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ABSTRACT

Cadmium sulphide is a II-VI compound semiconductor with a
wide band-gap of 2.53 eV at liquid nitrogen temperature, and is a

good emitter of visible luminescence. Very efficient luminescent

emission is observed at 600 nm when this material is doped with

18

tellurium atoms at a concentration of 10 -lolg/cc. The main purpose

o

of the research reﬁorted in this thesis was to study the luminescent
properties of CdS(Te) crystals and then to tryﬂto use theﬁ as scin-
tillators in nuclear particle deteétion,kparticularly for Y-ray
detection. ‘

The use of different exc;tations, for examéle StﬁlMéV o=
and 1 MeV B-particles, with Cds(Te) crfstals containing different
concentrations of tellurium and with varying stoichiometry produced
some new results which led to further insight into the mechanism of
luminescence in this materjal. Measurements made at temperatures
betweeq 80 and 300 K showed that the radiative recombination mechanism
was dependent on the ionization density as well as the stoichiometry,
and the tellurium concentration. At low temperatures, fast decay
lifetimes of about 55 ns were observed with highly ionizing a-particles
whereas the decay lifetimes were found to be about 220 ns with B-particle
excitation. In general, the decay profiles were composed of two
components, i.e. a fast, exponential part with a decay constant of
about 25 ns, and a slow bimolecular part. The fast part was invariant
with temperature, stoichiometry and tellurium concentration and was
thought to be the intrinsic lifetime of the exciton trapped at the
iscelectronic tellurium centre. Some of the radiative recombination
was considered to come from the tunnelling of majority carriers from
the conduction bands via electron trapping sites to the tellurium

centres which had already trapped holes with a binding energy of
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0.14 to 0.2 eV (as found from thermal quenching measurements). The
0.045 eV shift of the luminescence spectrum induced by a-particle
and UV excitation, towards longer wavelengths relative to that

excited by B-particles supported this idea.

Cdsife)kwas found to be a very successful scintillator mainly
bécause of iﬁéhigh.luminéécehée efficiency iso-ﬁoz) and low band-gap.
When a.sﬁalifthin_plateiikercrYStal*was coupled to a silicon photo-
diode at low Eemﬁeratufes,'é‘value of 24 €V1per ion pair was obtained
from the detection of 5.5 MeV a-bariicles. The successful growth of
larger crystals with a volume of about 1 cc, which possessed similar
_prqéefties io the origihal‘platelike cfystalé allowed the detection

of various1pénet£at1ngiy-fayé*witﬁ the same low values of enerqgy

for the creatibn of ioﬁ1pairs;
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CHAPTER 1

INTRODUCTION

l.1 General

et iR

) The gadioluminescent,properties ofntelluriumrdoped cadmium
sulphide, CdS(Te), have been studied with a view to developing an
efficient scintillator for radiation detection (particularly of
Y-rays). The radioluminescent décay, the:mél quenching and quantum
efficiency of a variety of crystals measured by means of single-
photon counting techniques. Crystal boules of centimetric dimensions
have been grown and have been shown to possess propert;es adequate
for application to y-ray scintillation counting.

-

Particularly encouraging properties of the material as

studied recently (1-3) are its high luminescence efficlency (it

appearswthat ip.most:samples, 70% of the iopipairs produced by a
charged particle produce photons of visible light on recombination)
and rapid decay time (yariableﬂwith doping and temperature from

5-500 ns). Taken with the high luminescence efficiency,. the low band

gap of CdS(Te)*(2.5 eV as campared with 5.4 eV for Nal) can be

expected to provide good overall scintillation counter statistics
when a light detector of high quantum efficiency (such as a silicon
photodiode) is used. A mean particle energy per ion pair of V25 eV

is considered possible in such a device. This figure is singularly

3

low for a scintillation detector and would appear to promise a y-ray
energy resolution intermediate between those of the solid state
Ge(L1) detector and the NaI(Tl)-photonmultiplier detector. Such a
detector would be intermediate in all senses giving the stopping
power of NaI(Tl) with a better energy resolution. The flexibility,

of the scintillation detection detector would be preserved while the




complexity and the cost would be less than that of a Ge(lLi) device.

Much of the information obtained in the course of the present
studies of CdS(Te) as a scintillator was expected to be of value in |
elucidatiné the luminescent properties of the material. Measurements
of the luminescence efficiency, decay time, thermal quenching and
spectral output are not only necessary for scintillation counter
studies but also throw light on the mechanisms involved. The results
avallable on CdS(Te) are rather restricted in scope and do not
provide a serious test for the theory developed by Cuthbert (3) to
explain the luminescent behaviour of the material. It is intended
that the present work could contribute substantially in this respect
by providing data on a'wide range of sample grown under different

conditions of doping level and stoichiocmetry.

Chapter 1 is devoted to a description of the general
principles of radiation detection with particular stress on y-ray
detection. The optical and luminescent properties of CAS(Te) are
reviewed in Chapter 2 with particular reference to their application

to scintillation counting.’ Previous work on” the material is also

reviewed at that stage. - | e - * e

1.2 ¢ Nuclear Radiation Detection

l1.2.1 Basic Principles

Fast moving particles such as a-particles, protons and
g-particles in atomic radiation are detected by their effects on the
matter through which they pass. They dissipate their energy in the
ionization and/or excitation of the molecules of the material during
the passage. It is this process (ionization, excitation) on which

radiation detection systems are based. Uncharged particles, such as



Y-rays, are detected and measured in the same way because they
produce secondary charged particles in their interaction with matter,
as explained in detail in Section 1.3. For example, a yY-ray can...
transfer all or part of its energy to an electron in the absorbing
material via the photoelectric and Compton process, and the ioniza-
tion and excitation produced by this secondary electron may be used
to detect the primary radiation. Neutrons following their inter-
action with matter, produce some charged secondary products, and
they are detected in the same manner.

Y-ray detection is the most universally useful radioactive
tracing and analytical tool known to science, medicine and industry.
Therefore, much of the effort on nuclear radiation detection has. .-

gone into developing new forms of detector for y-rays of MeV energies.

On the other hand, the dependence of y-ray detection.on secondary.
quantum interactions in the detector material imposes special require-
ments on that material; -namely, as large a im;siz}as possible, and
as high an atomic number as possible. The former increases the number
of target atoms and the latter increases the photoelectric cross-
section. Cembining these factors*with the other vital propertles
necessary to allow the ionization effect toube detected and amplified,

seriously limits the choice of material and explains why only two

types of y-ray detector are commonly available (i e. NeI(Tl) and

Ge (Li) devices). In.the,present.work on CAS(Te), the chief eimhasr
been to,producera successful f-detector. Since this impoees the most
stringent requirehents of an& eetection situation, the excellence of
the device'produced for any other radiation follews. Furthet, the

(n,Y) reaction of thermal neutrons in cadmium.offers the possibility

of thermal neutron detection.



There are varilous types of'radiation detector, e.g. gaseous

proportional counters in which the free electrons produced by the
incident particle are amplified in a Townsend avalanche; solid state
junction detectors in which the electron-hole p&irs ére collected into
an,amplifie¥ from the volume of the material by the high elébtric
field in the junction regioﬂ and\sciﬂtillation counters in.wﬂich the
recombination of free carriers causes fluorescence which can be
detectéd andfamplified in a photomultiplier tube, (PMT). Further
information about radiation-detectorsican.be obtained frcm.vérioﬁs
boéics (4-6). 1In general, solid mfab:terials' éieé ﬁreferred for y-ray
work because of the need for a high density target. As regards direct
collection of ion pairs in the solid state, only éilicoh and germanium
have beeﬁkbrought to the requisite degree of effébtive pﬁrityby”means
of lithium compehsation to permit charge collection over the volumes
necessary for y-work (about 25 cc), and only germanium has an atomic

nﬁmber, Z';‘BZ, high enough for reasonabie detection efficiency in the
1 MeV region; The narrow band gap of germanium, whilé giving good ion

pair‘étatistics, also demands cryogenic operation.

Interest has focused therefore on the possibility of using
binary semiconductors such as CdS, ZnTe and CdTe to give junction
detectors capablg of operation near room temperature. With band gaps
near 2 eV, good ion pair statistics can be expected without excessive
noise and leakage currents. However, the problem of achieving adequate
purity and stoichiometric balance is severe and success is limited..
Madden et al (7) have pointed out, however, a possible means of making
use of these materials without making such severe demands on the
_crystalﬂgrowth technology. By doping C4S with an'isoelectronic impurity,

tellurium, very efficient luminescent recombination centres can be



produced so that the material functions well as a scintillator of

low band gap. Thus, one might expect good ion pair statistics and
since light is relatively easy to collect from large volumes, the

material with its y-ray absorption coefficient comparable to that

of Nal might be expectéd to make a good detector. 1In this work,

therefore, we concentrate on the use of CdsS(Te) as a scintillator.

1.2.2 The Scintillation Counter

The general arrangement of a scintillation counter is shown
in Figure 1l.1. The opgration of this counter involves the following
five stages: . |

(1) The absorption of the incident energy, E, by the scintillator

(2) The scintillation (luminescence) process in which a fraction of
this incident energy dissipated is'converted into emission of
rE photons which are radiated in all directions.

(3) The transit ofwthe emitted photons to the photocathode of the
photomultiplier tube, PMTPjN' = RrE photons arriving at the
photocathode).h

(4) Absorption of“tﬁe“photonSfand the production of N = arRe electrons
at the ghotocathode where Fa“ais the photocathode quantum
efficiency. e

(5) The multiplication of the photo-electrons in the dynode structure

- .
of the PMT and the production of an electrical signal of amplitude

NA.= GarRE at“itsLoutpﬁE.
Each of the aone stages is critical to the final performance
of a scintillation detectg; and all'mustrepresentOPtimal conditioqs
1f the most desirable qualities of a radiation detector are to be
realized, i.e. proportionally with particle energy and above all,

good efficiency for detection.
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Stage (1) ishparticularlf important in y-detection in which
case, unlike -charged particle detection, the efficiency of detection
is a strong function of the Z of the scintillator, its density and
its volume..

Stage (2) often determines the linearity of response of the
scintillator and the resolution obtainable. The luminescence efficiengz
of a material canwbefrep;esentgd in various ways, e.g. the fraction of
ion pairs which give rise to scintillation photons, or, more usefully
the particle energy in eV required-to produce a:'photon. S &

.~ - Stage (3) represents the problem of transferring.the photons

fram the scintillator to the photon detector (here, the-PMT). Losses
of A~ 50% -reqularly occur at this stage but, in general, the main
problem is the dispersion :introduced by the -different optical paths
‘the light rays take in reaching the. photon detector. .  This:dispersion

is known ‘as the transfer.- variance and is controlled principally by

three' factors: - the optical transparency of the scintillator-to its-own
1light, the refractive index of the scintillator and the optical matching
of the scintillator to the photon detector. . RN S

Stage (4) represents one of the most severe losses experienced
in the whole process. The efficiency#yith.which aJphotocathgde can
convert a photon into an electron is a rapidly decreasing function of
the photon wavelength. This function is known as the quantum efficiency

and its average value with a standard PMT rarely exceeds 15%.

Clearly, there are many factors to optimise in a scintil-

o Tl |

3

lation counter if it ié to function as a successful particle energy
spectrametef. The difficulty is cleariy'demonstrated by the fact that,

as fér as Yy-ray detection is concerned, only one system is generallyJ

in use, namely the ﬁaI(Tl)-PMT. The other property of practical



interest is the response time of .a detector. This is determined by

the luminescent decay time of the scintillator and the band width of

the photon detector. For general use, the response time should be

sub-microsecond and if possible, a response of about 50 ns is highly

desirable. o
oL ’ R

1.3 Y-Ray Detection and Spectrometry . - T

1.3.1 Detection

Absorption of y-rays on passing through a material 1s more
complex than with charged particles. The latter dissipate their
energy continuously in a sequence of numefous ionization and excita-
tion events, and penetrate a certain distance, the range, into the
absorber in doing so. Electramagnetic radiations on the other hand, -
are absorbed and scattered in single events. The three main processes
involved in these electromagnetic interactions are the photoelectric
effect, Compton scattering .and pair production. . The fraction £ of the
incident quanta (a beam of well-collimated y~-rays) which are absorbed,
i.e. undergo one of these interactions, in.their passage through a
scintillator of thickness x, in cm, is

- R - f = 1-éxp(_llx) .s' o e . | . » d (1'1)

H

whére
H = O4T+K c ¢ o o o o o (1.2)
The constant U is called the absorﬁfién ;oefficient, in cmél. The '
three terms, T, 0 and Kk, characterize, respectively, absorption by the
photoelectric effect, Compton scattering and pair production. - Each of
the absorption .coefficients depends on the incident radiation energy,

and on the nature of the absorber. Related detailed expressions can

be found in various bocks (5,8-10).



The photoelectric effect (PE) occurs when a y-photon pene-
tratés matter, collides with an atom, loses all of its energy, and
causes the ejection of an electron from one of the inner shells,
usually the K shell. The ejecféd electron will have an energy, TP,
equivalent to the difference between the energy of the‘incidentpﬁoton
and the binding energy, B,/ of the ele?tfon.ﬂsuch that.TP =E-B_.
The electron vacancy is¢usuallyifilled by an electron from an outer
orbit. This‘ele;tronic de-excitation is accompanied by the emission
of a characteristic X-ray which can itself be absorbed in a similar

fashion. In this way, tﬁ;?totalxenergy of the original y-photon is

converted into the kinetic energy of oﬁe“or*more fast electrons., It
will be noted that the secondary electron carries a unique energy.
If the fluorescent X-rays do not escape the total energy deposited in

the material equals the y-energy. In scintillators, this energy islﬂ
dissipated by the normal ionizatién processes which slow up a fast
charged particle. In a y-spectrum such as the one seen at channel
number 750 in Figure 1.2, this energy corresponds to the‘photbﬁeak.

At low energies T is the largest absorption component, but it decreases
| iaéidly*with increasing E, though with heavy elements it may still be
appreciable up to a few MeV. This is clearly seen in Figﬁfe l1.3.

The photoelectric absorption coeffiéient T in a material with the atomic
number Z and density p(g/cc) is given by

T o= ApzE V2 . . L. L (L.3)

where A ié constant. The photoelectric coefficient increases rapidl&}

with atomic number gnd this explains the advantage of Nal as compared

to germaﬁiumhand silicon for Y-ray spectroscopy as seen in Figure 1l.3.
. Compton Eéatteiiﬁé (CS) is’a process whereby the y-photon,

on collision with free or loosely bound electrons, imparts only a



(5D, ) WnJ302ds uoiDIpDs DWWDE v

Z+1 33n9id

~ (A® NI AO¥3N3 OL TVNOILYOJONd ) ON T3NNVHD A
. 0SL . 00§ 052 q o
f ol |

| ,r | | -
=
. > 4
) -
w | =
J, - m m % ) N
(Wwymj) | 1 o m
HIGIM aINIT—s) = fe—— 239 o ¥ =
‘ h : o .,,, | . A
: ﬂ u W
: ; ’ R,
m >
- r
m,, . H

(A9 299 )’D2doloyd

wnnuijuod uojdwon = 9)
26p2 uojdwo)y = 39
- ypad paIoISHIDG = 4SG




fraction of its energy to the electron. The energy of the y-photon
must be high compared with the binding energy of the electron for
1thisbrocess té takeqplacé. ’Aé before, thé enef;ywa tH;“;ca;tered
electron is absorbed by the scintillator and re-emitted in the form

of light.  Any fraction of the total inpiéént energyrcan.be transmitted
in this*wa& up to the kinematical limit. Thus unfortunately, depending
on the angle of scatter a unique incident y-ray energy results in a
spectrum of ' pulse-heights varying from zero up to a value E' which is

known as the Compton edget(see“fiéure 1.2) and is given by the

relation: o
1 h L ) !
' = v—— " - . "o ® ® ® 1!4
E' E/(L+5=) o o (1.4)
E 2 .
where a = 5 ¢ MC being the rest mass energy of an electron. The
m,C |

Compton distribution is rather flat at y-energles of about 1 MeV and
not very useful for y-energy spectrcmetry.fThe Compton absorption
coefficient does not vary much with the Z of the material and decreases
steadily with E.

Pair Eroduction’(PP), often called materialization, results
in the creation of an electron and a positron and requires the incident
© photon to have an energy at least equal ﬁo the sum of the rest energies
of the electron and positron, i.e. 1.02 MeV. The excess energy

T = E-2moc2, is transformed into kinetic energy and shared by two

PP
members of the pair. At the end of its range the positron interacts

with an‘electron, prdducing two annihilation radiation quanta each of
energy 0.51 MeV. One or'béthfofqtﬂese annihilatiohphotonS'may'escape
or they may be absorbed by the scintillator by the Campton or photo-
electric process. The cross section k for pair production increases
with the energy and is roughly proportional to Zz. As can be seen

from Figure 1.3, the pair production process only contributes usefully
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Nal (PE)

PE= PHOTOELECTRIC

CS = COMPTON SCATTERING
PP= PAIR PRODUCTION

LINEAR ABSORPTION COEFFICIENTS (cm')
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0° . 0 \ - 10’
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"

FIGURE: 1.3 Linear absorbtion coefficients versus 3-ray
energy for. sillicon, germanium - and sodium
iodide, from Bertolini and Coche (9).
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at energies greater than 2-3 MeV which is not ihéeneral a region
of great.practicai'application.

In conclusion, we noée ghat theﬁabsofgfion coeffiéiéﬂt'whiéh
is the sum of thé partiai coefficients t,xd an& K goeé tﬁrough a
minimum, since the cross section ofaﬁhephoﬁoelectric effect and

¥

Comptbn effect decrease whereas that of pair production increases,
with inEreasing photon en;rgy. This miniﬁhm occurs at an enerqy

which increases as the atomic number"bf ﬁhe{aetectdr material rises.

1.3.2 Deteétion.hffiéiencx

- The interaction ratio £ of a scintillator used %6? the 1
détecﬁién of y-rays or X-rays is defined as éhe fraction of fhotons
incident on the front surfacé#of the sciﬁtiilator whicﬁ‘undergo
interactions witﬁ the scintiliétor leading to a dissipation of scme
of theif-energy. For a collimated beam.of y-rays incident normallf
on a scintillatorrof thickness x, the interaction ratio, given by
the Equation 1.1, is identical with the detection efficiency. The
comélexity in'y-detéétion aiises, ﬁoweverj from the fact that each of
the three interactioﬂ pr;é;ése§'yields secondary electionﬁ whoée
energles are related in different ways to E. The relative numbers
ofheach.group of electrons depend on the relative magnitudes of the
associated abso:piion coefficients v, 0 and kx for the scintillator
ané the énergy'E. At low E, where the‘photoélectric absorption
is high; it is possible to obtain a value of £ approaching unity,
and by using large scintillators containing high Z materials (e.g.
NaI, Csl) it is possible to obtain high detection efficiencies at
higﬁefvalues of E. The detection effiéiency of an NaI(Tl) scinﬁil-

lator for 0.662 MeV y-rays improves from 0.49 to 0.74 when a
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l in. x 1 in. crystal is replaced by a 2 in. x 2 in. one, as reported
by Birks (S) (Table 1l.l).

In Figure 1.4, we have represented schematically the various

interactions which y-rays of less than 1 MeV energy can have with a
crystal. Choosing NaI(Tl1l) as our model material, we see from
Figure 1.3 that at energies less than 100 keV the ;arge T ensures
that.mos£ of the Y-rays are absorbed by tq§rphotoeleqtric‘(PE)
process (II in ;igure l.4), and a Ga;ssiﬁn shaéed{peak is obtained
in;the pulse-heigﬁtﬂgbéétrﬁﬁ as seen in Figure l.2. The Compton
distrigﬁtion~is negligibie. However,. at energies near the Iodine
K edge (33 ieV)ltﬁé fluorescent X-rays can é;eape from the surface
~ of the crystal giving a double peaked spectrum with corresponding
e

energies E and E-B (see process I in Figure 1.4).

Above 100 keV, the main absorption process becomes the

- > -l
A b R e RRGE L o S TR RS o G

Compton eff;ct and 50% or more of the interactions may be contained
in the Compton distribution (III in Figure 1.4). However, 1f the
volume of the crystal is large enough, reabsorption of the wavelength
shifted photon is possible by the PE process and again the pulse-
height reaches a value corresponding to the total energy of the
inciden; gamma (IV in Figure l.4). Thus even at energies approaching
1l MeV, a good full energy peak is observed with a reasonable efficiency.
This is seen clearly in Table l.l1 where the calculated detection
efficiencies (f) and the full energy peak (sometimes called photo-
peak) efficienciesﬂ(fp) are given fq;ﬁvag}ous+dimensions of NaI(Tl)
crystals and y-ray energles. When the ratio of the number of counts
in the photopeak to the total number of y-photons detected is
multipliediﬁith £f, £ 1s obtained. It is clear that for a material

b
such as Nal or CdS, minimum volumes are of the order of a few cc

and good working values are around 100 cc.
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TABLE 1.l
Calculated detection efficiencies and full energy peak efficiencies

for Nal crystals for a broad parallel bean, Birks_(S)

size q
2 in.

Energy f £

0.279 0.67 0.85
0.661 | 0.22 0.43
S1.33 0 . 0.10 0.23

T . 1.2“

- t!:d" ~ u
-

Proﬁerties of scme scintillators from Madden et al (7) and Birks (5)

- !

NaI(T1) CsI (;I'l) Cds (Te)
Absolute efficiehcy iS% | 6% Var.acie
" at room temperatures . | . C 10-20%
Decay time constant | . N i . Variable
Emi;sion.éeak 565 nm -

. | 48
component
Transéareﬁcy " | good good to be
C . + | | | | investigated

Stability in air . good good

Density, g/cc . 4.5 N S 4.8

aeh i Yriw, Sl
-
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Increasing the volume of a gcintillator the efficiency

figure improves but, unfortunately, the light collection and the
pulse-height (energy) resolution suffers. Figure 1.2 shows a
tgpical.pulge-height spectrum obtained with a 1 in. diameter by
l in. deep cylinder df‘NaI(Tl)which has a resqlution figure of

~about 8% to 662 keV y-rays. If a 3 in x 3 in crystal 1s used,

this resolution becomes poorer (i.e. 12%).

1.3.3 Energy Resolution

For a constant value of incident radiation energy, E,

successive events will give an average value of N photo-electrons
in the PMT, but the statistical nature of the processes involved %
will cause individual deviations from the mean value, with a standard
deviation of NH. Because of this, the peaks in the energy spectrum
hayg a f;n%te width. The enerqgy resolutioﬂ.of a detector, which
represents the ability of the detector to separate lines with
neighbouring energies, iS'megsurgd in terms of the full line width
at half maximum (fwhm) of a spectral peak, as seen in Figure 1l.2.
This quaqtity can be gxpressed as aipercentgge_qf the incident energy
or 1n.terps gf energy“measurgdkin electron volts.

1Th;re are various factors affectingrline broadening in an
energy spectrum. Thus the finite energy resolution of a scintillation
counter (11,12) originates from the fluctuations.in the following
processes: |

(1) Lightrproﬁuction in the scintillator itself,

(2) Light collection at the photocathode,
(3) Efoduction of electrons at the photocathode,

(4) Collection of photoelectrons at the first dynode,

(5) Electron multiplication in the PMT.
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The number of photons produced by each monocenergetic event may vary
because of local variations in the luminescence efficiency and pro-
duction statistics. Nothing can be done to decrease this effect
except increasing the luminescence efficiency of the scintillator so
that the variance in photon production will be less effective. Because
of the variations in optical gecmetry, the efficiency of light collec-
tion varies considerably (13). So, a detection event near the photo-
tube window'éilliresult in a greater,pulsé-heiéht than a distant I
détéction event of the samé energy transfer. Self-absorption, refléction
1osse§, liéht trapping énd inefficient lightipiping may all contribute
to this redﬁéﬁion in §ptiéal collection efficiency and therefore increase
iis fractional variance. ‘Consequently, it 1s most important to choose
a éclntillator'with.good optical quality, with complete transparency to
itsﬂown ligﬁt.¥ ﬁeflecti§e coverings of scintillators (i4) can increase
thephatbﬁﬁcoiieétio; efficiency. As for the productibn'of electrohs
at tﬁe phot;céthéae, this is coﬂfrolled by the photoelectric quantum
;fficienc§ of tﬁéwihdéw-cathode 5&stem and the spectfélﬁmhtching between
scintillafb; and photocathode. The unifofmity of the‘photoéathode
Eespdnse'oéer its are;umust be weliﬁmaintained for good resolution.
Electron collection at the first dynode is determined by the cathode-
first dyno&e structure and the,poiential befweén.ihem; Recently
develoPedIphﬁtcﬁultipliers (15) with a high gain fiist.dynbde of GaP
have leé to a big reduction‘in this variance. The variance in elect&on
multiplicaéfzh.précesées in the1photomultip1ier tube is controlled by
the vglté;eé aﬁpiiéd to the first féw dynode stéées and by tﬁé structu;e
of the tube. |

| Thedéoint in a scihéiiiatioh systeﬁ1;£‘whichthe fésélutioﬁ
£s ﬁd§£ critiéally determined is that aiwwhicﬁ there isqthermailest

number of statistical entiﬁies. This is just after the photocathode
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of the PMT and the mean particle energy required to produce one photo-
electron (W) is therefore a very important parameter, reflecting as it
éées the';lti;;térstﬁtisticél ugefulnessiof a éiven Blgnal. hAssuming
Poisson statistics, we have (for numbers of photoelectrons greater than

about 10) the fwhm of the peak given as:

AE (Ewhm) = 2.35 WE)® . .« o o o o (1.5)

Calculating the resolution to be expected from ; 662 keV Y-ray
~ with a NaI(Tl) scintillator a figure of aqu%f4$ for AE/E is obtained (5).
| In practice, 8% is observed. Various éxperimenters (5,11,12) hafe'shown
that this extra variance arises from the different}al lightéollection

-

from the volume of the crystal, i.e., the transfer variance. ' As

# #:'I

Figure 1.4 indicates,y-ra&é can i;teract'uhlformly throughout the
volume of%the écintillatorl The solid angle of the photon detector

and theHQarious refleéiion.;;ths can éh&néé.yery substantially according
to the locus of origin of the light. Reflective coatings again help to
minimize this problem but no adequate solution has ever been found.
Clearly, the optical quality and refractive index of the scintillator

very much determine the transfer. variance.

1l.3.4 Performance of Various y-Ray Detectors
-....The choice of a y-detector i{s made according to the applica-

tion required (9,16). The type and the size of the detector, and the
radiation energy to be measured control the performance. Figures 1.5
and 1.6 show the energy resolution and efficiency of various y-detectors
with respect to incident energy.

There are several types of scintillators being used as y-ray
counters; The interesting properties of the three principal scintil-

lators including CdS(Te) for comparison purposes are given in Table 1l.2.
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The essentialproperties required for a good yY-scintillator as mentioned
already are‘high Z, good luminescence efficiency (i.e. ‘low w), good
thical quality and the ability to be grown to centimeter dimensions or
largér: A final concern is for a short luminescent decay lifetime
(less than 1 us).

" Sodium iodide doped with 0.1% mole fraction of thallium 1s to
date the most common and important scintillator for Y-ray and X-ray
spectrometry. It possesses all the essential properties, except that
théaiifetime is rather long (about 0.23 pus) with several very slow
secondary danponents. It has a further disadvantage is being hygro-
scopicwﬁich liﬁits?lts flexibility. But high detection and photopeak
efficiencies are easily obtainable as shown in Table l.l, because it
has a high 2 and because it is possible to grow very large size (up

to 11 in. x 11 in.) single crystals, which are good for total absorption

L

spectrometry (17,18). B
Caesium iodide doped with O.1% mole fraction of Tl has similar

prqﬁefties tOiNaI(Tij*és’seen.in'Table 1.2. It is non-hygroscopic, but
lEs scint;llétion efficiency is less than NaI(Tl); its emission
spéctrum.lies between 500 and 600 nm, creating spectral-matching problems
when it is used with common PMT's. Since its Y-absorption coefficient
is greater than that of Nal(Tl), a smaller volume of CsI(Tl) can be used
for d'givén efficiency.

Because of their low density (about 1 g/cc) and the low 2 of
their constituent elements, organic scintillators, Birks (5), have much
lower Y~-ray absorption coefficients than inorganic scintillators. Con-
éequehtly, the organic scintillators do not compare with these alkalil
halide scintillators for routine y-ray spectrometry. However, they
possess two advantages' over inorganic scintillators, namely a fast decay

time, and in the case of liquid or plastic solutions, practically no
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limjitation on size. The former{proper;y is important in the fast co-~
incidence detection of y-rays. Should‘the application call for fast
timing or coincidence measurements, it should be notgd that a figure

of merit for such applications.ishprovided.by thé ratio of light output
to'scintillation decay time (10); thus, NaI(Tl) and even CsI(Tl)
become quite competitive with the organics, in theiregion of lowery
energles where the relative light output of the organics 1is low.

*In recent years, semiconductor detectors ﬁave started to
replace sq;ntillation counters in many applications (19). The main
advantage they offer is Fheirygood energy resolution which is due
largely to their narrow band gaps and consequent low energy per ion
pair. tIt turns out that a large number of measurements previously
performed with” traditional spectrameters (in particular, NaIl scintil-
lators), can bé repeated using semiconductor detectors with better

results. At low energies, as it can be seen from Figure 1.5 and 1.6,

Si(Li) gives good results. Ge(Li), with its higher Z, behaves better
at high energies. Wh;nhexcited with GOCo*Y-rays, a 20 cc Ge(Li)
‘detector gives an energy*resolution of 0.23%, but its photopeak
efficiency compared with that of 3x3 NaI(Tl) is as low as 3% (20)1

| A very large number of studies andrmeasuréments are based

on the analysis of a y-ray spectrum. The regults obtainable depend to
a large degree on the amount of information that can be extracted from
the y-ray spectrunm, aﬁd on the precision of this information. ;n these
cases, a large total absorption peak uniquely related to the y-ray

energy is essential. Nuclear physics experiments, e.g. decay scheme

studies, the production of y-rays from nuclear reactions, short nuclear

lifetime measurements, etc., provide a major field of application for

Y-ray spectrometry (9,10,16). However, a growing and ultimately more

important field of application is that of materials' analysis by means
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of X-ray fluorescence and neutron activation. Here, the identification
of particular Y~ and X-rays from a given atom is the vital concern, and
efficiency is not too much of a problem. Thus very good photopeak
resolufién is the prime requirement. On the other hand, in many other
applications where the photon energies are known (tracer experiments,
flow experlméﬁté, etc.) only the detection efficiencies are required.
This is ﬁarticularly true in autoradiography in medicine where the
requirement that the patient lie motionless for a considerable time
(about 30 minutes) severely limits the technique. 1In this case,

counting efficiency is the vital parameter.

In a vexry few applications in particle bhysics, fast timing
is a particular requifement as well as the ability to tolerate high
instantaneous rates. In this case, neither alkali halides scintil-
lators nor Ge(Li) detectors offer acceptable performance.

Thus Ge(Li) detectors are used in materials' analysis, NaI(Tl)
detectors in medicine, and plastic scintillators in nuclear physics.
The fact that performance is usually a compromise in some respect 4in

most applications implies a continuing search for new y-ray detecting

materials.

l.4 Searxrch for New y-Ray Detectors
l.4.1 Main Requirements

The requirements made on any new y-ray detecting material are
stringent and may be summarised as follows:

(1) Low effective energy per ion pair (or photoelectron) in
the final detection system. This leads to good lon palr statistics
(and finally good y-enexrgy resolution as given in Equation 1l.5), and
1s determined ultimately by the band gap of the material. Thus a
Ge (Li) detector yields 2.6 eV/ip whereas a NaI(Tl) detector yields

about 150 eV per photoelectron.
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(2) High photopeak detection efficiency. This depends on the
detector having both-a high Z ‘and a large volume, hence large crystals
ere*necessary; CsI(T1l) is superior in this respect over all alterna-
tives; the mean Z is 54 and very large crystals of many cublc inches

can be grown. ' - -

. (3) Fast response times. None of the high resolution, high

efficiency'ﬁaterials vyield tpis. Figures of around or less than 50 ns
would be ideal. = :~

Development of -semiconductor detectors, e.g. Ge(Li), Si(Li),
has fulfilled one of the above mentioned requirements for new y-ray
detectors, namely superior energy resolution due to their low band
gaps. Germanium, 2=32, has a much larger photopeak efficiency than
silicon, Z=14, and thus is a much more desirable material for y-ray
detectors. - On the other hand, the relatively small band gap of '
germanium requires temperatures near -190°C for optimum operation as
opposed to temperatures of +20°C to -75°C for silicon detectors.: :°
Another disadvantage of Ge(Li) detectors is rhe requirement of permanent
cryogenic storage in vacuum due to their susceptibilipy*to surface
conraminatien and the high room teﬁperature'mobility of the compensating
lithium. | STy | - * SRS

The availability of large volume materials in y-ray detectors
is quite a critical matter. Large single crystal growth for the pro-
duction of usable detectors must be achieved. Without this, the
question of the use of any new y-ray detector material remains purely
academic. Optical quality is the mainlimiting factor in groying |
large scintiilaters. In.semiconductor detectors,érhe'main sizef

limiting factor is the Obtainable trapping length (21). The maximum

volume reported in Ge(Li) detector is about 100 cc (22).
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l.4.2 New Materials Developed

Most of the work on new y-ray detector development has con-
centrated on semiconductors (16,21,23,24). This is natural since in
semiconductors one may hope to achleve direct collection of the ion
pairs created by a charged_pérticle. This leads directly to an
extremely low energy per ion pair and therefore, potentially at least,
to good energy resolution. However, the necessary combination of .
properties in a semiconductor is particularly stringent (see Gunnersen,
25) . #A iist ofttﬁe”bénd gaps énd ;éomic numbers of various materials
is given in Table l.3. There. are two approaches which may offer
improved performance characteristics in comparison with Ge(Lli)
detectors: A high Z, narrower band gap semiconductor such as InSb,
when operated at liquid helium temperatures, could provide higher
photopeak efficiencies and narrower line widths (fhwm), or, on the
other extreme, wide band gap semiconductors such as CdTe can be used
at room temperature and above. As a practical matter, a band gap of
about l.4 eV or greater gives rise to thermally generated currents
sufficiently small to allow room temperature operation of high resolution
detectors.

The crit;cgl camp;r;sopramong these new detectors is made by
looking at thelr respective electron and hole trapping lengths,

Le h,which can be expressed as (22)
’

L = Tt E (1.6)

e'h “e'h e'h » L L] & L & & L

where T; h is the mean carrier lifetime for which a carrier (electron
’

or hole) remains free in the depleted region, is the drift

“e,h |
mobility of the respective carrier, E is the electric field. Trapping
lengths of microns can be quite acceptable for many semiconductor

device appiications, while for radiation detectors it is often

desirable to collect charge over distances measured in centimeters.
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“Atomic numbers and band gap energies of some materials from

«* 'Muggleton (16) and Miller (21) AR

Band gap (eV)

t

Ge, ' germanium 0.66
si, silicon v 1.1
"CdTe, cadmium telluride T 1.4
“GaAs, gallium arsenide" 1.4
HgI,, mercuric iodide " 2.1
Sic;‘jsilicon”carbide 2.2 = 3.3
ZnS, "zinc sulphide ~° 3,065
CdS, cadmium sulphide T 2.4
InSb, -indium atimon‘:lde Q.17
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The enormous advantage of silicon.and germanium over other materials
at the present time is due to their long trapping lengths in the
range of'meters.:rThe?current leading contenders such as CdTe, GaAs

and Hg12 have trapping lengths of millimeters. The others, such as

GaP, InP, PbO, PbI2 etc. are very poor, with short trapping.lengths of

microns or less..

Much work has been carried out on CdTe (26-30). A resolution
~of 16% has been obtained with 662 keV y-rays, at room temperature, but
“when the crystal size is increased, the performance is limited by
heavy trapping which causes incomplete charge collection; the con-
sequent variability of pulse-height.with_position of the Y-ray inter-
action in CdTe reduces the full energy efficlency below that expected.
But there is a steady imgrovement in spectral performance of CdTe (21).
Even at the lowest level, however, CdTe devices have definitely
entered an area in which they can be directly applied,.as small
medical probes for example. h . | | -

. Because of its numerous device applications, GaAs h;s received
much attention.. There has been a continuous effort.to grow high purity
samples of many III-V compounds and the increased understanding of GaAs
from the theoretical point of view, has enabled the fabrication of
useful nuclear radiation detectors (31).

Most recently HgI, has.been lntroduced as a y-ray detector -

2
(24,30). With its very high Z and.wide band gap it offers and
attractive detector potentiality. . .It also exhibits good carrier
transport properties. A;Sobo Y-ray'spectrum.obtained with a small
size crystal of HgI2 has given a very well resolved peak with 1O%
energy resolution; this is attributable to the very high Z and high

density (7.7 gm/cm;) of the detector material, but difficulty is being

experienced in reproducing the above results.
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The low band gap of semiconductors and the consequent low

values of energy per ilon' pair make them an attractive proposition as -
detector materials. However, the extreme difficulty of achieving the
required degree of purity (less than 1 ppm) to permit the succaessful
operxation of large volume junction detectors has led to extremely
slow development in the exploitation of materials such as GaAs and -
=CdTe as detectors. Madden et al (7) have pointed out that the benefit
of the good ion pair statistics of semiconductors may be realized by
making use of the recombination radiation. 1In general, recombination
luminescence is much less sensitive to impurities and stoichiometry
than free carrier lifetime. Madden et al therefore studied the well

known II-VI compounds, CdS and ZnTe, doped with isoelectronic

impurities such as tellurium and oxygen. In both cases satisfactory
luminescent efficiencies and decay lifetimes were recorded. The results

on CdS(Te) were encouraging in view of the high luminescence efficiency

and fast decay lifetimes which promise to make CAS(Te) a useful scintil-

lator (Tabie 1.2).

The narrow band gap of CdS (2.5 eV) gives better ion pair.
statistics than the alkali halides (band gap of about 5 eV), but also
results in the recombination luminescence being at appropriately longer
wavelengths. " Thus, the major emission band of CdS(Te) is centred on
600 nm at which wavelength no PMT photocathode h;s a reasonable quantum
efficiency. Special tubes for laser applications are beginning to appear
but, up until now, an S20 photocathode has been the best available with
about7%‘§ﬁantum.efficiency at 600 nm. This poor efficiency largely
negates any advantage which the use of the semiconductor scintillator
may have gained. Fortunately, another type of light detector is now
available“in the form of the cryogenic silicon photodiode, application

of which to scintillation counting has been developed by Bateman and Ozsan(32).
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With a high quantum efficiency ("~ 70%) at 600 nm, the silicon photo-
diode can fulfil the requirement posed by the semiconductor . scintillator
in order to make an efficient composite scintillation counter. The
crycgenic operation of the photodiode maintains the photon detector
noilse at very low levels (32) and also allows direct optical coupling
of CdS(Te) to the photodiode since the scintillator operates best at
low teméeratures, e.g. 100 K (7). A principal feature of the present
work 1s the investigation of the properties of a radiatigndetector

which consists of a crystal of CdS(Te) -coupled to a cryogenic silicon

photodiocde. = - . . L -

1.5 Scintillation Detection with Silicon Photodiodes

It has been shown by Bateman (33-35) that the silicon photo-
diode is a:good detector of scintillation light at longer wavelengths,
e.g. from CsI(T1l) at 500-600 nm. However the performance of the com-
posite scintillator-photodiode detector is seriously l<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>