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CHAPTER |

INTRODUCTION

1.1 Background on problems of interest

Scintillation de 5 8 Rave t ed in many applications of radiation

detection such as gamigasiayads ) Afnafa, simeter, radiation imaging and
high energy physi o oWl Nis f mma-ray detection is the
—— ; e
observation of thw ,orodl \ fionsiteracts with scintillators to

create the electrons:

electrical sig ‘ o . : R ec i of the output signal is

Output signal

-

Gi— i 7 )

f].

Fg 1.1 Radiation detection of scmt|||at|on etector

£ HANUNINHING

Z for efficient gamma ray detectlo‘Obwoust, there many other criteria s

RIRNNT MUNIINYINY

device. However, there is no material that meets all these criteria as the choice of

excellent scintillator. For this work, the detection efficiency of a scintillation detector is



improved by modifying inorganic scintillator properties such as energy resolution, light
yield and decay time. The lack of a perfect material has resulted in a number of different
scintillators being developed and used for different applications.

To achieve the new hi

h-efficiency scintillator we must study the recently

new inorganic scintillators for intillation mechanisms and the growth
process. In searching f » ' most efforts have been directed
to cerium-doped CW& ‘ ‘ fation (15 ~ 60 ns) in the 300-

scintillators. L -Ce, 5 ofufe] Sl ficT y scintillator that gives
high light vyiel = f e andehi : when compare with
commercial Nal:T a in LaCl:Ce helps in
searching for i igh of cintilla o‘“ includes growing new
high-efficiency gc' Iat"‘l 4;’{} lyzing |atioh properties compare with

commercial Nal:Tl sciglillag ,};.- c
."‘ ,

LF

1.2 Thesis objective

yarger method for growing crystal.

Sanic scintillator for gamma-ray

spectrosc ——— Ao _)

1.3 Scope of '

o design and construct Bndgman Stockbarger furnace for growing

“ﬁwﬁ NUNININT.

Br or La( BrCl,, :




1.4 Expected benefit

The new high efficiency scintillator can provide more benefits on

radiation detection. We can use a new scintillator compatible with applications to result

in excellent radiation detection.

Nowadays @ gren't many scintillator researches

ds. This research can provide

researches in the future.

ﬂuEJ’JVIEJVIﬁWEﬂﬂﬁ
RIAINTUURIINYIA Y



CHAPTER I

THEORY AND LITERATURE REVIEW

2.1 Bridgman-Stockbarger crystal growing method

W

ique is

2.1.1 Bridgm

The Biri

-ﬁ popular bulk crystal growth

yS ; Bf fOLQmajO r | zone furnace, a driving
e ) K

introduced into_ge@Padi : . 0 QfwpPemaRd lower furnaces which

process. The s

mechanism, a ntaining substances is

substances durig@f thegfro 'ﬁ DroCessH| Sch ByAn 'f"j D y & crucible or the furnace
with specific growtifrateffor, 'a% yStale A ole tegrowh, crystal is cooled down to
I o Y

. : o \ y
conventional Bridgm@n-Si@ckbarg :?;w{,.pa 5 show \ Fig
| /o \

High temperau fe

furnace = ———= |-

¢

%ﬁf
QW'] BN 3 EHE Y

Fig. 2.1 Diagram of conventional Bridgman-Stockbarger method

N B
000 [
~—

ANYaY

direction



2.1.2 Crystal growth

The growing of the crystal is referred to as crystallization from
solidification process. The solidification process changes substance from liquid to solid

phase by nucleation and crystal growlh: fist stage is nucleation which is formation of

transformation is o heatior and the progress of the
transformation is pue o6 , : "- info | \ g initial nucleation of crystals
and (2) the growth Qjg i ' i ) toms from the melt.

LW tr stal growths from the
melt are: (1) s granipul ion, o s Il"‘-i R) solid-liquid interface
morphologies and d_e.cﬁ raqd ced @ I o _.\ th. These aspects depend

on the charge mpa@teriz Qr perties phasel@iagiam luding the temperature
' i vedPy A 3

profile of the furnacefiurigip gro\ : y-and cool do “fa.\ ocesSses. Moreover the control of
i I, 3 1 \

atmosphere, crystal sh e andigrowih ral , influgfike the final result. Therefore, in

crystal growing proce s t :‘ lohar 3 repe ethod, growing parameters such as

rowth rate, tem erature gradi ntin the 1
9 P £ .,L

be des,lgne@

22 ScintiIIaL J

g.and growth pipe atmosphere must

— ; ¥
Al
Msearching of new scintllators [1] for gammﬂys detection, there are

basic reqwremen‘ﬁ:lntlllator properties: w energy resolution, high light yield

AULINENTNAING:

detection efficiency: matching of s.?nnllatlon Waveleng with photosensitive d

ARIANI IINYIAY

an appropriate scintillator depends on three categories of radiation measuring system

as follows:



a) Integral counting system, the basic counting system for radiation
count rate. Energy resolution is not needed from a radiation detector.

b) Differential counting system, the energy spectroscopy system for
nuclear spectrum analysis. This system needs energy resolution from a radiation

detector.

ime spectroscopy system for

incidental time specCiim, / --' ' ’ response time in both rise

energy resolution i is-peOUit&d\to 'eanvaiithe gamma photon energy

into electricaly iC il afig! “shouldpossess the following

R of "charged particles into
detectable light wi 'ig cintilla ‘.J,v::*_'

2. The gonyersioneshoutd Mld the light yield should be

proportional to the dep03|ted energy-overa 1€ range as possible.

1-1— ¥
3. Thean "'j""‘ :e o the wavelength of its own

emission .-_.;;o | light collection P — : _,_)

uld be short so that

signal pulseoamj e generated: ' 'ﬂ‘

5. Pe material should be of good optical quality and should be

AU HINYNINYING.

efﬂc coupling of the scintillation | htto a photoconductlve device.

RIANAI B PO REN 11801

to have the best light output and linearity, but are very slow in their response time. The

high atomic number of constituents and high density of inorganic crystals favor their



choice for gamma-ray spectroscopy, where as enhancement of the probability of visible

photon emission during the de-excitation process is modified in the crystal structure.

2.2.2 Scintillator mechanism

Efficient radiationy de ‘ amma-rays requires understanding of

basic interaction mechan Moy iélion the scintillator. When gamma-

rays interact with a malegal: -r;" is wrob' rgy is absorbed to produce
photoelectric effec_t, 5 scattering ‘Wﬂlon In the case of

cident radiation minus

the binding ene : Gattering ¥eeifect where gamma-ray

transfers its ener beunds i er rgy is distributed to the

Compton eleci j hoton. The l"al ct| effect only occurs with

gamma-ray energj ' {02 Mev. 3 oSk of gamma-rays, primary

electrons lose their e DY isions v , (fohs in the material to generate
; " y %

secondary electro ( . BhEse” valer SECO

dary particles continue until

the energy of the ele __,,__ e thelimaterial. The excess energy is
lost by thermalization. These Ol ..,....._..- Of mainly electrons and holes. This is a
process Whjch is main e in'gas guctor based detectors used for
detection k dw e gamma-rays and ch BAtop creating electrical

signals. Ho [

-

==t ) ]
A two-stage piﬂﬂees that rystal, in@rioh electrons trapping

center or color cen rs are present, is ionization or excitation that leads to the formation

A AvEnswean

ed into an electrical S|gna|

ARIMATHARTINGIRY

atom or molecule consist of a series of discrete energy levels that the higher energy

llsidate scintillation light.

levels, called conduction band, and lower energy levels, called valence band, are

separated by a forbidden band. In a normal state, the valence bands are completely



filled with electrons while the conduction bands are empty. The energy difference
between conduction band and valence band is the energy gab (E ) of a few electron-
volts (eV). Electrons in the valance band may be raised to the conduction band after

absorption of photon energy, leavin 08|t|ve holes. Photoconduction can then occur

due to the free electrons motio n band and holes in the valance band.
In luminescence materi _ rapped at an electron trapping

sitive hole which constitutes

— e
an exciton carrier with.no, ough the crystal lattice.
The exciton band corr /2 :‘n conduction band. When

tiies EXCitation. If an electron is
promoted into t i =gonst Wevvever, electrons in the
conduction bénd g 3 » SMD the exciton band to form
‘ » I S can combine to form
excitons. De—exc_i ' i kire ‘ ct ‘IH"'I,h alence band will release
to a eCtl crystal lattice. In practice,
imperfections due to _‘— es P@duce local electronic energy
levels in a normally forb|dde 4=_;:=__-,_- e conduction band and the valance
band. If the'se levels moving in the conduction band,
they may &g St th ters.The luminescer centers arise from

i\;ﬁ!orete energy levels

¥
e center@e excitation of a center

impurities,
corresponding ltH) he groun

requires capturing @f an electron from the conduction band at the “exciton level” and a

ANYINBYTNYINT

ths exhibit too high energy to lie in the visible range. So, most scintillators are

GERELTI Ot TGEL]

special sites in the lattice where the normal energy band structure is modified in pure

crystal. As a result, there will be an energy state created within the forbidden gap. The

electron can de-excite back to the valence band because the energy is less than the full



forbidden band gap. This transition from activator trapping state can shift wavelength in
the scintillation process suitable for coupling with photosensitive device as shown in

Fig. 2.2.

A
A
_____ Q=
4 A
8l s
o)) = P ) v )
= © = : . ‘ S| Y_y__ Actvator
% S b= . , = excited state
0 S f ‘ Q Scintillation
L - i L
| photon
: : ¥Y_ _ __ Activator
A - fod L ground state
o e} : o
“\ Radie fi_-, » Radiation
"'. k ) )
\ W Bidoped scintillator

a. undop &' scing to i fff
\ 4
% \' I"l

Fig. 2.2 E gy and gab and .' &tion ,h",.\- of scintillator [3]

A e :
For ad|t|on 3l -details m s in‘inorganic scintillators, we can

explain in stages as follows4z

ole and a primary

process — éeoﬁra ) ectﬂ
|
frame of ~10" ==10"" s. Typically, it takes two to seven time! I

the cr!sta to crea‘ﬂectron hole pair. In sdfipd’ crystals the number of pairs created

3ative decay (Auger
scattering in the time

e band gab energy of

ﬁq %y"&j tﬁﬁéwa}ﬂ ﬂyﬁu for
of" gamma-rays b -ste] sofption. = Scaddh

Stage two: When th‘electron energy b es less than the |o

Rl AINIUURIINATAY

semiconductors, become trapped by the crystal lattice or form free and impurity-bound

excitons, all in a time scale of ~10 “ - 10 "' s. During these stages luminescent centers
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may be excited by impact excitation by hot electrons, sequential electron-hole capture
or sequential hole-electron capture and sensitizer-activator energy transfer processes
over a time scale ranging from <10 to >10”s. Depending on the carrier mobility, this

time is responsible for the intrinsic rise time of the scintillation light.

Stage three: TheleX ihegcent species return to the ground state
by nonradiative quenchir e a3 ! photon. The radiative process

n, free and bound exciton

— 9 et
emission and core-valence, inati ‘I minutes for the case of
highly forbidden pro ey dref "~« ent luminescent species and

e fuminescence may be
p, constituent transition
group or post‘tran ' i e ‘f le-Va » o transitions or charge
transfer transj gthi pe extrinsic such as
luminescence ass with | tie | “ ‘ Hho e dopant ions. As the role
of an activator, the | n,may/ | lumine \ e species or may promote

b ! L - L}
luminescence as i ( eféat bound Citon's n.

or scintillator, but the important

scintillationyprotéss I revcn . A4 )

;&Jrons and holes can

'
ing enecﬂs of a few to ~0.06 eV.

=g

==
combine to forrm 'ree excito

At low temperature these are usually bound as an entity to an impurity atom or defect

ﬂtwﬁm WIWEIRS

ex0| become unbound or d|saSSOC|ated

q RIS UIANE TR Y

spatially diffuse electron to create a self-trapped exciton. The unpaired spin associated
with the hole and the diffuse electron spin form a triplet state which has a radiative

lifetime of typically 10° s because the transition is spin forbidden. The singlet state



1"

decay can be much faster (10° s), but is weaker. Examples of self-trapped excitons
occur in Nal (pure), Cs! (pure) and BaF,. In the case of the halides, the self-trapped hole
is commonly a V, center consisting of a bound pair of halogen ions.

c) Self-activated scintillator: In these materials, the luminescent species

is a constituent of the crystal, E ntaionic transitions in the cases of B’

in Bi,Ge,O,, and ce” itions in the case of (WO4)2+ in

CaWO, and CdWO,:
— 7| f
of Bi’" and an excggg,_ele— i » =Si ole is on a cation, these are

sults in a hole in the 6s level

also called cation excitgee® | “radiati Weansitions are spin forbidden and
- ; e

slow at cryog

luminosity are ri

Be T Ce* and EU” the

%

ionization holes# Sctrighs B ’[' dpnég onyhe e luminescent ion. In
several materials [@g., @6I; L r "t‘ minosities tan be very high, near the
theoretical limit"For G i€ &legli o) I tien is allowed, but is relatively

slow (typically 20-48Fns)@ i A a i D8lvcen the 5d and 4f orbital.
The Eu”" 5d—4f andgfl’ 3P S SIOWEr (about 1 ps) because the
transitions are only partially spia=aticwed= e time of the activator luminescence

may be slow if one 0 , for example, the slow hole

migration iR CglIirand-NalTl ———— - _,_)

CsF, RoF, KMgﬁJ Balu,F,

band is less than t fundamental band gap. A photon is emitted when an electron in

AU HANEN I NGNS

2 OO h/MeV due to the mefﬂClency of creating holes in an upper core band.

ammmmummmw

M Jexamples are BaF,,

¥
he vale;ﬂ band and the top core
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2.2.4 Inorganic scintilltors doped with cerium

The last stage in the scintillation process is the transfer of energy to the
luminescent center which will emit a photon with a certain probability. In inorganic

scintillators doped with cerium, the. ngacts as luminescent centre. This trivalent

lanthanide ion has one electBiNik ate configuration. The 4f electron is

shielded from the crystalfictaals]*Dy ' ‘ tron shells. Excitation of Ce”

promotes the 4f eleciron-io-a igher S@rbitalz@e—excitation will occur by a
5d - 4f electric de itionfwith ade Gaiout T = 15 - 60 ns. Since
e

to the 4f grour ' LroRe € : West multiplet of the ce”’
5d configuratign is : i f ' o ions, excitation of the 4f
o o - e’ and the excitation
duction band and may

i I ‘
eventually be trapp ‘aliot mpurity @ 4 dislocationtin the perfect lattice. For this

oL ."V - .
reason La,0,:Ce, Lu,0 e andili&A @ :C¢ ot shgWkCe  luminescence. Therefore,

{ T r., =
knowledge of the poSition .fﬁ{{"; -5;.?_' 5 insite the band gap is of great

importance to the ,‘{::_;15: : mechanisms and the probability of

i
- i

—— '

' Il
Msointillation crystal evaluation, the growth dﬂtal is cut and polished
then the dopant (‘n ration in the crystal |Walyzed by XRF and the bulk crystal

%ﬂﬁfﬂbﬂﬁﬁﬁ‘w YT
RN IR

ol
cold finger. The samples, cooled down to 14 K with liquid He, are irradiated with X-ray

generated pulses and then heated up to 340K at a rate of 10 K/min. The luminescence

is detected by a PMT. Isothermal decays are measured in a similar manner with the
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difference that the sample is heated up to a selected temperature which the emission is

measured versus time.

2.2.5.2 Emission spectrum

nission spectra of scintillator crystals, the

i Jiation: 4 at energy about 80 kV, 4mA . The
scintillation light is ente . 9& in a spectrophotometer and
detected with a Pz W‘ow. The.. alibrated with a standard

ction of wavelength.

detgh }%& s ion, the scintillator is
coupled with a P angl is Jirrgdiatest=y 2 \& source at energy 662 keV. The
gamma-ray spé 'a"lly. by lt? with MCA (Multichanel
analyzer). The engfgy “ . ' ! ;.': 662, e from gamma-ray spectrum
y imum) at room temperature

can be calculated fg

L Il‘ F
related to photopeaK englify.

H

9 AN IRMAANG

m
=)
2 e
R
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The formal definition of detector energy resolution [2] is illustrated
in Fig. 2.3. The differential pulse height distribution for a hypothetical detector assumes
that a single energy is being recorded. The full width at half maximum (FWHM) is

t the level that is just half of the maximum

defined as the width of the distribution

ordinate of the peak. The ener igh e detector is conventionally defined as
(2.1)
half maximum and the
if the energy scale is

calibrated, FWHM igf't & fUliewie tiRain \ mBEyand the peak centroid of

es of fluctuation in the

' ) 4 ‘,— | )\ -"I_ . Ly
response of a given 2PN hresultin i ( gy resolution. The statistical
explanation arises the 54 : '-",r_ ‘ ".\‘ rrier n generated within the

detector by radiation i -',.,;r;;r;; An es b b8Inade of the amount of inherent
4 I S . ] k.

fluctuation by assuming that “TAe=formatiol leach charge carrier follows a Poisson
BT\
process. The averag EX[ & deviation will be +/n . If this
were only sguice-of-fluctuation-in-the-pu ' scsJanse function should
exhibit a Gaussia R=brobability Gaussian
==t - e
function in Eq. {H ) is introduCET fOrasesSetierT prediction. | I'

ﬂumww“”z gIng -

From Eq. (2. 2& P at Hyis equal to 1/0«/2n Thus, the Wldth of ¢

ammrﬁmummmw

H-H, = 117740

FWHM = 2(H-H,) = 2.350
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We then can calculate a limiting resolution R due only to

statistical fluctuations in the number of charge carrier n corresponding to the amplitude

H, as
(2.3)
&Ex on the number of charge
carrier n, and the C N . scm’ullatlon detector, the
charge carriers areg ) ¥ blgt -} the photocathode of the
photomultiplier tube v 8" génenate \ o An improvement of the
energy resolutio 2gLby Jnc siha e [15ht,yiYali the scintillator.
F | L L L N b N N

J8fierally performed to obtain

figly under ionizing radiation [5].

C X It h

information on .
Gamma-rays ema e crystal. In most cases a

Cs-137 source is used.ghe sciptifation ligl

: ¥ *..ff _&z&-
signal output proportion to 4 i he

ected By a PMT and generates analog
g signal is converted to a digital pulse

by a conventional ADC and processed by a computerized

data handl@y — A4 )
o}electrons per MeV

(ph/MeV) of ati rbe ulatey comparing the peak
L]

position of thé

hotopeak to that of the single electron sctrum [6]. In order to

transfim the num eaahotoelectrons per MMto an absolute light yield expressed

UHINENINEANS

dete“)n efficiency of the PMT has to be known. The detection efficiency n(A) is given

‘-WW’] ANNINUURIINIAY

where ny(A) is the gquantum efficiency of the PMT, n. is the

charge collection efficiency of the photoelectrons emanating from the photocathode and
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n, is the light collection efficiency which represents the fraction of the light emitted by
the crystal reaching the photocathode.
The quantum efficiency ny(A) of the PMT is provided by the

manufacturer of the tube. The charge :7ecton efficiency n. and the light collection

hotons per MeV of absorbed gamma-
r of photoelectrons per MeV of

the PMT.

(2.5)

of the gamma-ray excited

emission spe

Spends  primarily on the

Nthintrinsic efficiency g, [2]. In

radiation energy, thegrys e in

terms of a hypoth‘ ical @ifferentidiygl ,v,‘,, distri t\\' on Shown in Fig. 2.4, the entire
area under the spectrufm is ‘:»i‘}f-:f of I r of'dll pulses that are recorded but

the full energy event appears-oRty=phioto-p aea and the other are Compton escape

area. Therefgge, the 5 on%ose interactions that
deposit th(Lf energyotthelmerdenttradiatiogmarescountee), - he total and peak
efficiencies .'. :_J’ ate .F". ¥ peak to total ratio is
difficult to deteﬂrjne exactly [7] and™hence a related figure ‘I' is directly dependent

on it is measured. is the ratio of the full e peak height to the Compton height

U HINBNINYINS....

peak d total efficiency. Therefore‘the most common type of efficiency tabulated for

IR tammwm NYIaY

the detector at the source position (Q2), as in Eq. (

L= ATIN/ QS (2.6)
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compton area

height spectrum

Lo alhacthod [5], the sample
under study is mougtted € $1ar-PM S\ X ~ 5 Wamma-rays from a Cs-137

source. If a gafMma-@ isfab o[f? e caystal \he"denerMed scintillation pulse is

detected by the sjgirt PMIT afid converfetiifiio sta thimifg Pulse. The stops are derived
W .L, ‘ ; |!‘I. “-'.

from the detection of 91 ‘».""f:-r ctected by th \\ ORRMT. They are converted into

Y B e et

o : ' \ , L
stop timing pulses Mhe tilhe betwen .'4:,.?., pdstop timipg Pulses is then digitized. After
j A \

recording a large numper of's€intiiation ey & nUMber of single photons detected
: ] e .

per scintillation event in a time rval £, € L(Where dt is the TDC time resolution) is

plotted as a_functiongof s such,  the io equfs the shape of the

scintillation¥glifsé-as-shown-ir

Vi

Start PMIT

¢ BAF,

ANY
R8N TN

Fig. 2.5 Conventional method for determination of scintillation decay time

A

Stop
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2.3 Photosensitive device

A scintillation detector detects radiation by interaction with radiation and creation
of scintillation light which can be detected with photosensitive devices. Generally,

a photomultiplier tube is most po oypling with a scintillator to form scintillation

detectors. In recent years has become rapidly developed,

a photodiode is also a for scintillation detector. Both

types of photosensiti

y (AT Es

a) Photomulti@lier t -'- \' 0) PIN Photodiode
¥ ‘ s § '_ .

iges for scintillator

€ detectors of light in

the ultraviolet, Mi ble and near-i

§ —
or the electrow@netic spectrum. These

detectors multiply_?e i!ectron produced by thw,ident light by as much as 100 million

;:Ej!humm,ﬁmiﬂﬂmmﬁz:z

are e88ential functions in nuclear aw particle physics, astronomy, medical diagnostics

QRIS TWANTINYA Y
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 FOCUSING ELECTRODE

| SECOMDARY
| ELECTROM

LAST DYNODE p STEM PIN

DIRECTION
OF LIGHT =™

FAGEPLATE

Thllred_oeavia

tron Devices Engineering
. system of designating
spectral respons Jhefon h \ K ai.the product's user need
only be conceffied . ' g SBpnsq of &thpan Pow the device may be
fabricated. Varia ‘ ) i » ‘I"ﬂ,'i-o"-_ e fmaterials were assigned
"S-numbers" (spectr :. I 7' N S+ .‘“' ] S-40, which are still in use
today. For examp ne , . imon I\_' olO@cathode with a lime glass
window, S-13 uses thePsan i’_’ﬂ d bhused silica window, and S-25 uses
a so-called "multialkali" 7 emides extended response in the red
portion of uﬁvisi n. Fic eMmissi@n. spectra of several
common N SRS IR AIOLS e e FE SRS Em e ES ## S-11 and bialkali
photocathode€’=) ‘e.t‘._n reported to detect

wavelengths Io] r than approximately 1700 nanometers, wh" can be approached by

a special InP/InGvs )) photocathode.

ﬂUﬂ’JVIEJVIﬁWEJ'm‘i
qmmmwmmmw
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10
(-} == Bialkali c-Nn R;;:r-onu
PMT
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3 7| 11 F
= —{80 é_
:’ b =]
- —70 -n;‘
= i 2 -
= ¥k
g -~
— w
¥ 4 £
3 L o £
= =
. B -
G 30 2
% 2 -4
b —20 &
5 &
[y 1 =110
0 i)
300 600
[ ¥ ..n .I|‘ . 1 k L . Y
Fig. 2.8 EMissiong€pegtra @facintillatc ad respohsedurve of photocathode [2]
' ." - : 4 ¥ L \ »
i
detectoMcapable of converting light into
. - . . :
either current or voltage, dependin ) pde "of operation. Photodiodes are

similar to regular semico ducte for- diod at they may be either exposed

packaged witl a wi tical fi lig reach the sensitive

p art Of t h e .. Vce=Malv=aiodes-adesiahed=iortse-speciicalhaat

photodiode will also

use a PIN juricligy 13 M 0. 2.9.
5 :

Positi

Negative
Electr

In01dent light

Fig. 2.9 Diagram of photodiode
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A photodiode is a PN junction. When a photon of sufficient energy strikes
the diode, it excites an electron, thereby creating a mobile electron and a positively
charged electron hole. If the absorption occurs in the junction's depletion region or one

diffusion length away from it, these carriers are swept from the junction by the built-in

field of the depletion region, T oward the anode, and electrons move

toward the cathode an telel 1 _ \When used in a zero bias or a

photovoltaic mode, t e is restricted and a voltage

¥ >
builds up. The diode bec [ Wnt begins to flow across

the photovoltat e /o ‘ { rse bias dramatically

reduces the re ise. This increases the

width of the depleii \ pich.d '_-' e ses) MRctBfiis. capacitance resulting in

faster respon me \ Else i'f-.%t'r ducgs @iyAa Shall 3Mount of current (known

1

as saturation or dafk cugfent e‘;‘{-/ i tion e tRe PhGtocurrent remains virtually
i i %
~

the same. The photog re‘ i f= ro, Py La\ , ght illumination. Although this
mode provides fasier regponse, it tends 1o ¢ Ofe Cléctronic noise. The leakage

current of a good PIN g son—Nyquist noise of the load

iede is critical to defining its

propertles beCause only photons with su g _j)lectrons across the

material's b g Ii J

-

o

| —
|

i '
Table 2.1 Mat I s commonly used to produce photodiodes [@

Matena!‘ -9 ~Wavelengtfitafge (nm)

Gerrmﬂum !

Indium gallium arsenide ‘ 800-2600 £




22

Because of their greater band gap, silicon-based photodiodes generate
less noise than germanium-based photodiodes, but germanium photodiodes must be
used for wavelengths longer than approximately 1 pm. Fig. 2.10 shows spectra

response for wavelength of a silicon photoiode.

o 'F
"\\\_‘Hﬁ'f’?’

Y s. BS-ECH-BK

(Typ Ta=25"C)

il

Af’?ﬂ Z

AN
i

1&‘&1 W8 \1[‘ -
. 7’ ALZ I\

Fig. 2.10 Sbectr respopseefa:s i ahotod ogle th wavelength [11]

Properties of P @ on critical performance parameters

including responsivity, 0 "" t-and o At power.

{ “a) The respc IO ( tél}ent to incident light
power, typ&

responsivity sm] itivity

mﬁ&uctive mode. The
also b',l. xpressed as quantum

efficiency or the ratio of the number of photo-generated carriers to incident photons.

AU wENg =

rrent generated by background radiation and the saturation current of the
semiconductor junction. Dark c ent must _be ao@mted for_b callbau
Wi HUHRTINE IR
a source of noise when a photodiode is used in radiation measurement as it affects

energy resolution.



23

c) Noise-equivalent power is the minimum input optical power to
generate photocurrent equal to the rms noise current in a 1 hertz bandwidth. The noise-

equivalent power is roughly the minimum detectable input power of a photodiode.

2.4 Literature review

Y.C. Liu, W.C. “Y : ‘v g H 4 [12] investigated the
controlled dopant se ‘ " ; cible ; or the vertical Bridgman
growth of Ga—dop‘l gé' aniu &m’ va _acce 'te rucible rotation technique
(ACRT) and the angu .,f';:’;F;"?" ' : we _ considered. Both techniques
were found effective in radiatzsegregatiol mtrol; however, ACRT generated more
global mixin and t i ﬂ' A F. Saucedo, P. Rudolph and

E. Dieguek ----------------------- e struct @educe Te particle

concentrati&\ ' rtificial seeding has

nt degrqﬁlin superheating of the

melt before the wth process is started. A turning furnace was designed and

Y TR |10 ot 13la g e

rate improvement of the structural quality is obtained, when the CdTe melt is

TSN EARY

observed in the as-grown crystals The results are correlated to the highly associated

==t
been develope‘ﬁj It allows

melt structure that dissociates after superheating of 110 K by the formation of mono-

dimensional species. The technical growth modification could be an interesting
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alternative to produce CdTe crystals with improved quality for detector devices. Kevin T.
Zawilski, M. Claudia C. Custodio, Robert C. DeMattei and Robert S. Feigelson [14]

studied the ability of vibroconvective stirring to control the growth interface shape during

vertical Bridgman growth. It was demonstrated using the coupled vibrational stirring
(CVS) technique. CVS involves] j

I .\ ‘ -frequency vibrations to the outside
of the growth ampoule Ahd: prodt : nating from the fluid surface.

Previous studies showedsth: i ' shape fluctuations occurred
under growth v@vibrnal der to eliminate these
fluctuations, the paper. ' ' \ H\ [ [

growth progr '

interface. These were (a8fe with,systems of NaNO, and

lead-magnesium ni ' » -‘V \ J ly observed fluctuations
were greatly j ‘ as v’/--- app t “ ‘-f‘1._': ed. Using this control
method, CVS flow. Teguce t Rcavitisof the growth interface in

l".
N

K10 mm/h. KA. Kokh, B.G.

the NaNO, system | MOre

15] rep -.\. the use of heat field rotation
as a contact-free influgfiCe gD ; _ feM@rocesses in vertical Bridgman-—
Stockbarger crystal growth. » e-modified-h [0 furnace which allows the creation of a
rotating heat field with teristics is described. A high-
quality, CoRjg 1 singl tal of AgGas, j 80 mm length was

PMji Fan and Baoliang

'
strial grqﬂw of 4" diameter Li,B,0O,

grown usin

-

= .
Lu [16] used mM—crucible

single crystals and‘3 6 crystals can be grown in the furnace at the same time. The

ANEINENINGINT

and Ulatlon free LBO crystals 105 mm in diameter and 80 — 120 mm in length were

RIBINT PIL R tE (st ]

furnace for mass-production of 4" L| B,O, crystals. Therefore, the special technique of

pili

non-moving crucible and furnace during the growth process such as Electro-Dynamic

Gradient (EDG) was studied by Csaba Szeles, Scott E. Cameron, Jean-Olivier Ndap and
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William C. Chalmers [17]. The growth of large-volume semi-insulating CdZnTe single
crystals with improved structural perfection has been demonstrated by the
electrodynamic gradient (EDG) technique and active control of the Cd partial pressure

in the ampoule. The EDG furnace nearly, completely eliminates the uncontrolled radiative

ridgman systems where the charge
furnace utilizes electronically

s superior thermal stability

& inclusions was avoided
ere achieved. Adequate
C . stal growth experiments
ik e 0 0" Q.cm range and
T= l‘\' H"",‘ n The materials exhibit

detector eofiguration.

Guohao Ren, ofeng—Ct u Pei, Huanying Li and Hongxiang

Xu [18] grew LaCl e.endothermal peaks at 100.4,

156.0, 18140;210.6 and 840 °C were- : rves with thermal

M.i>3->1->0inthe

i

¥
e could qﬂijentified from oxidation

dehydration‘
e .
dehydration proﬂqjss but i

of LaCl, at high tgmperature. In addition, LaOCl phases also appear in the grown

AUy ANUNINGINT

ongbmg Chen, Peizhi Yang Changyong Zhou and Chengyong Jiang [19] grew

AT AR INY TR

HCI atmosphere. A 4 mol% ce” doped LaCl, crystal with a size of 28 x 70 mm’ was
grown under growth rate of 0.5 — 0.8 mm/h and a temperature gradient of around

30 °C/cm across solid-liquid interface. G. Meyer and P. Ax [20] studied the ammonium
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chloride route to anhydrous rare-earth metal by reaction of rare earth oxide with HCI and
NH,CI. They found that there is a two-step procedure consisting of the (dry or wet)
synthesis of a complex chloride in the form of (NH,),RECI, at temperature of 220 °C and

decomposition either directly for small—\rze rare earth or via the intermediates of

(NH,),RECI, and NH,RE,CI , ium size rare earth, respectively.
N Br from rare earth oxides or
hydrated rare earth <esekR B tar‘[ with the synthesis of a
ternary bromide aw ol ' rnary bromide to the binary
tribromide in vacuum ; & | 2l ecomposition pathways are

dependent u rough the intermediate

NH,M,Br.
=\

a cliffi Wd“ ahCe ¢

A . AR
ion *‘;}.-r SN on-hy@ros@opieiand has no cleave plane
properties, thus, it is ' many..ax 08 S \ gamma dosimeter, radiation
imaging and high J 'E ah 3004Kim, Jan @iHa, Se Hwan Park, Seung
Yeon Cho and Yong #¥un :‘,Jad"-'i‘ ( |- TN diode radiation sensors for

application in various fields stciEas=an=ND d' an environmental radiation monitoring

system. Csl':TI crysta essed as an optical grade from
a Csl:Tl inr .Ij- dn | with PIN diodes base Wi xtemal impact. The
photodiode .v Ise shape amplifier.
At room tempe“—% re; the radiatio: |I ensors demonstrate an

energy resolution of,7.9% for 660 keV gamma- rays and 4.9% for 1330 keV gamma. The

AUNINGY TWHARS

| hardness are very useful features for industrial applications of the fabricated

ERRE R Bt (Tary]

crystals of pure and thallium doped cesium iodide by Bridgman technique. The grown

crystals underwent powder x-ray diffraction and high-resolution XRD analysis. The cut

and polished crystals were characterized for luminescence studies. UV-visible
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transmission studies have been carried out on the grown crystal in the wavelength range
of 200 — 650 nm. From the transmission spectrum, it was found that the cut off

wavelength increases with the increase in Tl concentration and that the transmittance is

have been carried out on*depee an ‘ using methanol and water as

etchant. Guohao ReasXiaoiene. gbo Li, Xuanping Xue and

suggested as ystals with this crystal

growth techniqg inal direction of the Csl

evident, however ‘ "_ o h - processing of the
crucible, by properly. efi' 16 opeLof ik c [ E Si ) as the particle incident
face, named as fr o acl ¢ e (see \ol., for attachment with PMT or
photodiode to be na ;' .4_ c ofMifradiation on the non-uniformity

iR many researches in the past
few years. @, QuillotNogl, J.T.M. de Haas B {emlEilk, K. Kréamer and
H.U. Giidel$28] _h;*,-lf LaCl,: 0.57% Ce,
LuBr,: 0.021%, m 6% 0. e underﬂical x- and gamma-ray

excitation. The h|g?3t light yield of 40000+4000 photons per MeV of absorbed gamma-

AUl IeNINYINT

full orpt|on peak. The SC|nt|IIat|on decay curves can be described with three

QRN AR

O.T. Antonyak, P. Dorenbos, P.A. Rodnyi, G.B. Stryganyuk, C.W.E. van Eijk and

A.S. Voloshinovskii [26] studied the spectroscopic properties of ce” in LaCl, single

crystals at a temperature of 8 K by means of (vacuum) ultra violet excitation between
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4 and 20 eV. LaCl,:Ce shows an exceptionally small crystal field splitting of the Ce 5d
levels and the Stokes shift between absorption and emission is large. Theoretical
calculations were performed using a combination of the Hartree—Fock ionic cluster

model and the density functional band structure model. Very good agreement with

experiment was obtained. In t ’ figuration the Ce ion appears to move

off-centre by lattice relaxa . it g almost doubles, resulting in

the large Stokes sh of the concentrated system

CeCl, is made. It seems.t @osition already occurs in
—

K. Kramer and#*U. Gi stydied| the's oty s of LaCl, doped with

different Ce”" ¢ . ;' [ aal ag at 330 and 352 nm.

&"",h‘ \ ts: short (t = 25 ns),

1 ‘~. he contribution of the short

cdses Wi e Weoncentration: ranging from

10% for LaCl,:2% Ce ':;?—H:ﬂgl,“ Ce enef@y resolution for the 662 keV full

energy peak of 3.510.4%, 3.3V =31 - 2.310.3% and 3.410.3%, respectively,

was observ'ed for La pure CeCl,. C.P. Alliera, E.V.D.
van Loef’ E -iv;"" VL Rolanaer, CVVLE. Wter™and H. U. Gldel [28]
L _-.&-L mm diameter and

— ) |P
5 mm thick Lﬁga:Ce scin 0 a 16@{71 diameter APD from

Advanced Photonix, Inc. The energy resolution at 662 keV is about 3.7%. The low

iNtgi ' f Utg@@%m theshio mlight yie 4 +4 photons
pell MeV eflhig qu effic th | n‘ e dedlimake this
ga

mm—ray detector an excellent choice for applications were high energy resolution is

RIANAT HREY

nanosecond primary emission. To sfudy scintillation mechanisms in these materials, they

obtained a ‘hight

have measured low-temperature thermoluminescence. Both crystals exhibited

prominent glow peaks below 100 K. LaCl,:10%Ce sample showed multiple glow peaks
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with two major ones at 65 and 66 K, whereas the LaBr,:0.5%Ce sample showed two
major peaks at 65 and 75 K. Assuming first-order kinetics, the traps responsible for
those peaks can be described by the following parameters: E=0.168 eV, s=1><1012 s’

E=0.135 eV, s=1x10" s for LaCl,:.Ce and E=0.144 eV, s= 1x10"° : E=0.166 eV,

\ f/

Z. Yan and S.E. Deren Jeported| the' B erties of BaBrl:Eu’". A light

s=1x10" s for LaBr,: Ce. Th aps at room temperature are in the

range of radiative lifetim

In re rnary compounds that have

y was measured. An
energy resolutigy | ‘ Bsen >0 { > full absorption peak.
Pulsed x-ray luming#€e gk 5 - W, th R x by, - gtial decay components of
‘ | _ and 77%, respectively.
ON oI'W."bh s p abroad band center at

40 \\ c . ghtest and the fastest known

Eu”-doped scintiligors. f.D. Bolirk : Bsne, t\h\’» i, R. Borade, Z. Yan, S.M.
Hanrahan, G. GundialfA. f;‘,;;,:;__ andM8.E. Derenzo [31] reported the
excellent scintillation prope /An estimated light yield of 97,000£5,000
ph/MeV of"absorb ' ﬁ“':"’w‘ ed. An_energy resolution of

3.810.3% wg ‘Observed for the 662 keV fu - x-ray luminescence

exponential decay

: ==t
components ofLH}, 383, 1

1%, 26%, 68% an 25%, respectively. Under x-ray and UV excitation, the emission

sﬂwﬁmm SWHNS.

. These first reported SC|nt|IIat|on properties make Ba,Csl, Eu” a very high-

qWﬁaﬁ%ﬁsm URIINYA Y

ntrlbutlor]a‘ the total light output of
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2.4.3 Scintillator performance testing method

There are many types of scintillator performances that can be evaluated.
However, choosing a scintillator for radiation detection much depends on application. In

common, three types of performag usually tested: energy resolution, light yield

and decay time. The metho : reported by I. Holl, E. Lorenz and
G. Mageras [32]. They 0 ‘ ' otons/MeV of some common
inorganic scmt|llat| rystals Wit ' nt particles are gammas in
keV gammas converted
directly in the photgs { fr! ‘ e, [ igdsmaterials, Csl:TI gave the
highest light yield o _ n *t . Moszynski, M. Kapusta,

,
.,

e adsolute light outputs of

%

BGO, Csl:Tl an O‘ifi ) .1‘1.‘ \ y of about 55% using

calibrated . 3590-03 and S2740-03
photodiodes. Th , fals ’ in dich .“\ a1 mm thick, reduces the
corrections for impeffecti@hs¥in, te-light-ealfc BoCeSs and in the photoelectron
collection by the photo ipliks! "‘ d lig \ tpt of the BGO crystals was
8500350 ph/MeV. The carfig ”-" 4 %ﬁ il the Tmportance of the spread in the
published emission spectra -‘;:.-i-rf rystals ems to limit measurement accuracy.

=

Finally, a s@e e method o@t to an accuracy of
T ————— - d

+10% is prct@ .r)j a 1 mm thick BGO

1) i
ﬁa redos [34] determined the
1
affon yield of recently developed LaBr,:Ce, La@l&Ce, and (Lu,Y),SiO,:Ce

scintillators and trﬁl | Lu,SiO.:Ce, B|4Ge al:Tl, Csl:Tl, and Csl:Na scintillators

Fl INNINYING

750 nm. By comparing the schII‘on yield indepen tly measured with th three

QRIRNNT AARINEIAY

based on measurements of pulse amplitude, single-electron pulses and intrinsic

crystal as a st

absolute scinti

photomultiplier resolution are discussed. These methods have been used for the
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measurements of light yield of alkali halide crystals and oxide scintillators. Repeatability
and reproducibility of results were determined. All these methods are rather complicated
in use, not for measurements, but for further data processing. Besides that, they

demand a precise determination. of photo-receiver's parameters as well as

determination of the light coll jfof the scintillation detector. Therefore,
such methods should

detectors. For routin

ﬂUEJ’JVIEJVIﬁ‘WEJ'Iﬂﬁ
RIAINTUURIINYIA Y



CHAPTER Il

DESIGN AND DEVELOPMENT

In this research and development of a high performance inorganic

scintillator for gamma-ray sps - special furnace was designed and
constructed for supportings / Wing method in both conventional
and modified Bridg ’ _- : . _‘__W box was utilized to prepare
hygroscopic matem‘ ST nd coupled with a PMT and
Y9 P — 5 p

a PIN photodiode digtion’ detegtic erigEmance testing, comparing to

rs of 10 mm diameter
were successfully ol 'f tical il Jelhg conventional Bridgman-
: : ‘ 000 °C and adjustable
temperature gradiegf Y " | . zone V ‘ ).00 to 50.00 °C/cm. In this
research we intend tog "..#; O Mef ial, high resolution and ternary
compound scintillation crys ) - 7 . € and Ba,Csl:Tl, respectively. For the
ternary compound crysta: o 5 2,08l

are expeot@T e simple and economic _ ﬁbrowing process is

aner crystal growing

1 n high density performances

(1
i i
- i

techniques arel ce design are the highest

fﬂ-‘ furnaﬁ‘
melting point o °C of LaCl, and the required crystal size of 25 mm in diameter with

6ﬁﬁﬂ’ltnﬂﬂ§W81ﬂ§

The furnace systen‘was designed tolf&ave two dual zone ucal

q Wrﬁe ﬂn c hasi I t|n t ture an n ﬂ) %ﬂ
power consumption of 4 kW and p yS|ca| d|menS|ons of 45 x 45 x cm’. A firebric

insulator and a 1 mm wire size Kanthal AF heating wire were employed to construct

a heat shield tube furnace element with 15.2 cm length and 6 cm inside diameter, giving
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a maximum temperature of 1300 °C. The growth zone of 7.6 cm in length and 5 cm in
diameter is sandwiched in aligned axis position of upper and lower tube furnace
elements. The differential temperature characteristics are independently controlled in

the middle of the heating zones by two thermocouples installed on the tube wall of high

and low temperature furnacedeléme ; onjunction with two temperature PID
controller. Its thermal stabifitiSseniancec v ends of the furnace tube. The

ocess is acquired by a PIC

i — ' ‘
microcontroller via an RS¢ WEPROM as data logger.
This recorded temper. istripUtions ca “*—-. a personal computer via
an RS232 po ' End ' "N" ; Su0l0CR™diagram of the furnace

- RN PC
Upper temPerat , F@s | WA (HyperTerminal)
controller+ -

TC - Temperatyfe 4 Memory
recorder (| SPESSCE \ Serial - EEPROM

- Flash

Lower tempera < L Y0
coptr

l

: O a- ‘. e
III == stepp| g Imotor

F|g 3.1 The furnace system block diagram

Al JANYNINYINS ...

for c tal growing are described as follows:

A RANTRIIMAAINYA Y

The crystal growth rate at the growth zone of the developed conventional
Bridgman-Stockbarger furnace was controlled by the translation rate of the charge

crucible relative to fixed furnaces using a top driving mechanism. The thermocouple
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was installed at the crucible joint for temperature profile recording. The crucible and
thermocouple were translated by direct driving of a stepping motor with a controlled
translation rate of between 0.1 to 5 mm/h. The structural diagram and the developed

conventional Bridgman-Stockbarger furnace system were shown in Fig. 3.2 and the right

hand side of Fig. 3.4, respectiv

T"-

RILOOT

Refractory
tube supporter

Insulator VM[J \ W S Coucivie

Heating wire — "l‘ij \\ / Refractory tube

/ —— Upper furnace
Thermocouple\

~T3

ST Growth zone

B<—1—— Lower furnace

Insulator ::t:::.fi:; ; it nﬁ:fﬁ ..........

Fig. 3.2 'SSCM diag 0 ckbezgrfurnace system

L - - di:% control method by

Intelligent Motiffys a
I
top loading ver I translation of linear screw drive mechanic*afid interfaced with a PIC

a | mployed for driving the

m|crocontro||er fo speed control as mMned |nvthe d|agram of Fig. 3.1. The
trans Ej ec nt % w - &en ated from
al I“mcrocon roller function, in the range of 4 — ‘Hz. This clock speed range
represents the growth rate in th‘range of 0.3 to m/hr Two high- pr

ARARINTRUNRT UK
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b) Moving-temperature-gradient furnace

The moving-temperature-gradient principle is applied to modify the
vertical Bridgman crystal growth process. The temperature gradient drift rate of the

growth zone in the middle of hi wytemperature furnaces were controlled by

ngf Two high-precision temperature
}employed for controlling the

temperature of furpacesthe-same {@nper. = igp rate of both furnaces is

independently controlling

a constant temperature
gradient drift rate-" , / . ‘ .- "--.,-:’"".“"x‘ obe driving mechanism
part, isolated from i ' [ 3 - attached for recording
temperature , nfzone. Novi rat gradient furnace was
applied for non- igible _. i »-.

. -. ith a constant temperature
; \ is enhanced by closing
both ends of the fugifacaftul he temperaitie he [ P ate in the range of 0.1 to
500 °C/hr and the tempgfature & "Z-'tjr e ra \n, of 5to 50 °C/cm can be set. A

. =

driving mechanism of e thg perature distribution measurement

along the growth zone |s ins e furnace. The structure diagram

and the di pag < Terde eﬁPh
respectivel{ _ : "')

NJ

. : e set to ensure perfect
1
crystallization. . l stal growth rate of the moving-temperature-ggadient method depends

on the ratio of th‘ erature gradient drn‘ue and the temperature gradient as

AUNINENINEONT

Growth rate (cm/hr)
Temperaturgldlent (°Clcm)

WIANNT AN Eﬂﬁ ﬂ

example, the growth rate of 1 mm/hr could be a combination of (1 °C/hr and 10 °C/cm),

and side Fig. 3.4,

(2 °C/hr and 20 °C/cm), (3 °C/hr and 30 °C/cm) and so on. Each combination can be
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optimized by a temperature heat up rate setting in the programmable function of the

upper and lower temperature controller.

Refractory
tube coupling

Brass tube
Refractory O-ring

b4 Crucible/Refractory tube
tube supporter 2

Insulator R~ e S S | : GRS

Heating wire 7 Ssss=—0° | @ | Sl2d=s=

- Upper furnace

llﬂﬁn Ay
Insulator Jvllﬂﬂ' 3 ﬂ\\ _;:;.;:

Thermaog®uplg
probe

Thermocouple —  Growth zone

[ Lower furnace

Jl"'"|r r i
Fig. 3.3 Stru€tura }::T;J@ _ 7_7 @ re-gradient system

Generally, 1 ”Tﬁ” i, the melt-mixing crystal growing
process :u g i!|d d into 3 periods as

—r
charge melti nfiguration of the

temperature prjrﬂe : memﬁ‘to be grown. During the
A
melting period;*he temperature response depends on the hu

whlle the profile a‘rﬂ)hdlﬂcanon depends Me temperature gradient setting. The

AULINURTHEIRT

In the convenUonaI‘ndgman Stockbar furnace, the crystal

AIRINT MHRINEIRY

moving-temperature-gradient system applied to Bridgman-Stockbarger, the crystal

ng rate of the furnace,

growth rate could be controlled by setting the ramp—up and ramp-down temperature
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function. The moving-temperature-gradient system was designed in order to eliminate a
driving mechanism and in order to reduce subtle vibration which could adversely affect
crystal quality; the charge crucible and the furnace are made stationary during the

growth process.

ventional Bridgman-
pckbarger

Crucible
driving
mechanis

Furnace
controller

Power
distributor

AUEINNINEINT.-

Bridgman- Stockbarger furnace system

awmxﬂﬂﬁmummmaﬂ

The highest melting point of all grown crystals is 860 °C from LaCl,, so a
material used as a charge crucible must withstand a higher melting point. Quartz is a

suitable material of choice. This research planed to grow crystals with three different
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sizes which fit the quartz inside diameter of 10, 14 and 22 mm and length of between 40
and 60 mm. The crucible with a bottom conical shape was chosen and designed with
two configurations as a sealed ampoule and an open-ended crucible in a pressurized

gas condition. During crystal growi

g, process the crucible will be supported in a

refractory tube.

ﬁ Ii1||I It

S l |
il

s
BN i

Fig. 3.6 Crucible for loading in refractory tube
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The open-ended crucible was also fabricated from a quartz tube with the
bottom end designed in various curves of conical shapes. The crucible is easy to make
and is convenient for charge preparation. It can also be reused after special cleaning

process. The fabricated open-ended crucibles in different sizes are compared with the

ampoule crucible as shown [ type of crucible is suitable for non-

hygroscopic charge ele

charge crucib in the growth zone of
the furnace. Th ‘ ' Bas o ( 5, N inside diameter and
450 mm length wafe dgfi ' A 4 i b 14 and 22 mm inside
diameter, respg€ti y : : C “j o] o -: 0 permit easy crucible
loading and reusi ofciofh The tope ‘.'= ~ v tube is mounted with an
epoxy sealed alumin f!“ g&\o' s |

4 i) %
fitting connector ofg® mmiinner digl

end is closed. A brass gas
3 '\*\-. . s fixed on the aluminum or
superlene flange coy€r ‘H’J ”U n va ion outlet and argon gas
pressurization inlet. Both alu ge oupled together with a vital O-ring to
prevent airuleakage. ' &4 3ilene coupling port is shown in
Fig. 3.7a. -c.\,lu refractory tube with the ot _)hown in Fig. 3.7b.

ihg method using the
moving- tempermﬁ re-gradie e |minate. lln herefore, the refractory

tube could be use directly as the growth tube crucible. With this benefit, the multi-

LY GANENSWYNT

r as shown in Fig. 3.7b. This crucible will be useful for studying at least three

AR NN TR
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3

b) Multi — crucible ( Refr?tory ) tube with alumlnum coupling port

ammn'im“ﬂmwmaﬂ
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3.1.4 Glove box

A glove box is an important equipment for crystal growing process with
hygroscopic materials during the preparation process of loading charge materials into

a crucible. A glove box not only pre ygen and moisture that can chemically react
o M

with charge materials duringhe"oce ut also prevents moisture absorption

ted in a laboratory using
70 x 40 cm”’. Two latex
gloves were Used®m / ik % e sbo¥sdlming both crucible charge
loading and loadedgficiQi€ er. The i - /Hygrometer gauge uses
W, - sensor interfaced to a
battery—operattlad i€ : _ » l"h developed to calculate
relative humidity a efhperatel ] CD panel. The moisture
detection could], tgfC ”,, SR idity " Qo at 10 to 90% relative

!
i\

humidity range and ## % a%l_ " ~at less 1% 0%%&nd more than 90% relative

\
r;m

Moistufe in tHerdéveld e *developed bx was reduced by three operation

steps. Firstly, air in the Iov bo! f"’*r"

@iu e cec 86 1 ﬂe humidity down to
ri‘ " Secondly, maist Jduced by silica gel

il

absorber ddwm1 ' N0is t
|
at a s‘[eady—sI level of 4 — 7% relative humidity by ﬂil

absorption preparﬁ heating of SrCl 6@ Hexahydrate strontium chloride)

fu LANENINGINT ...

so used to trap residue mo‘ure from argon gﬂwculahon in the gIo

q AT AN A

could be reduced more than 1% relative humidity. Moisture reduction is most important

humidity.

a diaphragm pump and argon gas
was filled.

27 — 35%

he glove box was kept

, (strontium chloride)

for prevention of chemical form transformation of hygroscopic materials, which seriously
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affects single crystal formation during the solidification period. The developed glove box

and its components are shown in Fig. 3.8

Argon astan
gong

DeS|ccant un|t : ",

B

Thermometer;

pump Hyorometer ‘_ _____ ,_ \ —l
—_— | h(, oves
Figh3.8 Peveloped-glo :r Iab xperiment
R R : ,'_, \
-‘ -
i‘

3.2 Scintillation crystalf8ssel "‘r‘f 4|

. i 77
In this .'__,ﬁw e’ gro performance for gamma ray

spectrosco_g_ @elength of its own

emission W*Q 2}00. Mono-energetic

gamma-ray atii?j ke nergy@solutlon evaluation. The
|

scintillation crystal must be encapsulated and coupled with a“photosensitive device to

cintill t| or, Both PM PIN p todiode sed as a
ﬁrugcet (ol} %Jv 'CI [@min ﬁ electrical

puls“ﬁe@ht signal. Various energy spectra responses for many combinations of

photosensitive devices and crystal es are discussed 4=y

AWTANA AT NYa Y

Encapsulation of a scintillation crystal is necessary for hygroscopic

crystal to prevent absorption of moisture from the environment which can reduce
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detection efficiency and also to prevent light interfering on a coupled photosensitive
device. Normally, the crystal will be encapsulated in a thin aluminum cylinder housing
with a closed-end plate of the same type of the housing material in one side, and the

other side closed with a good optical transmitter of scintillation wavelength for coupling

with a photosensitive device. Ig8idl ng wall will be lined with a reflector. A

|
reflector is an important matguaktoat can/refl int

Iat‘i n photon back through a clear

bhoton signal enhancement.

Fig. 3.9 Scintillation crystal encapsulation components
L - W E
AU INBENINEINTG
m ~ Inthe energy resolution testing, the scintillator was coupléd to a suitable
photosensitive device. The growtr‘crystals in this redBagch emitted the scinuon
IR IUENINENGE
q 2 nm [27]. Therefore, the photocat‘hodé response of each pho osensiytive device was

determined. Two @2" Photomultiplier tubes (PMT) from RCA model 5819 and

Hamamatsu model 52154-02 (Appendix B.1) were chosen for testing the energy
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resolution of the scintillators in comparison with a PIN photodiode from Hamamatsu
model S3590-8 (Appendix B.2) with an active area of 100 mm®. The scintillator was
coupled on a photocathode of the photosensitive device using an optical fluid coupling

for refractive index matching. The configuration of the scintillator coupling for coupling

ig. 3.10 and Fig. 3.11, respectively.

N\

White Tef]
tape refl€ctio

Fig#®.10 S€intillatdr c i ith fer sginti detector

: e | WAholsing
Alfoil ¢ intillafef ’ -
(light shiéfd) Nl
— BNC
White Teflén i ‘ / Connector
tape reflection -
: o
Q@ . ()
Fig. 3.1158ci scltillation detector

Preamp/
e ase

ney

(=]
- ‘ia

Fig. 3.12 Scintillator coupling with PMT and PIN photodiode for scintillation detector
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3.3 Energy spectroscopy system

3.3.1 Test system configuration

The system for scintillation detection performance testing was configured

’z} .
! /

(gine. e | ' igh voltage, Canberra model
2022 spectrosoopﬂ_ﬂg I_:le_r-:ji acorgorthe@6 multichannel analyzer
(MCA) interfaced” with ok gompt orfe \\

as an energy spectroscopy syg Fig. 3.13. Two front-end stages could

genergy spectroscopy system in the

“epergy spectral data storage and

calculation. T ' atior Mias a/88%leveloped for readout of

5
"

peak energy an gy spectrum according

Scintillator

Fig. 3.13 Energy resolution test system for scintillator
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3.3.2 Front-end under test stage

There were two front-end stages configured, the scintillator coupling with

the PMT and the scintillator coupling with the PIN photodiode. In the scintillator coupling

and gain. This outpule | ‘n udi]
analyzer and the dates was (gént toﬁda an RS232 port. For the
W phbtodiogBsgs Cremat, Inc. CR-110

with the PMT assembly, the pho

rytube output was amplified by Ortec 276
preamplifier/tube base follo £ amplifier set to suitable shaping time

hisi@grammed with a multichannel

scintillator coupli

S A

AUINENINGINS
RIAINTUNRIINYIAY

§ —
otodiode fq@‘:intillator assembly



CHAPTER IV

EXPERIMENTS AND RESULTS

The developed equment in Chapter Ill was employed for crystal

growing experiments in 3 p gy conventional Bridgman and moving-

temperature-gradient fur ¥ performance and evaluated the

temperature gradien ' . St ypes of Csl:Tl, LaCl,:Ce and

Ba,Csl:Tl cwstali(Jy' ’ .
gradient and gro Jrihe 3 G tas were encapsulated and

coupled with ‘ Hon mmperformance testing in

comparison with:

crystals, well-known high

performance L peg tema . ompound of Ba,Csl, crystals

which were differegin| i Nt and erystal .\E orégkrties. These crystals were
grown under different " E_—-a--r-—-%-; inang test, the furnace test run was
based on the highest meIti 7 . which is LaCl,:Ce (860°C). And the
furnace was operated_wi = nplete-sy without materials loaded in the
crucible. Tt@ nperature characteristic _ \ag)ecorded during the
growth procks‘ .
the developed f‘ ace.

_rjperature gradient of

i
i

'
@‘
n meltmg period testing, the times to reach the melting point of both

| ﬁrtrtrr %‘wmwrz

temr%ture will be set above the melting point and lower temperature was selected for

the requlred temperature rad|ent¢he furnace test rﬁ)r LaCl, Ce crystal in

and temperature hlstor|es at 3 positions were recorded: hlgh temperature fumace

fu

hi

growth zone and low temperature furnace, as shown in Fig. 4.1. It was found that the

furnace response time to reach the set point was 5 hours at the ramp up rate of
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180 °C/hr. And it took approximately 8 — 11 hours for steady-state heating in the growth

zone, after which the solidification period started.

Steady state
1000 - |
900 - _ |
800 - ' / |
_. 700 - ﬁ
5 _ A
5 600 - ——
= . —~
& 500 A
8 -
£ 400 -
[¢b] -
= 300 |
200 -
100 -
0 - 1 i 1 i 1

Fig. 4.1 Temperatyf® res aljuring ~ tingyperiod for LaCl,:Ce growth

\.

4.1.1 'a#‘i dient ntional Bridgman furnace

dification pe aperature gradient at the growth
zone of thg furnace was configured w @w 10 — 30 °C/cm,

se different charge

o
materials exhlbmq ifferent d low ter rature set points must

be changed for ea crystal growth. In conventional Bridgman furnace the temperature

7l TRk (101 ok Tl i

ture above the melting point at about 4 cm from the bottom of the growth zone.

RAGIATUNRIINEIAY

illustrated. Each temperature proﬂle was measured by moving a temperature probe in

5 mm step along the growth zone as shown in Fig. 4.2. Tested results showed three

different temperature gradients of 11.2, 21.6 and 30.0 °C/cm. The growth rate could be
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adjusted through the translation speed according to the length of the growth zone from

0.5cmto7.5cm.

30 4 —*— Temperature gradient = 11.2 °C/cm

25 -
= ]
L
.5 20 -
Z
] ]
o
S 15 -
=
> B
LL

10 -

1 860°C
5 - - - 7 : T W 7 — T T 1
i ey %
0 400- - \ N800 1000 1200
Fig. 4.2, Y \._ crystal growing
temperature-gradient furnace
the moving-temperatur e differential temperature
reduction r. are independently

'
controlled in tl'm middle 0 ment of& temperature gradient

could be generat?j with constant temperature gradlent drift rate of dual furnace

Fﬁmﬁ YNNG

For a test run of the furnace based on the melting point of the crystal

ﬁm‘% Sensalnma Ny

along the 8 cm growth zone during the solidification period was evaluated. The

temperature at each step of 5 mm position from the growth zone was measured every
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10 hours for a period of 80 hours. A plot of the moving temperature gradient curves

along the vertical axis of the crucible is shown in Fig. 4.3.

Growth zone position (cm) .

Fig. 4.3 Momg j,*f:"

25.52, 25.36
bottom to tr& :

difference of thm mpera

Vertical ling af 621°C

bng the 8 cm growth zone

2.at the vertical axis line of 25.50,

DTS obtained from the

ne Wasa

Jid that the maximum

s than £2.82%. Fig. 4.4

illustrates the tem‘grature gradient drift rates at 5 elevations along the furnace zone.

AUYINBIIRY I

at 1, and 5 cm positions are 2. 33 2.32 and 2.31 °C/hr, respectively. A 6% maximum

QRIS IEH

lie red._to e ula
th rrﬁatu % ift rdte

A e

temperature gradient, a crystal growth rate of 1 mm/hr was obtained according to

Eq. (3.1). A plot of the furnace temperature profile at the vertical axis of the growth zone

is shown in Fig. 4.5.
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Different temperature profiles at the vertical axis of the growth zone could
be changed by setting the differential ramp-down temperature gradient at the
programmable temperature controller. The differential temperature reduction rates of

higher and lower temperature furnace elements were generated.

Temperature (°C)

W\ "% - Galeulating trend line
s —8Actugl line

Temperature (°C)

Fig. 4.5 Temperature profile at the temperature gradient of 25.50 °C/hr
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4 .1.3 Evaluation of furnace

Preliminary test runs for small-size Csl:TI of 10 mm diameter crystal
growing were done, with nearly the same charge preparation of Csl mixed with 0.6095
and 0.5935 wt%

TII' for convenqt moving-temperature-gradient furnaces,

rowth rate of 1 mm/hr and the

Aonwertional Bridgman and moving-

@a crucible translation with
.I-. .

helps to eliminate a gear

ison, both grown crystals

N Relative
%esolution at pulse height
o2lkeV (%)

8.53 94

Conventional

Modified Bridgma / 8.30 100

g te advantage of the moving-

temperatur@' i@urnace was mostly

scintillators, e.g.,

used in o

@

e B
=

mlator 3:Ce high density with high
L] |
energy resolutf®m ternary compound of Ba,Csl,: Tl have been*gfown using the powder

AUHIRENINBINT

méim'?'ls'to be grown as scintillation crystal were studied in chemical and physical

commercial sc

properties, e.g., chemical form, ‘emical reaction, gEgsity, melting point, utal

grown crystal of binary compound, Csl:Tl and LaCl,:Ce, should be a bulk single crystal

A

without cracks while ternary compounds were hard to grow into crystal without cracks.
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The performance of growth scintillation crystals for gamma-ray
spectrometry is generally evaluated from the energy resolution and the pulse height
signal, which are directly related to the bulk crystal quality. Improvement of crystal

quality for energy resolution can be determined from the Poison prediction of energy

R = 2.3506/+/n , where n is amount of
iplied in the photomultiplier tube.

ight signal corresponding to

e ,___- AB®number of photons per
e olo th €T here are two ways in
research planning {e

G _an' Org ce imp ving scintillated light

generation such agfimp ov ent e 1{/1 dens '-‘ho,-"' a-ray energy absorption,
varying doped conce rat" 2 f‘.'l..r: sle anter . esigning growth parameters
1

to achieve single g ‘ /sta ',,‘. ." il :m'f. ts o crack and good optical
quality).
dted light enhancement such as light
reflection b?ck to a_phet ; 2@, photocathode type to crystal

emission wayel - ingde atching.

ITI crystal growing, the powder compound of Csl of 99.9% purity

ﬁuaziﬁm NINYINT. o

(incl ng the conical part) using open-ended crucible. The moving-temperature-

QRIBINITUNRVING A Y

The charge material preparatloo for 10 mm diameter Csl:Tl crystal is shown in Table 4.2.
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Table 4.2 Charge material preparation for 10 mm diameter Csl:Tl

Sample Mass of Csl (g) Mass of Tl (mg) wt% TI
MO001 11.1412 10.20 0.0915
MO002 11.3070 0.3570
M003 12.4369 0.1803
MO004 O 7110
MO005

092 : i4 69 ____,__305935

C S liRGFO il
cryst gfod

10 x 10 mm
Csl:Tl crystal

\

\

amn d eter Csl:Tl

By visual |r1 ﬂ ,.m.r al rods appeared to be completely
grown with ; rar iﬁﬂses in range of 79 -
ends as shov

|
photodiode to ‘form a scintillation detector. Radiation detecfion performance tests in

H_j 0 |p||er tube or a PIN

Section 4.3.1 shov‘d&i the highest energy r@unon and the relative pulse height of

AUHINENINENT. .

applﬂ for charge material prepar?on and for growm a large 22 x 70 mm’. C Tl

ARIANTIRNA WIINYINY

assembled with a photomultiplier tube or a PIN photodiode to form a scintillation
detector. The energy resolution and relative pulse height tested results are illustrated in

Section 4.3.1.
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r remove from crucible

er and 70 mm length

nd of LaCl, of 99.9%
purity mixed with ' . iBoafit 6F'99.9 Aty felion varying in the range of
0.40 - 18.91 Wt oulh it dian A2 ™ and approximately 30,
50 and 70 mm lengh .. «P»,. ie’ and "!, crelded crucible. The furnace
parameter setting ‘at / JEOWR-—rate - /hr \" te temperature gradient of

25 °C/cm for conventlonal re gadient drift rate of 2.5 °C/hr for

moving—temperature—gra" Crysial e applied. Because LaCl, is

hygroscop@ ' ‘ﬁéj\gon must be done in
. =

the glove btk;

as most of the crystals

W gr grovx)
cracked even M¥sealed ampoule type. By chemical soluble t , the crystals could not

te dlssolveﬁ“r These results deMi that the chemical reaction of LaCl,

§Wﬂ’?}ﬂ§om anc

bV|oust the problem was originated from the impurity from

crucible. Fig. 4.8 illustrates a white powder and some solid substance formed in a

cracked crystal. However, in an attempt to significantly reduce moisture or oxygen in the
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preparation process of the 10 mm diameter crystal, the grown crystal appeared clearer
but some cracks still formed in the crystal with the impurity coating on the crucible
surface as shown in Fig. 4.9. This small piece of clear crystal was assembled with a PMT

and its performance was evaluated. Radiation detection was done in the glove box for

L |
moisture prevention. The energ\ﬁ i /fysuts are illustrated in Section 4.3.2

—t—
St

a) 14

AUt NN waIA

“ig. 4.9 Grown crystal of LaCl,:Ce with clearer and partially cracked interior

ARIANTAUNNIINYAY
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4.2.3 Ternary compound of Ba,Csl,:Tl crystal growing

In growing the crystal of Ba,Csl, ternary compound, the ternary

compound of Ba,Csl, was prepared from the chemical reaction between Bal, at 98%

purity, Csl at 99.9% purity and Tll gt 9 ]/7purity with a Bal,:Csl mole ratio of 2:1. The

chemical reaction is shown i% /
28a|$ | Z (4.1)

opant at concentrations
varying in the range . 507 A4 § ‘ H ymglaBa,Csl, Tl crystals were
using open-ended and
multi-crucibles Ovind-tgmpératlre ce eter setting at the
k; o o Jlem and the temperature

gradient drift rate off.5 3C/hlf pplie The ch ’ n ierial preparation of 10 mm

il

‘ i B
Table 4.3 Charge n#ateri; qn;z‘&: mikp dia "n\ stals of Ba,Csl,:Tl

Sample Mass of j#al, WE. 8 of Tll (mQ) Tl wt%

MO0O1 Undoped -

M002 11 4 1.0050

M003 W oivbre : : 0.1211

MO004 AL 3 T 0.0366

==t - e

MO005 M : : 39@, 0.5004

MO06 765 2.0481 179.1 2.2660
36 « l 190

Although'thé Bal, compOUndis ygroscopic, the charge material

preparation could be done in normﬁ’atmosphere becayggibe charge could be dwby
q I !ack ‘ the;c n ass b v th‘ crslibla It Was'al$8%ound*that 6didt

segregation on the top of the crystals appeared due to decomposition of iodide as

shown in Figs. 4.10b and c. The grown crystal piece was selected and polished to
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obtain a small sample with the size approximately 6 x 3 x 1 mm3, as shown in
Fig. 4.10a. The sample was assembled with a PMT for energy resolution test. Radiation
detection was also done in the glove box for moisture prevention. The energy resolution

tested results are shown in Section 4.3.

1

Meler grown crystal

{

—

i)

| o

Multi-erucible arown crystals ,“'h

Flg 4.10 Grown crystals of Ba,Csl,:Tl

ﬂ%ﬁﬂeﬂﬂﬂﬁwmﬂ‘i

Grown crystals of Csl Tl, LaCl,:Ce and Ba,Csl. Tl were observed in

q A ANy

the light transmittance before coupled with a matched PMT for scintillation detection.
Only Csl:TI was coupled with both a PMT and a PIN photodiode for scintillation

detection, because its emission wavelength matched the spectral response of the PIN
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photodiode. Besides, the Csl:Tl crystal was encapsulated and the effect of photon

signal enhancement with a white Teflon tape reflector was also studied.

4.3.1 Csl:Tl scintillation crystal

a) Tested resul tion and relative pulse height of Csl:Tl

are presented. The rela " R7es /wu 2and relative pulse height with

/ scintillation crystal with the

white Teflon tapw e @amatw model 52154-02

PMT and the Hamam o ( : ohotodi are listed in Table 4.4. The
plots of ener oluiie ejati ;, ect to the Tl dopant

concentration argihowg

Table 4.4 Resuﬁ

Sample Tl'dop lw ’315' IVA\\ oupling with PIN photodiode
(Wto/ ‘ ,’ F

IJ-‘.ner ergy Relative
(’ -~

i ~ Ise ~~\ W, resolution pulse height

A (%) W (%) (%)

MO001 0.0915 |, r ----- == 86 22.54 62.21
8.60 100
10.56 84.35

68.32

0 5‘) 86.64

g‘

111

4 L]

heoretically, the pulse height signal is proportional to the scintillation
light yjeld emssm‘cﬂl i T crystal and is d dent on the TI concentration. In this

u phes found at
0.3 Wt% l. In Iarger size Csl:TI crystal growth the crystal size of 22 mm diameter
and 70 mm length with a 0.3602 \‘/o Tl was successgifilly grown. Compansor”he

ARINNIRHATINEIAL

resolution of @10 x 10 mm’ and @22 x 22 mm"’ Csl:Tl crystals were found to be 7.19%

and 7.53%, respectively.
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i ol 'ﬁr_ ‘l.' 1
b

photodijo
—e— Coupling WWMT

QR8N IR



61

6000 -
5000 - ----R=7.19%
: FWHM = 47.60 keV
A Csl:Tl crystal = @10 x 10 mm’
4000 H

— R=7.53%
FWHM = 49.85 keV
Csl:Tl crystal = @22 x 22 mm’

Counts
w
o
o
o
|

500

ot 510 x 10 mm”

Qfl v s-1

! .
! v .

Fig. 4.13@8mpafsor gy spectr

anglt226 2

b) Tie of its own scintillated light

[ | # | ‘
emission were tested ug ,‘ ------- ission: om EBNM model SD2400. Visible light

transmittance at A ‘?‘2-’25-6-*'-"-'-“-' Sefected for testing the 3 Csl:Tl crystals

as shown in Table 4.5.. ff?'-" centage. ce of the crystal size of J10 x

10 mm’, ' '%w 80% and 74%,

respectively‘ 1 4

:ﬂ. d ..-.—-
e | 111
Table 4.5 The Mwn crystal quality from conventional and moc‘&d Bridgman furnaces

Growin@nﬂd Crygiglsize % transmittance

Moving-temperature-gradient @10 x 10 - 80 n y
q c) For scintil_latd light yi‘eld enhancement, the energy resolution and the

pulse height were tested for comparing with the use of reflecting material and

encapsulation on Csl:Tl (22 x 22 mm’. Three configurations were tested: aluminum foil



62

wrapped with non encapsulation, white Teflon tape reflector with non encapsulation and
complete encapsulation with Teflon tape reflector and borosilicate light guide. The

results are shown in Table 4.6.

Table 4.6 The scintillated light yiel

Test condit\

ement of Csl:Tl crystals

, nergy resolution Relative pulse
)/] (%) height (%)

|on‘

Al foil wrapped with t 86
Teflon tape reﬂe 0suldtion & 100
Encapsulation with_Lg# ndlighi NS, 94

TheMesuli€ indightfd thae usi \ fon ape reflector increased
the energy resolutigh® and 1 fsehelpft Y 22 \bonMRaed with the aluminum foil
wrapped crys owgVerffin ? ofe: 5 . n bO/silicate light guide, the
pulse height decregfed, e b the 3 ;. T; ||| g light in the light guide.

r bl

| Y f"’é

d) The'Bicgon model f tillation detector with Nal:Tl

P

crystal with a size of (J28f x 25 mn=we 5 te I the ‘ ormance of energy resolution.

(o
Of i"'ﬂ‘-. |n

The gamma spectru comparison with the developed

Csl:TI crystal with a SIZGJ ﬂ/ W own in Fig. 4.14. The developed

crystal exhi ‘ lﬁh iency. Actually, the

commercial high=grade-crystals-of-Nal to be 6% and 7%,
U I

respectively, asﬁjvo
Il

) The D10 x 10 mm°’ Csl:Tl cr stal with the white Teflon tape reflector

AUTINONSHYINT

peamcanon of Ba characteristic x-ray in Cs-137 gamma spectrum due to a PIN

QRIBIAT NN INLAAY

crystal coupled with a PIN photod|ode is very popular in high energy applications

requiring compact size, because Csl:Tl exhibits a rather high density and is non-

hygroscopic.
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----R=10.76%

Csl:Tl crystal = @22 x 22 mm’

: FWHM = 71.23 keV
s Nal:Tl crystal = @25 x 25 mm’
& | — R=753%
FWHM = 49.85 keV
=
[ —|

500

gum of @925 x 25 mm’

g with a PMT

1c Vel

R =8.60%
- FWHM = 56.93 keV
gystal size =10 x 10 mm

' eV

R AINIIMANYE Y

coupling with PIN photodiode
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f) The detection efficiencies of 10 x 10 mm’ Csl:T| crystal coupled with
a PMT and a PIN photodiode were compared by detecting a Cs-137 spectrum at the
counting time of 1000 seconds under the same source and detector geometry. The
tested result was shown in Fig. 4.16_ W|th total full energy peak counts of 108,082 and
108,172 for photosensitive dg

W

nd, PIN photodiode, respectively. By

calculating the detection & intrinsic peak energy of both

rgy difference of 0.08%. The

g The developed Csl:Tl crystals with crystal sizes of J22 x 22 mm’ and

Mmﬁ SN ¥

V energy from Co-57, Cs-137 and Co-60, respectively, in dn‘ferent activities were

employed for detection efficienc tgt AII measured spﬁjms are shown in Figs

QTN

E. Summary of grown crystals detection efficiency results is listed in Table 4.7. From the

n k efficie % di

Csl:TI crystal growing experiment, it was illustrated that long crystals could be

completely grown in the laboratory-scale level.
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R=18.76%
FWHM = 22.89 keV
Energy = 122 keV

R=16.78%
FWHM = 20.74 keV
Energy = 122 keV

nts

Counts
w
o
o
o
1

T o
2000 - _ < 2gbc
1000 -
0 h ’ ] ) v ) 1

__-JSO 200 300 400 500
ﬁﬁchannel number

57 with @22 x 22 mm’°

6000 ' R — 7 .l ,
5000 4| FWHNM*E 47 eqifev
" 4000: Energy = 6 eV ‘
3 3000 -
© 2000 -
1000 4
0 T v ] v ] v 1
0 100 200 0 200 300 400 500
C anné mber. Voles: \ " Channel number
C) Cs-137 with' @10 d) Cs-137 with @22 x 22 mm’
6000
5000
& 4000
S 3000 ,
© 2000 ‘ <2000

1000 1000

f Hﬂ@ NININTING-

e) Co-60 with @10 x 10 mm Co 60 with @22 x 22 mm” 7

QW’TMﬁﬁﬂm’ﬁﬂ‘m?ﬂﬁ &
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Table 4.7 Results of the detection efficiency of grown Csl: Tl crystal

Sample Tl doped
Intrinsic peak efficiency (%) Peak to Compton ratio

size (mma) (Wt%)

1.33 MeV 662 keV 1.33 MeV

122 keV 662 keV

10 x 10 0.3570 0.36 2.28 0.51

22 x 22 0.3602 .. 4.58 1.30

n K0y resolution with Csl:Tl

%€ N 3y Sl was not completely grown,

| . \4 thouc ‘
/, ' P
coff pativlehiias
:_r "l éfﬁ" 5"
lf" ¥ ._PiLV‘
j "f 4 L
10000 - 4 WA A R=7.61%
— = ) ' FWHM = 50.38 keV
) Il sk _ Crystal size =5x 5x 1 mm’

8000 - :

its energy resoluti

— ‘ Energy = 662 keV

6000 -@

=
4000 4 = -
i H‘ -ill
2000 - ‘e v

0 100

_ ¢ o 9,
QRIAAIUINIINGIAY

400 500
3
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4.3.3 Ba,Csl:Tl scintillation crystal

Tested results of energy resolution and relative pulse height with respect

to the loaded Tl concentration of the Ba,Csl. Tl ternary compound are shown in

yld_4.20, respectively. Undoped and

")’/Mr, the photo peak cannot be
E@entiw the photo peak. The

ized with the loaded TI

Table 4.8 Resultgg#Pen fion &Rl reldifiVie pu/SéxeOhEDE Ba, Csl. Tl

Re€lative pulse height
(%)

NA

AUINENINGINT
RIAINTUNRIINYIAY
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Energy resolution (%)

Fig. 4.19 Réfatiog of g p“l d » \ as energy resolution
; I . \

Relative pulse height (%)

{4 ﬁiﬁoﬂaﬂfi{mljﬁim
RN UATANYIRY

energy resolution was 12.53% at 1.005 wt% of Tl loaded in Ba,Csl, as shown in

Fig. 4.21. The energy resolution is quite low and, from literatures, this ternary compound

should exhibit an energy resolution of about 4%.
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| R=12.53%
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CHAPTER V

CONCLUSION DISCUSSION AND SUGGESTION

5.1 Conclusion

[ : S : u ful development of the economical
equipment for Bridgmag ystal i ;ﬁ simple growing process of
commercial Csl:Tl ntiftat 22 a’n i@gamma spectroscopy. In
development OW,igh '*esol," d ternary compound of

rfection in large crystal

size, they provide nugf o' _4 v Mehts and the trend to success.

ecoior " al con (‘ﬁr! 3\ ing-temperature gradient
furnace for Bridgma .u b .":5.\.52’ Wing ' ere developed using parts
and components Icélly ailabje. ',: q:;-,."‘- | :I"L.\ re‘can be precisely controlled
in the range of 400°Ci 10 , an cle wer'gonsumption of 4 kW with high
thermal stability. The Iarge M in diameter and 70 mm in length

could be gr . Th Ire reco Sosattac and recorded data

can be tra red 1o a berconal complter  Combaricon-of g FOW Crysta|s from both

furnaces reves L.Jé'-= "Jhe technical design
- ' | .

concept on Vil . Furnace system controls @‘/e special features as

follows:

ﬂ ummlmwmm o

drivi stepplng motor with micro- ?pplng control. The system was mterfaced

ARG ISR Ay

mechanic in conventional furnace eliminates a gear box system that results in a much

reduced vibration.
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b) Moving-Temperature-Gradient furnace. This technique helps to
eliminate a driving mechanism and reduces subtle vibration, which could adversely
affect crystal quality, because the charge crucible and the furnace are made stationary

during the growth process. The temperat re gradient drift rate of 0.1 to 500 °C/hr and

control. These conditions "edn . : differential temperature ramp

up of upper and lowesksikin aceel @blire controller. The system can

crucible with refr ‘ g v :7"' SaIOr » 80Ric and non- hygroscopic

materials prepafati pec - I was d advantages of open-ended

the grown crystal is loose and

ible can be reused after

can easily be rem® ed rom _ (

cleaning by dilute acid€oluti -J‘J' wed : / ic ¢ _ aning. This helps save crucible
preparation time and cost.
he_moving-temperature-gradient
growing progesstthe refractory tube can be > ible. Therefore, the

3-core, muL

crucible systerm grown

search. In the multi-

'
growing ﬂrditions were obtained

simultaneously in e h crystal growth process that avails to save experimental time and

FTTJ“ ] 'gmmwmm
HEDIEIL G TTRE ]

crucible loaded with the refractor)} tube. The performance in gamma spectroscopy

tested with 662 keV on energy resolution, intrinsic peak efficiency and peak to Compton

ratio were found to be 7.53%, 10.35% and 4.58:1, respectively. This is compatible to the
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commercial high-grade Nal:Tl. The binary compound with cerium doped of LaCl,.Ce
and the ternary compound with thallium doped of Ba,Csl:Tl crystal growing process
need more improvement in the charge material preparation process and the growing

condition to be completely grown without cracks. Conclusions of all experimental results

are described as follows:

a) In Csl.Tl*erystal growinc ‘ ) ials were prepared from 99.9%

pure Csl mixed with Q999 o ; were grown by the moving-
temperature-gradient furn. gl ible loaded with the refractory
4 S
b e
tube at the crystal gro Tor mperature gradient of 25.5 °C/cm
a\‘\

and the temp ' iKicpt orif “ "A';\ T Y crystals coupling with
Hamamatsu mg ‘ _ 7‘ o -8 PIN Photodiode as
scintillation déteot ‘ & ' '. iation? ;~I:~.. rformance using gamma
radiation sourg . _ ' 182 ke r“- ke ’\ht .-r.‘ W& Co-57, Cs-137 and
Co-60, respectivelf” Enfia | ement 1-3/ |Ilate h' ith the white Teflon tape

reflector and crystal gpti y [y, MediBummary of tested results is

b=

shown in Table 5.1‘I ". !;: ‘:,'" ' : ' I

The higi€st ;,'é"&**"""??"';'- 0%"@lld 7.53% was achieved with Tl
dopant concentration of 0.3570 Wi%-and-0 2"Wt%, respectively, with grown crystals
of 10 mm and 22 mm *’;?W 37 source.The intrinsic peak

efficiencies: v=) e obtained at 2.50% and 10. . pton ratio at 2.28:1

and 4.58:1,%

achieved. m ' 'ﬂ]

I LaCI :Ce crystal growmg hygroscopic charge materials were

g ﬂﬁé’l VONINGIAT

ture -gradient furnaces usm ampoule and open-ended crucible loaded with

AEAs AN

and 22 mm diameter with 30, 50 and 70 mm length, respectively. All crystals could not

of about 80% was

completely grow and white solid substances appeared with cracked crystal pieces in

the growth crystal. The crystal surface was rather harder than that of Csl:Tl. The small
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cracked clear crystal with 18.91 wt% CeCl, dopant was cut and polished to a size of
5x5x1mm’inthe glove box. The energy resolution was tested to be 7.61%. Summary
of tested results is shown in Table. 5.1

c) In Ba,CslTl crystals, they were grown from 98% pure Bal,, 99.9%

pure Csl and 99.999% pure crystals were grown by the moving-

temperature-gradient f echnique at the crystal growth

rate of 1 mm/hr from nd the temperature gradient

drift rate of 2.5 °C_QL_aL Wand 30 mm length. The
growth crystals were into [ pie d‘ were hygroscopic. The

small piece of ° with 1.0050 wt% TII
sted results is shown in

Table 5.1.

Table 5.1 Summary g

Scintillator Peak to Visible light
Compton transmittance
cy ratio at A 400 -
! 700 nm (%)
Csl:Tl @10 x 10 2.28:1 80
@10 x 10° 03590/ 4 %), 2.50 1.90:1 80
CsiTl &2 Samds Wlec /4.58:1 74
By - A L)
LaCl,:Ce L _ - J - -
L . X

Ba,Csl.TI 6 -
Na:TI° M x 25

o } }
|
8.43@‘ 2.72:1 -
* Coupling with PIN pifoigelige

LB INBNINGINT

From the conclusmrg there are_both cﬁlete and mcomTete%

qRARNTIIS I I et el

improve the charge preparation and crystal growing process as follows:
a) Due to the crystal properties of Csl: Tl which has no cleavage plane, is

non hygroscopic and exhibits a simple cubic crystal structure, they was easy to grow at
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large size for high quality scintillator. To improve the process, compound purity should
be optimized with respect to the radiation detection performance that affects the crystal
cost. In scintillation detector assembly, for compact size, the crystal emission

wavelength is matched to a PIN photodjode. However, recently the cost of a large area

photodiode s still expensive

The other issue is noi ere ‘ /&Uon at low energy of gamma
spectrum. § _____J’

'—" ‘
perform%compound scintillator, just

commercially announo eWy 5.Vl energy resolution of 3.4% at

T with equivalent photocathode area.

662 keV. Ho Bséobic n ( is a major problem in

charge preparati@h. ‘ ' ined | t o [ d&an hydrolysis to LaOCI

eCl, with oxygen and

moisture can also frm sPme and €Ol hich complicated crystal
i % 3

formation and Tesuligll ingfhesmal - i alexpansion. There are some

discussions and g e and oxygen reduction

processes.

‘t.-a'
—_—— — -

c) From literatu = 1311, the te "compound of Ba,Csl.:Eu was reported
as a new high densi iptillator. The results were very
promising @@ g ring-that the crystal qu: i _)and optimized. This

leads our r become Ba,Csl,:TI.

The scmtﬂlatecljhoton lig

energy absorptlon(oefﬂcnent and trapped center formed in the crystal system. From

AUE ANBNINEINT -

nds to the ternary compound during the melt penod Another possible reason is

Wﬁmmmummmw

ncrease P to increased gamma



75

5.3 Suggestion

In charge preparation, moisture absorption into hygroscopic compounds

is a serious problem as the hydrolysis reaction can change the compound into an

a[y compounds in powder

ion of rare earth halide is

possible from the reacti®n of sarelearthi with \., ochloric acid and ammonium
. . Y A d ol i;f' . ; .
chloride. This prepardtion fgethi :'i{j- cost! of compounds, which makes

scintillation crystal growm Vi are eat] ible.

e new compounds

were not iZze crystals can be

Sl
iﬁinto radiation imaging.
Al
it is necessary t'I ell-encapsulate with a

assembled inta=an

t
\
However, in ng hygroscopic crystals,
photosensitive de\‘

ﬂUﬂ’JVIEJVIﬁWEJ'm‘i
qmmmwmmmw
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Appendix A Microstepping drive specification

N ST., PO BOX 457, MAR OUGH, CT 06447

ﬂuEJWW WeranS
ammmmumwmaﬂ
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Pin Assignment and Description

N/C-P1. 7% : o\ i ; P28 - Motor 2 A

Stap Clock - Ry M O P2:7 - Motor @&

Direction=R4; , C—R&ib - Motor B

Opto Suppl ‘Ig 925 - Motor @ B
nableaPLE i1 e T (112 to +48 VDC)
Reset - P1 :B: .

Fault O LR Q) rent Adjust
On-Full-Stefe et - P 1.8 J F . e ent Reduction Adjust

is inplBadvances the moto

the incrément is dependent
E resolution select switch SW1.

2 the direction of the motor.
s upon the connection of

isplaled
ust

-

D tQ SteTott n of
e (opemjhe
5 is input do t inhibit
H 1€ Step CIOCK, therefore, the outputs will u l y the
- number of clock pulses (if any) applied to thegifiver while
it was disabled.

i ® il hase outputs

.6 : L - able). | i ! its init

| This open collector output indicales when the driver
| positioned at full step. This output can be used to count
fe number of full steps the motor moved, regardiess 3

f the number of microsteps u

8 On-Full-Step Output

1 bel This output is
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Connector P2

t Reduction Adjustment Input. A resistor
this pin and pin 2 will proportionately
in both motor windings approximately
st positive edge of the step clock
I reduced will depend upon
ed.

it e motor A tesistor MUST be

‘M'u WILL latch info fault

o S/
ﬁﬂil‘
‘E’lﬂ M ‘@
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Appendix B.1 PMT specification

Response
GENERAL : ;
eter i %0 "W sDescrl alue Unit
Spectral Response ; f L : 0 650 nm
Wavelength of Maximum se / \ \ nm
aterial : . jalkali —
Photocathode Mini S Effagtve Ar mm
Window Material A, \Borosi ass —
Dvnode tructu - Y r fo —
y Number of Sigige | il 0 —
Base : i e No. B14-38 —
Operating Ambient Tem ure 0 t °C
Storage Temperature o ; to +508 °C
Suitable Socket e 6 4 Id Separately) —
MAXIMUM RATIN (Abgolu Maxi es)
Paramgler & = T g i Value Unit
Betw Angde 00 V
Supply Voltage Be n Ag@de and Lastil 0 \Y
Average Anode Current ’ Vi ' ! mA
CHARACTERISTICS (at'_ ¥ ; 7
Parameter e T il Typ. Max. Unit
Luminous (2856 K)* 0] 90 — LA/ Im
- Blue Sensitivi 3 7 10.5 — —
Cathode Sensitivity Radia - — 85 — AW
| Q f-\' _ c/o
Anode Sensitivityk} = ;',,"__-j = m
Gain — —
Anode Dark Curren 3 | 20 nA
) “ de 3.4 — ns
Time R o :
me Riesponse [[TTfansit Time Spre - 3.6l — ns
Pulse Linearity (at + 2 %D®eviation)* | — 150k — mA

NOTE: Anode charactenshcsafe measured with the voltage distribution ratio "A" except for Pulse Linearity.

* Measured with the special Estnbutlon ratio "B". u

q U

-
.L—dll[?ll’.d]lli" II g o8 B
VAER'E NLE™E
Supply“ge 1250V K: Cathode, Dy: Dynode,

SPECIAL VOLTAGE DISTRIBUTION ﬁTIO "B" FOR HI

Iu’l I-‘JIILIIL F'
IEI"IHFI'!II ‘4

AP A
Ol A

: Anode

o

Information furnished by HAMAMATSU is believed to be reliable. However, no responsibility is assumed for possible inaccuracies or omissions. Specifications are
subject to change without notice. No patent rights are granted to any of the circuits described herein. ©2006 Hamamatsu Photonics K.K.
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PHOTOMULTIPLIER TUBE R2

Figure 1: Typical Spectral Response Figure 2: Typical Gain Characteristics
100 = CATHODE ’
/ RAD

10

TPMHBO215EB

107

"//

Il
N\

0.1

CATHODE RADIANT SENSITIVITY (mA /W)
QUANTUM EFFICIENCY (%)
T
N

0.01

200 A 400 600 9\30 1000 1500 2000
WAVELENGTH @im) 4

SUPPLY VOLTAGE (V)
Figure 3: Dimensional Ouffine andiBasi &g nit

1 N

' N

Socket E678-14W

$51.0 + 0. J
(Sold Separately)
FACEPLATE $46 MIN. L -
Al o '
- - $19.8
PHOTO- . T —
CATHODE K F- -
~ C0p
L)
—,
14 PIN BASE i} ¥
JEDEC i DY2 ~(WT({y ~IC
No. B14-38 DY1 K
Bottom V|ew

u TACCA0200EA

France: Hamamatsu Photonics France S.A.R.L.: 19, Rue du Saule Trapu Parc du MOU|II’| de Massy 91882 Massy Cedex, France, Telephone: (33)1 69 53 7100, Fax: (33)1 69 53 7110 E-mail: infos@hamamatsu.fr

United Kingdom: Hamamatsu Photonics UK Limited: 2 Howard Court, 10 Tewin Road Welwyn Garden City Hertfordshire AL7 1BW, United Kingdom, Telephone: 44-(0)1707-294888, Fax: 44(0)1707-325777 E-mail: info@hamamatsu.co.uk
North Europe: Hamamatsu Phatonics Norden AB: Smidesvdgen 12, SE-171-41 SOLNA, Sweden, Telephone: (46)8-509-031-00, Fax: (46)8-509-031-01 E-mail: info@hamamatsu.se TPMH1089E05
ltaly: Hamamatsu Photonics Italia: S.R.L.: Strada della Moia, 1/E, 20020 Arese, (Milano), Italy, Telephone: (39)02-935 81 733, Fax: (39)02-935 81 741 E-mail: info@hamamatsu.it JUL. 2006 IP



Appendix B.2 PIN photodiode specification
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@ Higher sensitivity and low d
@ Sensitivity matching il
® High quantum effigi@fCy: Q
@ Low capacitance
@ High-speed response
@ High stability

® Good energy resaoliiiffon

M General ratings / Absolute m

GO 3

curremt t entior
d Cgl (Ti) sCintill
%47=340im)

CO

AbSolute maximum ratings
Window 'Pcl>we'r Operating Storage
Type No. : dissipation temperature temperature
material
P Topr Tstg
i m)) (°C) ()
_83590-01 i ..o
$3590-0 0 —— J _)
$3590-05 -
5359006 v Jzo to +60 -20 to +80
53590-08 : .,2- :
53590-09 Wi -le
M Electrical and opticﬁly haracteristics (Typ. Ta=25 °C, unless otherwise noted) | .U]
Phot itivit Short | Dark
Spectral ‘eak oostSanSI vity cireyit | current | yomp. Terminal
response sitivi nt () coefficient| Cut-off NEP
Ty, avelenaih ar VR=70V
/Hz'?
3.9% 10"
x 10 ™

*3 VR=70V

dot 1% [ o

rn
[0 f{o® Jio3
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M Spectral response

(Typ. Ta=25 "C;
07 T T e )
53590-05
06
53590-0 /
05 g
04 //

/ 83590-0°
03 /
02

01 //

PHOTO SENSITIVITY (A/W)

600

WAVEL m)

W Dark current vs. revers

100 nA (T =25 ‘C})
ki =
|
il
= 10nA 53590
zZ
Ll
i
@
o) o
8] al
4 oo
E 1 53 09
by 1nA — F53
=t 53590-017-
|
100 pA
01 1 10 100 00
A
REVERSE VOLTAGE (V)
W Dimensional outline (unit: mm)
14.5'5 o
b
ACTIVE AREA

B Spectral response (without window)

§ (Typ. Ta=25"C)
i / - $3500.02
3500800
5 A
3
S ] pRpas
= 217 = d
L i
i) b
i1
WA
231E; L 1 . 3EA
1
rgrcur S. ; (<] ra
| ! {Typ-
6
100 nA
[
u% j z 3 02
i
e =
3
[}
e 1n,
$ & 53580-
™
| J
1
60
Al °C)
‘ TSKPINBO233EB

B Photo sensitivity temperature
characteristic

{Typ.)

+1.5

TEMPERATURE COEFFICIENT (%/'C)
3
0

-05
200

400 600 800 1000

WAVELENGTH (nm)
KPINBOOSBEC

Terminal capacitance vs.
verse voltage

(Typ. Ta=25 'C, =1 MHz)
10nF -

AL CAPACIT,

100 pF

TERI

83590-f

10pF0.1 H’H 10

5/-0

-

100

REVERSE VOLTAGE (V)
KPINBO234EB

G s
tnce Hamamatsu Photonics France S AR.L.: 8, Rue du Saule Trapu, Parc du Moulin de Massy, 91882 Massy Cedex France, Telephone: 33-(1) 69 53 71 00, Fax: 33—(1) 69537110

T p@ssibl uracie: ission:
” q ISUH

ited Kingdom: Hamamatsu Photonics UK Limited: 2 Howard Court, 10 Tewin Road, Welwyn Garden City, Hertfordshire AL7 1BW, United Kingdom, Telephone: (44) 1707-294888, Fax: (44) 1707-325777
rth Europe: Hamamatsu Photonics Norden AB: Smidesvagen 12, SE-171 41 Solna, Sweden, Telephone: (46) 8-509-031-00, Fax: (46) 8-509-031-01
Italy: Hamamatsu Photonics Italia S.R.L.: Strada della Moia, 1/E, 20020 Arese, (Milano), Italy, Telephone: (39) 02-935-81-733, Fax: (39) 02-935-81-741

Cat. No. KPIN1052E03
May 2003 DN
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Appendix C Grown crystal properties

Properties Csl:Tl LaCl,:Ce Ba,Csl:Tl
Maximum emission wave length A (n 350 -
Light yield (photons per MeV \‘ 50,000 -
Density (g/cm’) \\\ 3.84 4.8
Melting point (°C) § - o 860 575125
Crystal structureﬁ"d‘. ' Wexagonal Monoclinic
Space group = > 4 ] RSB P6./m P2./C

Cleavage pla Yes -

Hydroscopic high

Refractive index g

AUINENINGINS
AR TUNNIINYINY
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Appendix D Commercial Nal: Tl spectroscopy

Amptek Advance Product

Gamma Ray & X-Ray Spectrosc
Hand-Held, High Efficien

Energy resolution fo& .
3 .

76 x 76 mm° Nal: Thaistalise—s
typically 6.9% at 6 a

at 1.33 MeV.

igure 1. Gamma-8000
shown with a special order

32 keV
% 80 x 30 mm Nal:Tl probe

Counts

1.33 MeV

iTNYNT

4.7% FWHM

URIINYINY

ZEMEV

Cmmts

X

Figure 3. Co-60 spectrum

Energy [Mev]
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76B76 Nal Detector: *"Co Spectrum

122 keV

Counts

Figure 4. Co ‘pec fim

BGO J
11% FWHM @ 662 kel
MNormalized Efficien
Peak:Compton - 21:1

A ]
/ | da i B M 662 keV
3 1 Alize fficiency at 662 kel - 47%
ompton - 10:1

Counts

- " 4 1"
Ll

. L,

) ]

Figure 5. Compaion of 76 x 76 mm"’ Nal:T| and 76 x 76 mm’ BGO

UHANYNINGINT

EL: T1 (781) 275-2242 FAX: +1 ( 7@ 275-3470

Qmmﬁsmummmaﬂ
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Appendix E Calculation of intrinsic peak efficiency and peak to Compton ratio

Intrinsic peak efficiency calculation

47N
€int = oa

Limber.of.r:

7x 10" x time (s)

Intrinsic peak efficienc.y of D718 iiliin . Fal difference energies

Paramelis Cs-137 Co-60
.

1332

Peak energk 'yii

Decay bran&w'

w851 100

fﬂlo.5921 05775
Source to detector |stance

ﬁml? waﬂmmm“”

SoI| gle ( 0.0043 3.9497 3.9497
ber of radiation guantg S)><1O sl = 16 "- ,

-‘-T fins ﬁ =a (% l i | j .68 .‘! -. .

—t
Radioactivity (;1
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Intrinsic peak efficiency of 22 x 22 mm’ Csl:Tl at difference energies

Parameters Co-57 Cs-137 Co-60
Peak energy (keV) 122 662 1332
Decay branching percentage (%) 85.6 85.1 100
Radio activity (uCi) "/ 17.20 0.5921 0.5775
Source to detector distan \ // 15 10

Detection time (s) 674 1132
126 82
1.2164 2.0566
13 24
10.35 2.08
Me fo Dwigh ' an .{&: ' lificiency calculation for
scintillator with 22 n'i e’ Thy o8- 18K sOllice of 662 keV energy with
activity of 0.59 *Ci a s.,“ !;_Ef .-;.". Th&r& uset. The number of pulses
of full energy pea <- Js;*' ;ﬁﬁ‘ of 6unts Ih‘-xo | seconds. The intrinsic peak

!

efficiency can be calc

674 =13,274,445

t= 1 2164 x13274445

ﬂUEI*JVIEWI‘TWEJ'Iﬂﬁ
Qmmnsmnmmmaﬂ
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Peak to Compton ratio calculation

Counts at energy peak
Average counts at Compton plateau

Peak to Compton ratio =

Counts
w
o
o
o
1

2000 A
1000 -
0 A T T 1
400 500
Peak to Compton ratiogsof '4
Parameters D22 x 22 mm”

Radioisotope_source Cs-137 Co-60

Peak energiL(ke ) f662 1332

Counts at enesdy. p P S 5001 3185
ot | | —

Average countﬂé Compton platead 2557 dﬂl 1090 2458

Peak to Compton I |o 2.28: 1 0.51:1 4.58:1 1.30:1

AU EH?/!I HNINYINT

size 22 x 22 mm’, the counts at energy peak of 662 keV is 5001 and the average

arlﬁat Eiomp on pl teaii is 1 90 d

hiis thq piakﬁ 6;t1n rni cinﬁcﬁ |
Peak ——=458:1
eak to Compton ratio = 1090 58:
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