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ABSTRACT

The absolute scintillation efficiency and intrinsic resolution of lithium glass scintillators for electron excitation
have been determined over a range of electron energies, lithium concentrations and lithium enrichments.
Measurements of these response characteristics form part of a study on the possible use of such glasses for
the determination of tritium breeding in fusion reactor blanket experiments.

The measurements were undertaken o establish a basis for extracting the information relating to tritium
production reactions from the background signals induced within the glass scintillators by the neutron/gamma
flolds of a fusion reactor blanket. Criteria for the selection of glasses most suitable for tritium breeding
measurements are discussed in terms of their observed responses.
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1. INTRCDUCTION

Lithium glass scintillators have been studied at Lucas Heights to determine their suitability for monitoring the
tritium produced in experimental fusion reactor blanket assemblies [Dalton 1987).

It should, in principle, be possible to measure the production of tritium at low and intermediate neutron
energles from the scintillations produced In a glass enriched in ®Li via the reaction

®Li+ n=T+*He + 4.8MeV (1)
and at high neutron energles using those produced In a glass enriched in ’Li via the reaction
Li+n=T+*He+n -282MeV . ()

However, as discussed in the earlier report, scintillations produced by charged particles and Compton electrons
within the glass, arising respectively from competing reactions induced by the neutron and gamma fields within
a fusion blanket, contribute such a high background that detailed theoretical and experimental analyses are
roquired to extract the informatlon retating to tritium production from the measured data.

For an analytical approach, the tritium production information would be obtained from the measured light
energy spectra using unfolding techniques based on the response characieristics of the various charged

particles produced within the glass. The data required include the responses to electrons, protons, deuterons,
tritons, alpha particles and heavier ions over the energy range zero 10 about 18 MeV. The measurement of
some of these data was reported by Dalton [1987]; however, significantly more data are required before such
an analysis can be attempted.

Experimentally, information relating to the tritium production from reaction 1 could be obtained using a
background compensation method based on the differences in the responses of éLi and “Li glasses measured
in the same locations within the fusion blanket assembly [Yamaguchi and Nakamura 1986)]. For this technique,
it is necessary to match the responses of two glass scintillators to eliminate all background interactions
common to both. The theory and measurements required to achieve this are described below.

2. THEORY
2.1 Interactions ot Charged Particle Reaction Products

Reactions induced in a glass scintillator by the neutron flux of a fusion blanket assembly produce many
types of charged particles, each with a wide range of energies [Dalton 1987]. The ranges of charged particle
types and energies produced depend on the chemical composition of the glass, that is, on the number and
concentration of its constituent materials. For commercially available glasses [Dalton 1987, these vary
markedly as lllustrated in table 1. Hence if two glasses of different enrichment are to have matching responses
to all competing reactions when located at the same position in the assembly (that is, exposed to the same
neutron and gamma flux distributions), they must have the same chemical composition.

2.2 Interaction of Gamma-rays

Gamma rays with energies up to about 10 MeV are generated within a fusion blanket assembly during
operation (figure 1). Over this energy range, Compton scattering is the predominant mechanism for gamma
interaction within lithium glasses [Evans 1958]; the cross section, o, Is a maximum at zero energy and
decreases monotonically with increase In the incldent gamma energy [Davisson 1965].

~ For a gamma-ray energy of E,, electrons with a continuous disiribution of energy ranging from zero up 1o a
maximum value E,, known as the Compton edge, are produced within the scintillator:

o 2(Ey?
B = (Mme?+2E,) ' - ®

where m, Is mass of the electron and ¢ the velocity of light. In this investigation, Compton edge electrons were

' chosen as the lonising radiation with which to determine the response characteristics required for matching the
perfoermance of gtass scintillators.

The probabliity that a Complon interaction will occur and the energy of the scattered electron be dissipated
within the glass depend on the physical dimensions of the latter. For a glass scintillator irradiated by the
isotropic flux found within a fusion blanket assembly, the important parameter for both effects is its mean chord
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length, given by R = 4V/S [Case et al 1953]. In terms of this parameter, the fraction of incident gamma
photons, f, involved in Compton interactions within the glass is

f=1- expl~XR) , {4)

where A = NZo (the macroscopic cross section) and N and Z are, respectively, the mean atomic density and
number of the glass materlal. Over the range of glasses used in the investigation, the value of NZ varied
insignificantly, the mean being (7.40 + 0.05) x 10,

The energy Eg(MeV) at which the extrapolated range of the electrons becomes equal to the mean chord
length R {mm) is [Kaiz and Penfold 1952]

Eq = (0.355 R)*%® . (5
For higher electron energies, the average energy deposited in the glass will be limited to Eg.

Glass scintillators of small dimensions were therefore selected because of their lower sensitivity to gamma
radiation and to limit the maximum electron energy deposition. Their diameter (12.7 mm) was determined by
the smallest commercially available photomultiplier (PM) suitable for this type of work; parameters for three

glass thicknesses are given in table 2, which Shows that both the gamma detection efficiency and the maximum
electron energy transter increase with glass volume for gammas of all energies.

2.3 Conversion of lonising Energy to Light Energy

The absolute scintillation efficiency, S, with which the kinetic energy, E;, of the ionising radiation is converted
into light energy is

S = Xhv/E , (6)
where X is the absolute number of photons of frequency v per ionising event produced within the glass.

When a scintillator is coupled to a PM tube, the absolute numbers of electrons, A, collected on the anode
per ionising event in the glass is .

A=XTQM , 7

~where T is the fraction of the original photons which reaches the photocathede, Q is the quantum efficiency o
- the photocathode for conversion of photons to electrons, and M is the overall gain produced by the PM tube.

_ Statistical fluctuations produce a spread in the number of electrons arriving at the anode which can b
" expressed in terms of the resolution n(A) of their distribution (full width at half maximum height divided by thi

_mean). It has been shown that n(A) can be expressed in terms of two independent components [Garlick an
. Wright 1952; Breitenberger 1955]; :

n%A) = 02+ niL) 8

where n{l) arises from variations {caused by local inhomogeneities in the glass) in the number of electron
reaching the anode for a fixed quantity of light, X, released within the glass, and is characteristic of th
composition and geometry of the glass; and n(l) arises as a consequence of the combined statistic:
fluctuations from all of the processes represented in equation 7. From the statistical analysis of Presco
[1963], it can be shownthat

2y = 1
"L = a7
On the basis of equations 7 10 9, a plot of the measured values of n?(A) against 1/A for a particular glas
produces a straight line whose intercept on the ordinate axis at 1/A = 0 corresponds to the value of n%(
characteristic of the glass [Bisi and Zappa 1958). Thus for each glass, values of (L) can be derived fros
equation 8 for all other values of A. The light energy transferred from the glass scintillator to the photocathod
can subsequently be derived from equation 9 in absolute terms with Q equal to 15 per cent, the valu
corresponding to the mean frequency (285 nm) of the light photons emitted by the glass scintillators, and T =
for the reflected surfaces used.

(@



3. EXPERIMENTAL DETAILS

3.1 Equipment

The glass scintillators used In the investigation (table 1) were in the form of right cylindrical sections of
diameter 12.7 mm and thickness 3 mm, with alpha alumina surface reflector coatings [Spowart 1969)]. The
glasses were mounted In turn directly onto the end window of a Philips type 1911 PM tube, using high vacuum
silicone grease. Electrons with maximum energles ranging from 0.3 to 2.5 MeV were :Produced in the glasses
by the Compton Interactions of gammas emitted by calibrated 22Na, ?*Na, 5*Mn and '*’Cs sources. The #Na

source was prepared at Lucas Helghts and the rest were obtained from the Interational Atomic Energy Agency
laboratory at Selbersdorf, Austria.

The signals from the anode of the PM were fed via an AAEC pre-amplifier and an Ortec NIM model 2020
spectroscopic amplifier 1o a Canberra Instruments serles 40 multichannel analyser (MCA). The scintillations
produced by sach gamma source were recorded by the MCA for each glass over a pericd of 1000 seconds. A
typlcal energy spectrum is illustrated in figure 2. All data were transferred to a microcomputer where they were
analysed using software written by the author. Voliage signals from a precision pulse generator (Berkeley

Nuclecnics Corporation madel PB-4) were used throughout the investigation t¢ maintain the same calibration
—for-allmeasuremants.

3.2 Determination of Scintillation Efficlency

The channel numbers (Z) of the MCA display are proportional to the electron pulses produced at the anode
(A) hence n(Z) is, by definition, equal to n(A). The peak channel, Z,, and resotution, n{Z,), were determined
from sach measured pulse height spectrum using the empirical criterion of Flynn et al. [1864]:

Z, = 0.96Z, ,and (10)
o) = (Zy2s ~ Zers)Le | (11)

where the subscripted Z values represents the channel numbers in which the intensities corresponded to 12.5,
87.5 and 50 per cent of the maximum, respectivaly.

The relative scintillation efficiencies, S, of the giasses were determined from the slopes of the lines obtained
by plotting Z; against E, (e.g. figure 3). Their intrinsic resolutions (1) were derived from the intercepts, on the
ordinate axis at 1/Z, = 0, of the lines obtained by plotting n%(Z,) against 1/Z;. Calibration was maintained

throughout the measurements to ensure that the scintlliation efficiencles of all glasses were normalised to a
common datum.

The values of n(L) derived from these data (equation 8) and their relationship to the absolute number of
light photons X' incident on the photocathode (equation 9) provided an absolute calibration of the channel scale
of the MCA in terms of light energy, hence the value of the constantk In

X=kZ. (12)

All responses were converted to absolute values using this relation. The calibration was confirmed by a direct

measurement of the pulse helght distribution of the fixed amplitude light pulses emitted by a GaAs diode (T = 1
and n(t) = 0) [Whittlestone 1979).

4. RESULTS AND DISCUSSION

The light output from all glasses increased linearly with electron energy. This indicated that the scintiltation
efficlencies were independent of the latter and could be obtained from linear least-squares analyses of the
measured data. The responses for the most efficient glass, NE902, are shown in figure 3; the absolute

scintillation efficiencles and intrinsic resolutions of all glasses are listed in table 3 (the errors in these estimates
were about 8 per cent).

The absolute scintillation efficiency, S, is plotted as a function of lithium content In figure 4. It can be seen
that the variations in S produced by changes in total lithium content differ in both form and quantity from those
produced by changes in lithium enrichment {for constant lithium content). There is a correlation between the
values of S and lithium content, with 'S dacreasing by a factor of about 2.5 for a three-fold increase in lithium
content. Although varlations up to a maximum of about 30 per cent were obtained for a seven-fold increase in
7LI enrichment (for fixed total lithium content), a systematic relationship was not observed. The difference
batween the pair of glasses of maximum and minimum “Li enrichment was, however, least for the lowest lithium
content (NES02 and NES03) and greatest for the highest content (NE912 and NE913). Trends similar to those
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for S were observed for the variation of n(I) with lithium content and enrichment although the relative
magnitudes of all changes in the latter were smaller.

The absolute scintillation efficiency of an NES05 glass has been determined for the ionisation energy (4.8
MaV) produced iIn the 8LI (n,o)T reaction by thermal neutrons [Spowart 1969]. Combining this result with the
relative responses for electron excitation of the same NE905 glass [Spowart 1970] gives an absolute
scintillation efflciency for electron excitation of 1.3 per cent, which Is equivalent to 230 + 20 eV of ionising
energy per photon (units used by Spowart). From data more recently reported for an NES05 glass [Jensen and
Czirr 1883], the scintillation efficiency for elactron excitation was estimated to be 1.5 per cent (202 + 30 eV per
photon). The present result is in good agreement with both values.

The scintillation responses to thermal neutrons of glasses containing the range of lithium concentrations
used here have been reported by Spowart [1976]. Estimates of the intrinsic resolutions obtained from these
data by the author are listed in table 3, Although there are significant differances between these estimates and
the present values for Individual glasses, a similar correlation was observed between m2(1) and lithium
concentration; also noted was the absence of any correlation with isotopic concentration.

The mechanism responsible for the scintillations in the glass is dependent on the atomic levels within its
microcrystalline structure [Spowart 1976]. Hence significant changes In scintillation response should be

expected for the radical differences In the glass composition associated with the differant lithium concentrations
(table 1). The trend observed in the present investigation conforms with that predicted by the theory. However,
no differences in response should be expected for glasses of different lithium enrichment but having the same
chemical composition. Hence the varlations In S and n{1} observed in the present investigation, and the
differences in 7 (1) observed between the present data and those of Spowart [1976], indicate that there are

significant microscopic variations in the Internal structure of glasses with the same nominal macroscopic
composition.

5. CONCLUSIONS

A feasibility study has been conducted at Lucas Heights on the use of lithium glass scintillators for the
detection of tritium production in experimental fusion blanket assemblies. The scintillation response
characteristice of the lithium glasses to electron excitation were measured to provide experimental and
theoretical data which can be utilised for the compensation of the background effects produced by the neutron-

gamma fields in fusion blanket assemblies. The characteristics of importance are the scintillation efficiency and
the intrinsic resolution of the glass. -

At a spacific lacation within the fusion blanket {i.6. in given energy distributions of neutrons and gammas),
the profile of the background signals depends not only on the chemical composition of the glass but also on
structural differences which can arise from local inhomogeneities introduced during manufacture. The
magnitude and resolution of these signals determines the extent of their overlap with those produced by the
charged particles released in the Li (n,e) T and 7 Li{n,na) T reactions [Dalton 1987].

For background compensation methods based on measuring the differences between the responses of
glasses enriched in either Li or 7Li [Yamaguchi and Nakumura 19886) in the mixed neutron/gamma field of a
fusion blanket assembly, it is essential that the different enrichments should be selected from glasses which
have the same chemical composition {same nominal lithium concentration). This ensures that the same range
of interactions occur in the two glasses. '

To minimise response variations arising from structural differences in glasses of the same chemical
composition, the glasses must be matched on the basis of their observed responses. In the present
investigation, the pair of glasses containing the lowest concentration of lithium — NE902 and NES03 — had the
lowest variation in both scintillation efficiency and intrinsic resolution with enrichment. These glasses will
therefore be used in future tritium production measurements.
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TABLE 1
DETAILS OF LITHIUM GLASS SCINTILLATORS

Glass  Total Lithium  7L¥LI Nominal Concentration of Materials
(wt %) (wt %) (wt %)

Si02 MgO A|203 Cezoa Lizo
NES01 2.4 7.50 56 24 11 4 5
NES02 B.00
NE203 60.99
NES04 6.6 750 60 6 18 . 4 14
NE905 500 °
NE906 69.99
NES07 7.5 7.50 79 - - 4.6 16
NES08 500
NES09 99.99
NE912 7.8 5.00 77 . - 4.6 18
NES13 8.3 99.99

TABLE 2

DEPENDENCE OF RESPONSE ON GLASS THICKNESS AND GAMMA ENERGY

Glass Mean  Maximum Gamma Energy (MeV)
Thickness  Chord Electron

Length Energy 05 10 20 100

{mm) (mm) (MeV)
Detection Efficiency (%)
1.5 243 0.91 49 38 27 14
3.0 4.07 1.23 81 62 44 18
6.0 6.17 1.57 120 83 66 27

Compton Edge Energy (MeV) 03 08 18 98
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TABLE 3
SCINTILLATION RESPONSES OF LITHIUM GLASSES TQO ELECTRON EXCITATION

Glass Type  Scintiltation  Efficiency intrinsic Resolution
Dalton Spowart [1976]
(eV/photon) (%) (%) {%)

NE901 162 1.84 143 1.7
NES02 185 1.70 14.6 13.1
NE903 184 1.71 14.8

NES04 180 1.74 16.4 13.5
NES05 231 1.36 19.0 18.0
NES06 244 1.29 19.9

NES07 297 1.06 18.3 158.7
NES08 384 0.82 16.0 20.2
NESQ09 325 0.95 -18.2 215
NE912 344 0.1 2186 23.6

NE913 430 0.73 23.0 30.1




10

GAMMA INTENSITY

10

1500

1250

1000

-3
.

500

GAMMA INTENSITY

250

10 20 30 40 50 60 7.0 8.0 90 10.0
GAMMA ENERGY (MeV)
Figure 1 Energy distribution of gamma radiation in a fusion breeder blanket
i ] I I
| ' N S B | - T BT BT 1
20 40 60 80 100 120 140 160 180 200

LIGHT QUTPUT (CHANNELS)

Figure 2  Scintillation response of the NES02 glass to a '¥Cs source



600

-10 -

CHANNEL NUMBER
w g
= 3

2

00

SCINTILLATION EFFICIENCY (%)

2.0

1.5

1.0

0.5

2 4

6
IONISING ENERGY (MeV)

Variation of light output with electron energy (NE902 glass)

Figure 3
1 I | T
Key
Symbol [sotopic Content
X 95 %  °Li
(o] Natural
= 99.99 % Lj
] ] | I
0 1+ - 2 3 4
Figure 4

5.
LITHIUM CONTENT (wt %)

6

Varlation of scintillation efficiency with lithium content

1.2



