Furthermore, the estimated development cost of

both systems is estimated to equal that of the phoswich system.

Also, the risk of successftil implementation of this concept is

greater than for the solid scintillation concept. Therefore, it is

recommended that concept not be carried into the development phase.

However, it could be used as a backup if the other two proposed

systems were to fail.
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MATHEMATICAL ANALYSIS OF A HABMONIC OSCILLATOR

Lagrange equation of motion for the molecule;

^ f- + 5^ - ° "^-1'dt dx dx

where

T = Kinetic energy of the molecule

V = Potential energy of the molecule

.  = dx

*  dt •

- I Vi + I »B^B •

The molecule is assumed to have no translational momentum:

Therefore,

^  .
A  M. +

^  " M. +
^  .

X

Kinetic energy becomes;

2  M.+

(A-5)

„  1 \ ̂ .2 /A
T = T „ ■ „ X (A-6)
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dT "A ̂
dx + Mg

dt dx ' \ + Mg

Therefore,

where K = spring constant.

Substitution into the Lagrange equation of motion

Let M = reduced mass
M. +

The equation of motion becomes

(A-7)

X  . (A-8)

Minimum of potential curve approximated by Hooke's Law

F = - = -Kx (A-9)
dx

Kx (A-10)
dx

X + Rx « 0 (A-11)

— + - X = 0 (A-12)

dt^ M
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Solution of the form,

X » Ci cos (2'tvt) + C2 sin (2''ivt) (A-13)

where v = frequency

where Ci and C2 are arbitrary constants.
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