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The gamma- r ay exci t ed, t emper at ur e dependent sci nt i l l at i on char act er i st i cs of CsI ( Tl ) ar e r epor t ed over t he t emper at ur e r ange
of - 100 t o +50° C. The modi f i ed Bol l i nger - Thomas and shaped squar e wave met hods wer e used t o measur e t he r i se and decay
t i mes . Emi ssi on spect r a wer e measur ed usi ng a monochr omat or and cor r ect ed f or monochr omat or and phot ocat hode spect r al
ef f i ci enci es . The shaped squar e wave met hod was al so used t o det er mi ne t he sci nt i l l at i on yi el d as was a cur r ent mode met hod . The
t her mol umi nescence emi ssi ons of CsI ( TI ) wer e measur ed usi ng t he same cur r ent mode met hod . At r oom t emper at ur e, CsI ( T1) was
f ound t o have t wo pr i mar y decay component s wi t h decay t i me const ant s of T1=679±10 ns ( 63 . 7%) and T z = 3. 34±0. 14 Ws
( 36 . 1%) , and t o have emi ssi on bands at about 400 and 560 r i m. The T1 l umi nescent st at e was obser ved t o be popul at ed by an
exponent i al pr ocess wi t h a r esul t i ng r i se t i me const ant of 19 . 6±1 . 9 ns at r oom t emper at ur e. An ul t r a- f ast decay component wi t h a
< 0. 5 ns decay t i me was f ound t o emi t about 0 . 2% ( about 100 phot ons/ MeV) of t he t ot al sci nt i l l at i on l i ght . Except f or t he

ul t r a- f ast decay t i me, t he r i se and decay t i me const ant s wer e obser ved t o i ncr ease exponent i al l y wi t h i nver se t emper at ur e . At
- 80° C T1 and TZ wer e det er mi ned t o be 2. 22±0. 33 ws and 18. 0±2. 59 ws, r espect i vel y, whi l e t he 400 r i m emi ssi on band was not

obser ved bel ow - 50° C. At +50° C t he decay const ant s wer e f ound t o be 628 ns ( 70 . 5%) and 2. 63 ws ( 29 . 3%) and bot h emi ssi on
bands wer e pr esent . The sci nt i l l at i on yi el d of CsI ( TI ) was obser ved t o be onl y sl i ght l y t emper at ur e dependent bet ween - 30 and
+50° C, peaki ng at about - 30° C ( about 6%above t he r oom t emper at ur e yi el d) and monot oni cal l y decr easi ng above and bel ow t hi s
t emper at ur e . Four di f f er ent commer ci al l y avai l abl e CsI ( TI ) cr yst al s wer e used . Mi ni mal var i at i ons i n t he measur ed sci nt i l l at i on
char act er i st i cs wer e obser ved among t hese f our cr yst al s . Ther mol umi nescence emi ssi ons wer e obser ved t o have peak yi el ds at - 90,
- 65, - 40, +20, and possi bl y - 55° C. The r el at i ve magni t udes and number of t her mol ummescence peaks wer e f ound t o var y f r om
cr yst al t o cr yst al .

1 . I nt r oduct i on

Gamma- r ay det ect or s wi t h hi gh ef f i ci ency, l ow
power consumpt i on, l ow mai nt enance, and smal l si ze
and wei ght have l ong been needed f or many appl i ca-
t i ons . Whi l e t hi s i deal det ect or has not yet been
achi eved, t he cont i nui ng devel opment of sol i d- st at e
phot odi odes wi t h l ar ge ar ea and l ow noi se has r esul t ed
i n si gni f i cant pr ogr ess t owar d t hi s r eal i zat i on . Si l i con
PI N phot odi odes ( PDs) have become one of t he most
commonl y used phot odet ect or s . Thal l i um- act i vat ed ce-
si um i odi de, CAM) , i s one sci nt i l l at i ng cr yst al t hat has
been wi del y used wi t h t hese PDs . Al t hough CsI ( TI ) has

* Thi s wor k was suppor t ed i n par t by t he US Depar t ment of
Ener gy under cont r act s no . DE- AC03- 76SF00098 and DE-
FG02- 86NE37969, i n par t by Publ i c Heal t h Ser vi ce Gr ant s
No . POI - 25840 and No . R01- CA48002 and m par t by a
gr ant f r om t he Whi t aker Foundat i on .

0168- 9002/ 93/ $06 . 00 © 1993 - El sevi er Sci ence Publ i sher s B. V . Al l r i ght s r eser ved

NUCLEAR
I NSTRUMENTS

&METHODS

I N PHYSI CS
RESEARCH

Sect i on A

been r ecogni zed as a sci nt i l l at i ng cr yst al f or sever al
decades, i t s use has been l i mi t ed due t o t he poor
mat ch of i t s emi ssi on spect r um wi t h t he r adi ant sensi -
t i vi t y of commer ci al l y avai l abl e phot ocat hodes . How-
ever , CsI ( TI ) i s t he most l umi nous sci nt i l l at i ng cr yst al
known, havi ng a measur ed absol ut e sci nt i l l at i on yi el d
of 64800 phot ons/ MeV f or gamma r ays at r oom t em-
per at ur e [ 1] . CsI ( TI ) sci nt i l l at i on l i ght i s ver y wel l
mat ched wi t h si l i con PI N PDs, yi el di ng a wavel engt h-
aver aged i nt er nal quant um ef f i ci ency of appr oxi mat el y
90%and an ext er nal quant um ef f i ci ency of about 70%;
i nt er nal and ext er nal quant umef f i ci ency ar e di scussed
by Gei st et al . [ 2] . CsI ( Tl ) i s al so an ef f i ci ent absor ber
of gamma r ays, wi t h a r adi at i on l engt h of 1 . 65 cm at
662 keV, a densi t y of 4. 51 g/ cm3 , and an ef f ect i ve
at omi c number of 54. CsI ( Tl ) has a r ef r act i ve i ndex of
1 . 8 i n t he vi si bl e spect r um.

The t emper at ur e behavi or of CsI ( TI ) i s of i nt er est
f or t wo r easons . Fi r st , t he t her mal l y exci t ed dar k cur -
r ent pr esent i n si l i con PI N PDs at r oom t emper at ur e
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Tabl e 1

Publ i shed val ues of pr i mar y decay t i me const ant s at r oom

t emper at ur e

l i mi t s t he achi evabl e ener gy r esol ut i on and suggest s
t hat l ow t emper at ur e oper at i on mi ght r esul t i n bet t er
ener gy r esol ut i on . Second, some appl i cat i ons r equi r e
ambi ent t emper at ur es ot her t han t ypi cal r oom t emper -
at ur e . Wi t h t hi s mot i vat i on, t he t emper at ur e depen-
dence of t he sci nt i l l at i on char act er i st i cs of CsI ( TI ) have
been st udi ed i n t he t emper at ur e r ange of - 100 t o
+ 50° C.

The number of gamma- r ay exci t ed decay modes and

t hei r decay t i mes f or CsI ( Tl ) have been t he subj ect of
some cont r over sy ; bot h one and t wo pr i mar y decay
modes have been r epor t ed . Tabl e 1 shows some of t he
pr evi ousl y r epor t ed val ues of t he t wo pr i mar y decay
t i me const ant s of CsI ( Tl ) , - r l and TZ, at r oom t emper a-
t ur e [ 3- 7, 18] . The conf usi on about t he number of
decay modes i s due t o t he l engt h and r el at i vel y smal l
i ni t i al i nt ensi t y of t he l onger component . However , t he
l onger component i s r esponsi bl e f or about 40%of t he
sci nt i l l at i on yi el d and l eads t o si gni f i cant bal l i st i c def i ci t
when CsI ( Tl ) i s used wi t h commer ci al l y avai l abl e l i near
ampl i f i er s . The l ong decay component t hus has a si g-

ni f i cant ef f ect on pul se pr ocessi ng and t he obser ved

sci nt i l l at i on char act er i st i cs of CsI ( Tl ) , e . g . ener gy r eso-

l ut i on and l i ght yi el d . Ther ef or e, var i at i ons i n t he l ong

decay t i me wi t h t emper at ur e ar e of si gni f i cant i nt er est .
The decay t i mes of CsI ( TI ) have been r epor t ed t o be
i ndependent of t hal l i um concent r at i on f or gamma- r ay
exci t at i on [ 7] . Thi s t hal l i um concent r at i on i ndepen-
dence shoul d r esul t i n smal l var i at i on i n decay t i mes
f r om cr yst al t o cr yst al , i ndependent of cr yst al or i gi n .

For gamma- r ay exci t at i on at r oom t emper at ur e, t he
emi ssi on spect r um of CsI ( TI ) has been r epor t ed t o
have up t o f our emi ssi on bands, t he most pr eval ent of
whi ch peaks at about 560 nm [ 5- 15] . The emi ssi on
spect r um of a sci nt i l l at i ng cr yst al i s of i nt er est f or t wo
r easons : t he peak emi ssi on wavel engt hs yi el d i nf or ma-

t i on about t he nat ur e of t he decay modes t hat gover n
t he sci nt i l l at i on pr ocess, and knowl edge of t he spect r al
di st r i but i on al l ows t he est i mat i on of t he ef f ect i ve quan-
t um ef f i ci ency when used wi t h a gi ven phot odet ect or .

Measur i ng t he absol ut e shape of t he emi ssi on spec-
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t r um r equi r es cor r ect i ng r ecor ded dat a f or
wavel engt h- dependent var i at i ons i n monochr omat or
ef f i ci ency and phot ocat hode quant um ef f i ci ency . I t i s
not st at ed i n most cases whet her t he pr evi ousl y r e-
por t ed emi ssi on spect r a have been cor r ect ed f or such
var i at i ons . We have cor r ect ed our dat a accor di ngl y t o
yi el d an absol ut e emi ssi on spect r um shape .

The absol ut e sci nt i l l at i on yi el d i s a domi nant f act or
i n det er mi ni ng t he ener gy r esol ut i on of a sci nt i l l at i on
det ect or because t he yi el d gover ns pul se ampl i t ude and
t he st at i st i cal f l uct uat i ons i n t he number of sci nt i l l at i on
phot ons emi t t ed . Si nce CsI ( Tl ) has t he l ar gest known
sci nt i l l at i on yi el d, i t has t he pot ent i al f or pr oduci ng t he
best ener gy r esol ut i on of any sci nt i l l at i ng cr yst al . The
sci nt i l l at i on yi el d of CsI ( Tl ) i s known t o be dependent
on t hal l i um concent r at i on, unl i ke t he decay t i mes [ 7] .
Consequent l y, cr yst al - t o- cr yst al var i at i ons of absol ut e
sci nt i l l at i on yi el d ar e expect ed . Thi s t hal l i um concen-
t r at i on dependence may al so mani f est i t sel f i n di f f er -

ences i n t he t emper at ur e dependence of t he sci nt i l l a-

t i on yi el d .
CsI ( Tl ) i s known t o be t her mol umi nescent i n t he

t emper at ur e r ange of i nt er est [ 11, 12] . For cur r ent mode
and some pul se mode appl i cat i ons, t he t her mol umi nes-
cence can compl i cat e dat a acqui si t i on and anal ysi s, and
i n some cases l ead t o er r oneous r esul t s . Ther ef or e, we
have i nvest i gat ed t he t emper at ur e r anges over whi ch
t her mol umi nescence occur s and whet her t hese r anges
var y f r om cr yst al t o cr yst al .

Fi nal l y, CsI ( Tl ) cr yst al s f r om sever al vendor s wer e

i nvest i gat ed t o assess t he di f f er ences i n sci nt i l l at i on

char act er i st i cs . Cubi c cr yst al s of 8 mmon a si de wer e

pr ocur ed f r om Bi cr on Cor por at i on, Hor i ba Cr yst al

Pr oduct s, Rexon Component s, I nc . , and Sol on Tech-
nol ogi es, I nc . The Sol on Technol ogi es, I nc . ( STI ) cr ys-
t al was chosen at r andom t o be used f or t he bul k of t he
measur ement s .

2 . Theor y

We shal l assume t hat t he l umi nescent st at es of
CsI ( Tl ) ar e depopul at ed by exponent i al pr ocesses and
ar e popul at ed exponent i al l y, i nst ant aneousl y, or by a
combi nat i on of bot h . Wi t h t hese assumpt i ons, t he t em-
por al l umi nescence i nt ensi t y of a sci nt i l l at i on event ,
I ( t ) , can be descr i bed by t he sum of exponent i al com-
ponent s :

1( t ) _ Y_
a'

e` " , = Y_1, e - ` / T,

	

t >_ 0

	

( 1)
T~

I ( t ) = 0

	

t < 0,

wher e a, , r , , and I , ar e t he i nt egr at ed l umi nescence,
char act er i st i c t i me, and i ni t i al i nt ensi t y of t he j t h expo-
nent i al component . For al l l umi nescent pr ocesses, t he
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char act er i st i c t i me i s a decay t i me const ant and t he
i nt egr at ed l umi nescence t akes on a posi t i ve val ue,

adecay > 0. I n t he case of an exponent i al popul at i on of a
l umi nescent st at e, an addi t i onal component i n eq . ( 1) i s
necessar y t o descr i be t he pr ocess . Thi s r i se component
behaves as a negat i ve i nt egr at ed l umi nescence i n t he
r epr esent at i on of eq . ( 1) ( a r i se < 0) , t he char act er i st i c
t i me i s a r i se t i me const ant , and t he t ot al i nt egr at ed
l umi nescence f or t he pr ocess i s ar i se + adecay- I f a l umi -
nescent st at e i s popul at ed by a si ngl e exponent i al pr o-
cess t hen t he absol ut e val ue of t he i ni t i al i nt ensi t i es
ar e equal , I decay - - , r i se-

The r el at i ve l umi nescence i nt ensi t y, I ( t ) , of CsI ( Tl )
was det er mi ned by t he Bol l i nger - Thomas met hod [ 16] ,
as modi f i ed by Moszynski and Bengt son [ 17] , and by
t he shaped squar e wave ( SSW) met hod [ 181 . The modi -
f i ed Bol l i nger - Thomas ( MBT) met hod has become t he
i ndust r y st andar d f or det er mi ni ng I ( t ) , and was t hus
used t o bot h det er mi ne t he most accur at e est i mat es of
t he par amet er s and t o conf i r m t he appl i cabi l i t y of

det er mi ni ng I ( t ) by t he SSWmet hod .

2. 1 . Modi f i ed Bol l i nger - Thomas met hod

The Bol l i nger - Thomas met hod was devel oped
speci f i cal l y f or det er mi ni ng l umi nescence decay t i mes .
As modi f i ed, t he met hod uses a t r i gger t hat i s cor r e-
l at ed i n t i me wi t h t he i ni t i at i on of t he l umi nescence
si gnal ; a phot odet ect or t hen r andoml y sampl es t he
l umi nescence di st r i but i on by r est r i ct i ng t he mean num-
ber of phot oel ect r ons gener at ed per t r i gger t o much
l ess t han one . Thi s r est r i ct i on i s commonl y r eal i zed by
cr eat i ng a " poor " cr yst al - t o- phot odet ect or geomet r y .
To det er mi ne t he t r ue l umi nescence i nt ensi t y I ( t ) ,
st andar d nucl ear el ect r oni cs, wi t h an i mpul se r esponse
f unct i on G( t ) , ar e used t o acqui r e a t i mi ng spect r um.
Consequent l y, t he obser ved l umi nescence i nt ensi t y
H( t ) cor r esponds t o t he convol ut i on of t he i mpul se
r esponse f unct i on and t he t r ue l umi nescence i nt ensi t y :

H( t ) = f ' I ( t ' ) G( t - t ' ) dt ' .

	

( 2)

For f i t t i ng pur poses I ( t ) was nor mal i zed t o t he t ot al
l i ght yi el d, whi ch i s t he sum of t he ar ' s . Wi t h t hi s
nor mal i zat i on, t he ar ' s r epr esent t he f r act i on of t he
t ot al l i ght emi t t ed by j t h pr ocess . For t he case of an
exponent i al pr ocess ( ar i se , Tnse) popul at i ng a l umi nes-
cent st at e ( adecay, Tdecay) , t he f r act i on of t he t ot al l i ght
cont r i but ed by t hi s r i se/ decay pai r i s ar i se + adecay'

The measur ed dat a Mk ar e t he number of count s i n
t he kt h bi n cor r espondi ng t o t he t i me i nt er val t k t o
t k + 8t , and ar e anal yzed usi ng a nonl i near l east squar es
f i t t i ng pr ogr am. The f i t t ed number of count s i n t he kt h
bi n, Fk , i s det er mi ned by summi ng t he i nt egr al of t he
obser ved l umi nescence i nt ensi t y and t he chance coi nci -
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dence r at e, Reh , cont r i but i ons t o t hat bi n :

Fk=R, , St +
f t k+Sr

H( t ) dt .

	

( 3)
t k

The chance r at e appear s as a f l at backgr ound on whi ch
t he l umi nescence di st r i but i on i s super i mposed . Mi ni -
mi zat i on of X2 :

/ 2
( Mk

2

X2-
~ l Mk - Fk) _ ~

	

- Fk)
2

r esul t s i n t he best est i mat es of t he ar and - r , par ame-
t er s, wher e Fk i s t he best est i mat e of t he var i ance of
t he count s i n t he kt h bi n . The st at i st i cal uncer t ai nt i es
of t he ar ' s and Ti ' s ar e det er mi ned by f i ndi ng t he
l ar gest and smal l est val ue of each par amet er on t he
sur f ace def i ned by X2 + 1 when al l ot her par amet er s
ar e f r ee.

2 . 2. Shaped squar e waue met hod

The SSWmet hod was devel oped speci f i cal l y f or t he
char ge cal i br at i on of Csl ( Tl ) / phot odi ode syst ems t o
account f or t he bal l i st i c def i ci t due t o t he l ong decay
t i me const ant s . The SSWmet hod r el i es on cr eat i ng a
cal i br at i on pul se of known char ge wi t h t he same shape
and ampl i t ude as t he f ul l ener gy Csl ( TI ) sci nt i l l at i on
pul ses such t hat bot h pul ses exper i ence t he same bal -
l i st i c def i ci t . When t hi s i s r eal i zed, t he phot opeak and
cal i br at i on peak cent r oi ds wi l l occur i n t he same chan-
nel of a mul t i channel anal yzer , i ndependent of ampl i -
f i er shapi ng t i me . Cr eat i ng a pul se of t he same shape
as t he CsI ( Tl ) sci nt i l l at i on pul se i s achi eved by f i r st
spl i t t i ng a squar e wave vol t age pul se i nt o a number of
br anches equal t o t he number of r i se and decay t i mes
t o be model ed . Each br anch i s t hen shaped wi t h an RC
ci r cui t cor r espondi ng t o a T, , i nver t ed i f t he exponen-
t i al component bei ng model ed i s a r i se t i me, and
at t enuat ed t o r epr esent t he appr opr i at e ar . Fi nal l y, t he
br anches ar e summed f or mi ng t he shaped squar e wave
vol t age pul se t hat i s passed t o t he t est capaci t or of t he
char ge sensi t i ve pr eampl i f i er , wher e i t i s conver t ed i nt o
a cur r ent pul se and pr ocessed i n an i dent i cal manner
t o t he sci nt i l l at i on pul se f r om t he phot odi ode .

The RC t i me const ant s and at t enuat i on f act or s wer e
var i ed wi t h pot ent i omet er s t hat wer e cal i br at ed wi t h
an osci l l oscope . The uncer t ai nt y of t he cal i br at i on has
been assumed t o be domi nat ed by t he uncer t ai nt y i n
r eadi ng t he osci l l oscope and i s est i mat ed t o be ±5%
of t he r epor t ed par amet er val ue .

3. Sci nt i l l at i on decay t i me const ant s

The modi f i ed Bol l i nger - Thomas met hod used a
bar i um f l uor i de ( BaF 2 ) sci nt i l l at i ng cr yst al coupl ed t o a
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Hamamat su R- 2059 PMT t o pr ovi de a t r i gger . Anot her
R- 2059 PMT, 50 em away f r om t he CsI ( TI ) cr yst al ,
pr ovi ded t he st op si gnal . The BaF2 and CsI ( TI ) wer e
al i gned wi t h a 511 keV anni hi l at i on phot on sour ce
bet ween t hem t o exci t e bot h cr yst al s si mul t aneousl y .
Ti mi ng si gnal s wer e gener at ed f r om t he PMT out put s
by a Tennel ec TC- 454 quad const ant f r act i on di scr i mi -
nat or . The t i me di f f er ence bet ween t he t r i gger and
st op was t hen det er mi ned by a Tennel ec TC- 862 t i me-

t o- ampl i t ude conver t er ( TAO and di gi t i zed by a
LeCr oy 3512 anal og- t o- di gi t al conver t er . The CsI ( Tl )
cr yst al s wer e pl aced i n a separ at e, t her mal l y- i nsul at ed,
t emper at ur e- cont r ol l ed encl osur e t hat was opt i cal l y
coupl ed t o t he PMT vi a quar t z l enses and ai r gaps . A
br ass bl ock ser ved as t he heat si nk and sour ce f or t he
encl osur e . For l ow t emper at ur e oper at i on, a const ant
f l ow of l i qui d ni t r ogen was passed t hr ough t he bl ock.
The t emper at ur e r egul at i on was pr ovi ded by a com-
put er - cont r ol l ed heat i ng cl ement i n t he br ass bl ock
( t emper at ur e r egul at i on met hod A) . The cr yst al t em-
per at ur e was moni t or ed by pl aci ng a t her mocoupl e i n
di r ect cont act wi t h t he cr yst al .

The most r el i abl e f i t t i ng r esul t s f or t he modi f i ed
Bol l i nger - Thomas met hod ar e achi eved wi t h a TAC
r ange > 37, and a bi n wi dt h < 0. 17. . Si nce decay t i me

const ant s as shor t as < 0. 5 ns and as l ong as 18 l i s

wer e obser ved, t hese const r ai nt s woul d r equi r e t aki ng
dat a i n 50 ps bi ns over a 50 p, s r ange . The dynami c
r ange of t he TACused was not l ar ge enough f or t hi s t o
be possi bl e, t hus dat a was acqui r ed wi t h t wo TAC
r anges . Ti mi ng spect r a wer e t aken wi t h a 1 Vs TAC
r ange at each t emper at ur e t o accur at el y det er mi ne any
exponent i al component s wi t h char act er i st i c t i mes of
sever al hundr ed ns or l ess . For T > - 20° C, dat a wer e
al so t aken wi t h a 20 l t s TAC r ange i n 16 . 64 ns bi ns,

and f or T <- - 20° C wi t h a 50 p s r ange wi t h 10. 35 ns

bi ns . These l onger TAC r anges al l owed t he accur at e
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det er mi nat i on of component s wi t h 1- 20 p s char act er -
i st i c t i mes . The r epor t ed par amet er val ues wer e det er -
mi ned t hr ough an i t er at i ve pr ocess of f i t t i ng t he l ong
and shor t TAC r ange dat a . Fi r st , t he l onger TAC
r ange dat a was f i t by al l owi ng al l of t he par amet er s t o
var y ( an i ni t i al best est i mat e of t he l onger decay com-
ponent s) . The r esul t i ng val ues wer e t hen used as st ar t -
i ng val ues f or t he I l i , s TAC r ange dat a, but onl y t he
par amet er s associ at ed wi t h t he " shor t er " component s,

l ess t han about one mi cr osecond, wer e al l owed t o var y
( an i ni t i al best est i mat e of t he r i se and shor t er decay
component s) . Subsequent est i mat es of t he " l onger "
and " shor t er " par amet er s wer e made usi ng t he pr evi -
ous best est i mat es of t he shor t and l ong r ange TAC
dat a, r espect i vel y, unt i l bot h set s conver ged . I n most
cases onl y a f ew i t er at i ons wer e r equi r ed . The f i t s
r esul t ed i n t ypi cal X2 per degr ee of f r eedom val ues of
1 . 05 t o 1 . 2 f or bot h t he l ong and shor t TACr ange dat a .

Fi g . 1 shows t he t i mi ng spect r a at r oomt emper at ur e
f or t he STI cr yst al . Al ong wi t h decay t i mes - r , and 7 2 ,
772 ± 8 ns ( 61 . 1%) and 3. 53 ± 0. 10 As ( 38 . 7%) , r espec-
t i vel y, an ul t r a- f ast component and a 22 . 7 ± 1 . 0 ns r i se
t i me t hat popul at es 7 i ( I i = - I nzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� e) ar e obser ved. The
ul t r a- f ast component appear s as t he t hr ee hi gh chan-
nel s at t he begi nni ng of t he I Vs TAC r ange spect r um
and i s not obser ved i n t he 20 Ws TAC r ange dat a due
t o i t s smal l f r act i on of t he t ot al l umi nescence yi el d and
t he l ar ge bi n wi dt h . The ul t r a- f ast component has a
decay t i me < 0. 5 ns ( 0. 5 ns i s t he t i mi ng r esol ut i on of
t he syst em used and t hus t he mi ni mum decay t i me t hat
can be accur at el y det er mi ned) and yi el ds about 0. 2%
of al l of t he phot ons ( about 100 phot ons/ MeV) . The
r i se t i me of CsI ( Tl ) i s bel i eved t o be t he l ongest of any
known sci nt i l l at i ng cr yst al . Tabl e 2 compar es t he ac ' s
and 7, ' s f or t he f our di f f er ent cr yst al s at r oomt emper a-
t ur e and 0° C. For T< - 30° C, addi t i onal decay compo-
nent s ( j = 4, 5) wer e obser ved and ar e bel i eved t o be
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Tabl e 2

Compar i son of r i se and decay t i me const ant s f or cr yst al s f r om Sol on Technol ogi es, I nc. , Bi cr on Cor p . , Hor i ba Cr yst al Pr oduct s and

Rexon Component s, I nc. at r oom t emper at ur e and 0° C f or t he modi f i ed Bol l i nger - Thomas met hod

J. D. Val ent i ne et al . / Temper at ur e dependence of CWTl )

at t r i but ed t o t he l umi nescence of pur e Cs1. These

decay component s and t he ot her f i t r esul t s f or al l

t emper at ur es f or t he STI cr yst al ar e shown i n t abl e 3.

Even t hough t he l ong decay component of CsI ( Tl )

yi el ds 35- 45% of t he phot ons, i t s i ni t i al i nt ensi t y, 12, i s

about an or der of magni t ude l ower t han t he mai n

component , I l . Accur at el y r esol vi ng - r 2 t hus becomes

st r ongl y dependent on t he knowl edge of t he f l at back-

gr ound ( chance coi nci dence r at e) . Si nce t he i ni t i al i n-

t ensi t y decr eases wi t h t emper at ur e whi l e t he back-

gr ound r emai ns near l y const ant , accur at el y det er mi n-

i ng t he backgr ound becomes even mor e i mpor t ant wi t h

decr easi ng t emper at ur e .

Dei ch et al . [ 19, 20] have obser ved t he ul t r a- f ast

decay t i me and r epor t ed i t t o be _< 10 ps, i ndependent

of t emper at ur e over t he r ange of 80- 400 K, emi t t ed

wi t h a br oad emi ssi on band peaki ng at about 620 nm,

and i ndependent of cr yst al def ect s, i mpur i t i es and act i -

vat or s . They have at t r i but ed t hi s component t o i nt r a-

band l umi nescence i nduced when a " hot " char ge car -

r i er ( an el ect r on f or gamma- r ay exci t at i on) l i ber at es an

i nner val ence band el ect r on l eavi ng a deep hol e . As

t hi s deep hol e moves t owar d t he t op of t he val ence

band, i t has a smal l pr obabi l i t y of emi t t i ng a phot on .

The r i se t i me of CsI ( TI ) became t oo l ong t o accu-

r at el y f i t bel ow - 60° C. However , when t he r i se t i me

was accur at el y f i t , i t was al ways obser ved t o be associ -

at ed wi t h 7i , as evi denced by t he si mi l ar i t y of t he

i ni t i al i nt ensi t i es . Si mi l ar l y, bel ow - 60° C t he abi l i t y t o

accur at el y f i t t he l ong decay t i me i s di mi ni shed be-

cause of si gnal - t o- noi se and t he decay t i me appr oach-

i ng t he l i mi t of t he TACr ange . When t he r i se t i me or

Tabl e 3

Ri se and decay t i me const ant s f or Sol on Technol ogi es, I nc. cr yst al as a f unct i on of t emper at ur e f or t he modi f i ed Bol l i nger - Thomas

met hod

Temper at ur e

[ ° C]
anse I r i se

[ ns]

a l 7 1
[ ns]

a2 7 2

[ o]

aul t r a- t , , , 7ul t r a- f ast
[ ns]

a4 74

[ ns]
75
[ ns]

+50 - 0 . 012 13 . 3 0. 717 628 0. 293 2. 63 0. 002 <0. 5

+40 - 0 . 014 13 . 8 0. 650 644 0. 362 2. 96 0. 002 < 0. 5

+30 - 0 . 014 13 . 5 0. 656 635 0. 356 3. 12 0. 002 <0. 5

+20 - 0. 020 24. 9 0. 616 710 0. 402 3. 26 0. 002 < 0. 5

+10 - 0. 019 25 . 5 0. 611 749 0. 406 3. 85 0. 003 < 0. 5

0 - 0. 026 36. 8 0. 610 784 0. 413 4. 31 0. 002 < 0. 5

- 10 - 0. 027 46 . 6 0. 601 919 0. 424 6. 55 0. 002 < 0 5

- 20 - 0 . 034 60. 7 0. 599 989 0. 432 7. 77 0. 003 < 0. 5

- 30 - 0. 060 125 0. 620 1100 0. 406 8. 76 0. 002 < 0. 5 0. 001 1 . 81

- 40 - 0. 112 278 0. 641 1310 0 467 11 . 3 0 . 002 < 0. 5 0 . 001 3. 23

- 50 - 0. 173 480 0. 800 1760 0. 370 11 . 8 0 . 002 < 0. 5 0. 003 4. 91

- 60 - 0. 129 886 0. 679 3040 0. 443 13 . 4 0. 003 < 0. 5 0. 004 7. 94

- 80 0. 171 2220 0. 782 18 . 0 0 . 012 < 0 5 0. 036 39 . 5

- 100 0. 480 3520 0. 042 < 0. 5 0. 376 171 0. 101 19 . 8

Typi cal

uncer t ai nt y ±10% ±10% ±5% ±5% +5% ±10% +10% ±15% +20% +14%+18%

Cr yst al Temper at ur e

[ ° C]
a r 1se 7 r r ee

[ ns]
al 7 1

[ ns]
a2 72

[ ws]
a ul t r a- f ast 7ul t r a- f ast

[ ns]

STI +23 - 0. 016 22 . 7 0. 627 772 0. 387 3. 53 0. 002 < 0. 5

Bi cr on - 0. 021 28 . 3 0. 659 677 0. 361 3. 36 0. 001 < 0. 5

Hor i ba - 0 . 018 19 . 6 0. 655 679 0. 361 3. 34 0. 002 < 0. 5

Rexon - 0 . 020 23 . 7 0. 635 646 0. 383 3. 25 0. 003 <0. 5

STI 0 - 0 . 026 36 . 8 0. 610 784 0. 413 4. 31 0. 002 < 0. 5

Bi cr on - 0 . 023 38 . 0 0. 619 837 0. 402 4. 21 0. 001 <0. 5

Hor i ba - 0 . 021 30 . 4 0. 625 778 0. 394 4. 36 0. 002 < 0. 5

Rexon - 0 . 026 33 . 6 0. 621 753 0. 403 3. 88 0. 003 <0 5

Typi cal

Uncer t ai nt y ±10% ±10% ±5% +3% +5% ±5% ±8%



Fi g . 2 . Exampl e of phot opeak and cal i br at i on peak cent r oi d
mat chi ng by SSWmet hod f or Sol on Technol ogi es, I nc. cr yst al .

t he l ong decay t i me become unr esol vabl e, t he ac ' s no
l onger accur at el y est i mat e t he f r act i on of t he t ot al l i ght
bei ng emi t t ed by j t h pr ocess .

To det er mi ne - r , and - r 2 by t he SSWmet hod, t he
STI cr yst al was coupl ed t o a Hamamat su S3590- 03
si l i con PI N phot odi ode . A Canber r a 2003BT char ge
sensi t i ve pr eampl i f i er , a Canber r a 2022 l i near ampl i -
f i er , and a mul t i - channel anal yzer wer e used f or pul se

pr ocessi ng of t he sci nt i l l at i on si gnal . To pr ovi de t he
necessar y t emper at ur e cont r ol , t he CsI ( Tl ) and PD
wer e pl aced i n a Tenney Jr . envi r onment al chamber ,
modi f i ed f or l i qui d ni t r ogen use . Pul se hei ght spect r a
wer e t aken at t en of t he avai l abl e ampl i f i er shapi ng
t i me const ant s ( r angi ng f r om 0. 25 t o 12 ws) at 10° C
i ncr ement s over t he - 100 t o + 50° C t emper at ur e r ange
wi t h a 662 keV gamma- r ay sour ce . The SSWmet hod
was subsequent l y per f or med . An exampl e of t he
mat chi ng of t he phot opeak and cal i br at i on peak cen-
t r oi ds at each ampl i f i er shapi ng t i me i s shown i n f i g. 2 .

The SSWmet hod i s onl y sensi t i ve t o exponent i al cor n-

14

Ampl i f i er Shapi ng Ti me ( i t s)

al . / Temper at ur e dependence of CWTI )

Tabl e 4
Pr i mar y decay t i me const ant s and char ge f r act i on r at i os f or
t he Sol on Technol ogi es, I nc cr yst al as a f unct i on of t emper a-
t ur e f or t he SSWmet hod, est i mat ed uncer t ai nt y of ±5%on
al l val ues

ponent s on t he or der of t he ampl i f i er shapi ng t i mes
and t hus t he r i se t i me and ul t r a- f ast decay t i me wer e
not det er mi ned by t hi s met hod . The ul t r a- f ast decay
was not obser ved because of i t s ver y smal l cont r i but i on
t o a si ngl e pul se, and t he r i se t i me was mai nt ai ned at
about 40 ns f or t he cal i br at i on at ever y t emper at ur e.
Tabl e 4 shows t he SSWmet hod r esul t s . Above +30° C,
accur at e est i mat es of t he phot opeak cent r oi ds at al l
ampl i f i er shapi ng t i me const ant s wer e not achi evabl e
due t o t he phot odi ode noi se . Bel ow - 60° C, T2 be-
comes l onger t han t he l ongest ampl i f i er shapi ng con-
st ant and t he phot opeak cent r oi ds f or t he shor t er shap-
i ng t i mes begi n t o become obscur ed by t he noi se shoul -
der . Consequent l y, f or T> +30° C and T < - 60° C t he
SSWmet hod can not be used .

A compar i son of t he r esul t s f r om t he modi f i ed
Bol l i nger - Thomas met hod and SSWmet hod i s shown
i n f i g . 3 . Est i mat ed uncer t ai nt i es ar e, i n most cases,
smal l er t han t he symbol s used . The r i se and decay

N

O Q2/ QI ( MBT)

Q2/ QI ( SSW)

( b) ;

0
4 . 0 10 - 3	 5 . 0 10- 3	 6 . 0 10 - 3

	

3 . 0
10- 3

	

4 . 0 10 - 3	 5 . 0
10- 3

	

6 . 0 10 3

1f I ' ( K- I )

	

1/ T ( K- 1 )

Fi g. 3 . ( a) Ri se and decay t i me r esul t s, and ( b) char ge cont r i but i on r at i o r esul t s f r om modi f i ed Bol l i nger - Thomas ( MBT) met hod
and shaped squar e wave ( SSW) met hod .

Temper at ur e
11c]

TI

I ns]
T2

I RS]

Q2 / QI

+30 809 5 . 00 0 . 680

+20 832 5 . 50 0 . 760

+10 956 6 . 85 0 . 742

0 1040 7 . 97 0 . 760

- 10 1060 8 . 58 0 . 865

- 20 1100 9 . 47 0 . 927

- 30 1150 10 . 40 1 . 01

- 40 1190 11 . 20 1 . 09

- 50 1240 12. 20 1 . 17

- 60 1370 12 . 90 1 . 19
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t i mes ar e pl ot t ed ver sus 1/ T, si nce r , i s expect ed t o
behave l i ke :

T a e" , I kT

wher e Ej i s t he act i vat i on ener gy of t he j t h pr ocess and

k i s t he Bol t zmann const ant [ 21] . Act i vat i on ener gi es
of 0. 23, 0. 063, and 0. 090 eV f or t he

Tme,
T I , and " ' 2,

r espect i vel y, wer e det er mi ned by f i t t i ng t he modi f i ed
Bol l i nger - Thomas r esul t s t o eq . ( 5) . The r i se t i me
act i vat i on ener gy, 0. 23 eV, cor r esponds cl osel y t o t he
act i vat i on ener gy associ at ed wi t h t he 90° - r eor i ent at i on
of Vk cent er s i n CsI [ 22] . Consequent l y, t he r i se t i me
has been at t r i but ed t o t he mi gr at i on of Vk cent er s
t owar d l umi nescence cent er s vi a 90° - r eor i ent at i on . Al -

t hough t he SSWmet hod yi el ds some est i mat es of t he

pr i mar y decay t i me const ant s t hat ar e out si de t he un-
cer t ai nt i es of t he modi f i ed Bol l i nger - Thomas met hod
r esul t s, t he SSWmet hod r esul t s ar e r easonabl e est i -
mat es wi t h a possi bl e syst emat i c bi as . The SSWmet hod
yi el ds a r at i o of char ge cont r i but i ons f r om t he t wo
pr i mar y component s t o t he t ot al pul se, Q2/ Q,. Thi s
char ge r at i o i s equi val ent t o t he r at i o of f r act i ons,
a2 / ( a, + a«5e) , f r om t he modi f i ed Bol l i nger - Thomas
met hod, as shown i n f i g . 3b . When t he r i se t i me can
not be accur at el y f i t , T< - 60° C, t he char ge r at i o can
not be cal cul at ed. The syst emat i c uncer t ai nt i es i n t he
SSWmet hod r esul t s f or t he decay t i mes and char ge
r at i os ar e pr obabl y due t o t he r i se t i me component not
bei ng model ed exact l y at each t emper at ur e and i naccu-
r at e pot ent i omet er cal i br at i on .

4. Emi ssi on spect r um

The emi ssi on spect r a of t he CsI ( Tl ) cr yst al s wer e
measur ed usi ng a 0. 125 mJar r el l - Ash MonoSpec 18
monochr omat or wi t h t wo di f f er ent 1200 l i ne/ mm gr at -
i ngs, one bl azed f or 300 nm and t he ot her f or 500 nm.
The monochr omat or ent r ance and exi t sl i t s wer e 500
wi n wi de, whi ch r esul t s i n a 12 nm spect r al r esol ut i on .
511 keV anni hi l at i on phot ons f r om a 0. 7 MCi 68 Ge
sour ce wer e used t o exci t e t he cr yst al s . The cr yst al of
i nt er est was pl aced at t he f ocal poi nt of a quar t z l ens ; a
si mi l ar l ens t hen r ef ocused t he emi ssi ons ont o t he
ent r ance sl i t of t he monochr omat or . A Hamamat su
R- 2059 PMT was pl aced at t he exi t sl i t of t he
monochr omat or i n a t her mal l y i nsul at ed encl osur e . The
PMT was cool ed t o - 20° C t o r educe t he dar k cur r ent ,
and a backgr ound r at e of about 10 phot oel ect r ons/ s
was t hus achi eved . The PMT was shi el ded f r om t he
sour ce wi t h l ead br i cks t o pr event di r ect i nt er act i ons of
t he 511 keV phot ons i n t he PMT. The out put of t he
PMT was conver t ed t o a l ogi c pul se by a Tennel ec
TC- 454 const ant f r act i on di scr i mi nat or and subse-
quent l y count ed wi t h a Jor way 84 CAMACscal er . The
cr yst al s and f i r st f ocusi ng l ens wer e pl aced i n t he same

J. D. Val ent i ne et al . / Temper at ur e dependence of CsI ( TI )

Wavel engt h ( nm)
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Fi g . 4 . Gamma- r ay exci t ed CsI ( T0 emi ssi on spect r um at r oom
t emper at ur e f or cr yst al s f r om Bi cr on Cor p . , Hor i ba Cr yst al
Pr oduct s, Rexon Component s, I nc . , and Sol on Technol ogi es,

I nc .

t her mal l y i nsul at ed, t emper at ur e- cont r ol l ed encl osur e
as was used f or t he modi f i ed Bol l i nger - Thomas
met hod, and t emper at ur e r egul at i on met hod A was
used . The dat a wer e cor r ect ed f or t he spect r al ef f i -
ci ency of t he monochr omat or and PMT usi ng a NI ST
t r aceabl e cal i br at ed Hamamat su L2196 Deut er i um
Lamp .

A compar i son of t he CsI ( T1) emi ssi on spect r um
f r om t he f our di f f er ent cr yst al s at r oom t emper at ur e i s
shown i n f i g . 4 wi t h t he dat a nor mal i zed t o uni t y at t he
peak emi ssi on count r at e . The uncer t ai nt i es shown i n
f i g . 4 f or t he STI cr yst al ar e due t o count i ng st at i st i cs
onl y and ar e t ypi cal of t he ot her emi ssi on spect r a
r epor t ed . Emi ssi on bands at about 400 and 560 nm ar e
pr esent and have been at t r i but ed t o F- cent er s cr eat ed
by I - vacanci es and t hal l i um l umi nescence cent er s,
r espect i vel y [ 7] . Fi g . 5 shows t he emi ssi on spect r um f or
t he STI cr yst al as a f unct i on of t emper at ur e, nor mal -

Wavel engt h ( nm)

Fi g . 5 . Temper at ur e dependence of gamma- r ay exci t ed CsI ( Tl )
emi ssi on spect r um f or Sol on Technol ogi es, I nc . cr yst al .
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i zed t o t he peak emi ssi on count r at e at r oom t emper a-
t ur e . The emi ssi on spect r um appear s t o peak bet ween
560 and 570 nmat al l t emper at ur es . The 400 nm band
i s obser ved t o di sappear bet ween - 50 and - 75° C.
Thi s i s bel i eved t o be due t o t he decr eased mobi l i t y
and t her mal exci t at i on of hol es t hat r ecombi ne wi t h
t he F- cent er s t o cr eat e t he 400 nm emi ssi on band .
Al t hough t he 400 nm band i s qui t e evi dent above
- 50° C, i t s r el at i ve cont r i but i on t o a pul se i s smal l . The

smal l peak t hat appear s i n most of t he emi ssi on spect r a
at about 520 nm i s bel i eved t o be due t o cal i br at i on
i naccur aci es and not a t r ue emi ssi on peak . The change
i n r el at i ve peak count r at e obser ved wi t h changi ng
t emper at ur e may be compl i cat ed by t he CsI ( TI ) t her -
mol umi nescence emi ssi ons, as wi l l be di scussed .

Spect r al l y r esol ved t i mi ng measur ement s wer e made
t o det er mi ne t he t empor al l umi nescence i nt ensi t y of
t he 400 and 560 nmbands . By per f or mi ng t he modi f i ed
Bol l i nger - Thomas met hod wi t h t he monochr omat or
set at ei t her 400 or 560 nm, I ( t ) f or t hose emi ssi on
bands was measur ed . No si gni f i cant devi at i on f r om t he
pr evi ousl y r epor t ed r i se and decay t i me const ant s was
obser ved f or ei t her emi ssi on band . Ther ef or e, we con-

cl ude t hat t he emi ssi on spect r um and t empor al l umi -

nescence i nt ensi t y of CsI ( Tl ) ar e i ndependent .

5 . Rel at i ve sci nt i l l at i on yi el d

Si nce t he decay t i mes of CsI ( TI ) ar e t emper at ur e
dependent , i t i s necessar y t o measur e t he sci nt i l l at i on
yi el d usi ng a met hod t hat ei t her account s f or or i s
unaf f ect ed by changes i n decay t i mes . The SSWmet hod
i s a pul se mode met hod t hat was devel oped f or t he

pur pose of det er mi ni ng sci nt i l l at i on yi el d by account -
i ng f or l ong decay t i mes and changes i n t hese decay
t i mes . A cur r ent mode met hod t hat i s unaf f ect ed by

r
c
0

c
U

x

Temper at ur e ( ° C)
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Fi g . 6. Compar i son of Csl ( TI ) r el at i ve sci nt i l l at i on yi el d r esul t s
f r om shaped squar e wave ( SSW) met hod and cur r ent mode

( CM) met hod f or Sol on Technol ogi es, I nc . cr yst al

0 . 6
- 100 - 75 - 50 - 25 0 25 50

Temper at ur e ( ° C)

Fi g . 7 . Csl ( Tl ) r el at i ve sci nt i l l at i on yi el d r esul t s f or cr yst al s
f r om Bi cr on Cor p . , Hor i ba Cr yst al Pr oduct s, Rexon Compo
nent s, I nc, and Sol on Technol ogi es, I nc . measur ed by cur r ent

mode met hod .

decay t i me changes was al so used . The cur r ent mode
met hod was achi eved by pl aci ng an act i ve sour ce near

t he CsI ( TI ) cr yst al and measur i ng t he PMT out put
cur r ent wi t h an el ect r omet er . I t was assumed t hat t he
PMT out put cur r ent i s di r ect l y pr opor t i onal t o t he
sci nt i l l at i on yi el d . The cr yst al was pl aced i n t he same
encl osur e used f or t he emi ssi on spect r um and modi f i ed
Bol l i nger - Thomas measur ement s . The cr yst al t emper -
at ur e was cont r ol l ed by a sl i ght l y di f f er ent met hod
because t her mol umi nescence was obser ved t o af f ect
t hese measur ement s bot h whi l e i ncr easi ng t emper at ur e

and at t her mal equi l i br i um, as f ur t her di scussed i n t he

next sect i on . To avoi d t hese pr obl ems t he cr yst al was
i ni t i al l y heat ed t o 50° C, t he heat i ng el ement t ur ned of f ,
and t he cr yst al cool ed at a r at e of about 1° C per
mi nut e by manual l y r egul at i ng t he l i qui d ni t r ogen f l ow
such t hat t he cr yst al t emper at ur e was monot oni cal l y
decr eased ( t emper at ur e r egul at i on met hod B) . The
l i ght col l ect i on ef f i ci ency and phot odet ect or quant um
ef f i ci ency wer e assumed t o be i ndependent of CsI ( TI )
cr yst al t emper at ur e f or bot h met hods .

A compar i son of t he r esul t s f r om t he SSWmet hod
and cur r ent mode met hod i s shown i n f i g . 6 f or t he STI
cr yst al , whi l e t he r esul t s f r om t he cur r ent mode met hod
f or al l f our cr yst al s ar e shown i n f i g . 7 . The r el at i ve
yi el ds have been nor mal i zed t o uni t y at t he r oom
t emper at ur e yi el d . The sci nt i l l at i on yi el d i s obser ved t o
be onl y sl i ght l y t emper at ur e dependent i n t he r ange of
- 30 t o +50° C var yi ng f r om about 5% above t o 10%
bel ow t he r oom t emper at ur e yi el d, r espect i vel y . The
di f f er ences obser ved bet ween t he r esul t s f or t he SSW
and cur r ent mode met hods f or t he STI cr yst al ar e
assumed t o be due t o not account i ng f or t he t emper a-
t ur e dependence of t he phot odi ode quant um ef f i ci ency
and not model i ng t he r i se t i me exact l y at each t emper -
at ur e i n t he SSWmet hod . Thus, we bel i eve t hat t he



cur r ent mode met hod yi el ds a mor e accur at e est i mat e

of t he t emper at ur e dependence of t he CsI ( TI ) sci nt i l l a-
t i on yi el d .

6 . Ther mol umi nescence

The cur r ent mode sci nt i l l at i on yi el d measur ement s
wer e i ni t i al l y made usi ng t emper at ur e r egul at i on

met hod A. However , t he sci nt i l l at i on yi el d f or t he STI
cr yst al was obser ved t o devi at e by f act or s of up t o f our

i n t he t emper at ur e r ange of - 80 t o - 30° C when
war mi ng t he cr yst al as opposed t o cool i ng t he cr yst al .
Thi s devi at i on has been at t r i but ed t o t her mol umi nes-
cence emi ssi on . Addi t i onal l y, t her mol umi nescence was
obser ved t o af f ect t he cur r ent mode met hod r esul t s at
t her mal equi l i br i um f or t emper at ur e r egul at i on met hod
A i n t he same t emper at ur e r ange . Fur t her mor e, t her -
mol umi nescence r el ease was not obser ved t o af f ect t he
cur r ent mode measur ement s when t emper at ur e r egul a-

t i on met hod B was used .
To det er mi ne t he t emper at ur es and magni t udes of

t he peak t her mol umi nescence emi ssi ons, t he " gl ow
cur ves" of each CSI ( TI ) cr yst al wer e measur ed . Af t er
t he cr yst al s came t o t her mal equi l i br i um at - 100° C,
t he l i qui d ni t r ogen f l ow was t ur ned of f and t he heat i ng
el ement t ur ned on . The cr yst al was subsequent l y heat ed
at a r at e of about 5° C per mi nut e whi l e t he PMT
out put cur r ent was r ecor ded . The cr yst al was cont i nu-
ousl y i r r adi at ed dur i ng t he measur ement s, t hus i t was
necessar y t o subt r act t he gamma- r ay exci t ed sci nt i l l a-
t i on yi el d f r om t he r ecor ded dat a t o ar r i ve at t her mol u-
mi nescence yi el d . The r esul t i ng " gl ow cur ves" f or t he
f our di f f er ent cr yst al s ar e shown i n f i g . 8 . The t her mo-
l umi nescence yi el d f or each cr yst al has been nor mal -
i zed t o i t s r oom t emper at ur e sci nt i l l at i on yi el d . I t i s

J=
U
C

Ê

ô

1~

x

72

Temper at ur e ( ° C)

Fi g . 8 . Csl ( TI ) t her mol umi nescence " gl ow cur ves, " f or cr yst al s
f r om Bi cr on Cor p. , Hor i ba Cr yst al Pr oduct s, Rexon Compo
nent s, I nc . , and Sol on Technol ogi es, I nc. measur ed by cur r ent

mode met hod .
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obser ved t hat al l of t he cr yst al s nave t her mol umi nes-

cence emi ssi on peaks at about - 65° C, t he STI cr yst al

ei t her has peaks at - 65 and - 55° C or one ver y br oad

peak, t he Bi cr on, Hor i ba, and Fcexon cr yst al s have
peaks at about - 90 and + 20° C, and t he Bi cr on cr yst al
has an addi t i onal peak at about - 40° C. We do not

know why t hese si gni f i cant cr yst al - t o- cr yst al di f f er ences
ar e obser ved, but usi ng CsI ( TI ) cr yst al s i n t emper at ur e
r anges of l ar ge t her mol umi nescence yi el d may l ead t o

er r oneous r esul t s.
The t her mal equi l i br i um r el ease of t her mol umi nes-

cence al so af f ect s ot her measur ement s . As pr evi ousl y
ment i oned, t he r el at i ve peak count r at e i n emi ssi on
spect r um measur ement s wi l l pr obabl y be er r oneous i n
t emper at ur e r anges of l ar ge t her mol umi nescence yi el d .
However , t her mol umi nescence was not obser ved t o
change t he shape of t he emi ssi on spect r um. I n l umi -
nescence t i mi ng spect r a, t he t her mol umi nescence man-
i f est s i t sel f as an i ncr ease i n t he chance coi nci dence
r at e . Al t hough t hi s shoul d not af f ect t he modi f i ed
Bol l i nger - Thomas r esul t s, i t f ur t her obscur es t he l ong
decay t i me const ant by decr easi ng t he si gnal - t o- noi se .
Si mi l ar l y, t he pr esence of t her mol umi nescence wi l l de-
cr ease si gnal - t o- noi se f or ot her pul se mode met hods .

The emi ssi on spect r um and decay t i me const ant s of
CsI ( Tl ) have been measur ed over t he t emper at ur e
r ange of - 100 t o +50° C. Emi ssi on spect r a obser ved at
r oom t emper at ur e i n cr yst al s f r om di f f er ent vendor s
showed negl i gi bl e di f f er ences . The decay t i mes f or t he
f our di f f er ent cr yst al s wer e f ound t o var y by l ess t han
10% at 0° C and by 17% at r oom t emper at ur e . The
r el at i ve sci nt i l l at i on yi el d and t her mol umi nescence
" gl ow cur ves" wer e al so measur ed i n t he same t emper -
at ur e r ange . Cr yst al s f r om di f f er ent vendor s wer e ob-
ser ved t o have si mi l ar sci nt i l l at i on yi el d t emper at ur e
dependence, wi t h yi el ds peaki ng at t emper at ur es r ang-
i ng f r om - 30 t o - 20° C. Ther mol umi nescence emi s-
si ons wer e f ound t o peak at about - 65° C f or al l
cr yst al s, whi l e peaks at - 90, - 40, +20, and possi bl y
- 55° C wer e obser ved f or some cr yst al s . For t he STI

cr yst al , i t was f ound t hat t her mol umi nescence i n t he
r ange of - 80 t o - 30° C af f ect s bot h cur r ent and pul se
mode measur ement s because of smal l t emper at ur e os-
ci l l at i ons and/ or t emper at ur e gr adi ent s acr oss t he
cr yst al . Si mi l ar pr obl ems shoul d ar i se f or any CsI ( T1)
cr yst al i n t emper at ur e r anges of l ar ge t her mol umi nes-
cence yi el d . An i mpor t ant i mpl i cat i on of t hese t her mo-
l umi nescence f i ndi ngs i s t hat r esul t s of appl i cat i ons
t hat r equi r e r oom t emper at ur e oper at i on i n cur r ent
mode coul d be suscept i bl e t o t emper at ur e f l uct uat i ons .

The t wo pr i mar y decay t i me const ant s, T, and 72,

wer e f ound t o i ncr ease appr oxi mat el y exponent i al l y
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Tabl e 5
Expect ed wavel engt h- aver aged quant um ef f i ci enci es f or a t yp-
i cal si l i con PI N phot odi ode coupl ed t o CsI ( TO and expect ed
absol ut e sci nt i l l at i on yi el d of CsI ( TI )

Based on a r oom t emper at ur e absol ut e sci nt i l l at i on yi el d of
64800 phot ons/ MeV [ 1] and r el at i ve sci nt i l l at i on yi el d r e-
sul t s .

wi t h i nver se t emper at ur e . A si gni f i cant r i se t i me con-
st ant was f ound t o popul at e r i and i ncr eases exponen-
t i al l y wi t h i nver se t emper at ur e as wel l . The SSW
met hod was f ound t o r each i t s l i mi t s of appl i cabi l i t y
due t o t he l engt h of r , at about - 60° C. The modi f i ed

Bol l i nger - Thomas met hod was f ound t o have pr ob-

l ems m accur at el y det er mi ni ng r 2 because of poor

si gnal - t o- noi se . The si gnal - t o- noi se became wor se wi t h

decr easi ng t emper at ur e due t o t he i ncr easi ng decay

t i mes and coul d have been f ur t her degr aded by t her -
mol umi nescence l i ght .

Al t hough t he emi ssi on spect r um measur ement s f or
t he STI cr yst al pr obabl y i ncl uded t her mol umi nescence
l i ght i n t he - 80 t o - 30° C r ange, i t was not obser ved
t o af f ect t he shape of t he spect r um. Wi t h t he emi ssi on
spect r um shape known, t he expect ed quant um ef f i -

ci ency f or a gi ven phot odet ect or can be cal cul at ed .

Tabl e 5 shows t he expect ed i nt er nal and ext er nal wave-

l engt h- aver aged quant um ef f i ci enci es f or CsI ( Tl ) when

coupl ed t o a t ypi cal si l i con PI N phot odi ode al ong wi t h

t he expect ed absol ut e sci nt i l l at i on yi el d of CsI ( Tl ) . The
wavel engt h- aver aged quant um ef f i ci enci es i ncr ease
wi t h decr easi ng t emper at ur e because of t he decr easi ng
amount of l i ght emi t t ed at shor t wavel engt hs .

An ul t r a- f ast decay component was al so conf i r med .
Our best est i mat e of t he decay t i me i s < 0. 5 ns, but i t
has been pr evi ousl y r epor t ed t o be < 10 ps by Dei ch et

al . [ 19, 20] . The yi el d of t he ul t r a- f ast component ap-
pear s t o be i ndependent of t emper at ur e and account s
f or r oughl y 0. 2%( about 100 phot ons/ MeV f or gamma
r ays) of t he t ot al l i ght yi el d f or t he PMT used . Thi s

yi el d i s t oo smal l t o be seen i n our emi ssi on spect r um

measur ement s, but has been r epor t ed t o have a br oad
emi ssi on band t hat peaks ar ound 620 nm [ 19] . The
ul t r a- f ast component i s of l i mi t ed use i n gamma- r ay
exper i ment s because of t hi s l ong wavel engt h of emi s-
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si on . The quant um ef f i ci ency of t ypi cal phot ocat hodes
at 620 nm i s ver y l ow, such t hat a t ypi cal yi el d wi l l be
< 1 phot oel ect r on/ MeV. Al t hough t he quant um ef f i -

ci ency of phot odi odes i s t ypi cal l y ver y good at 620 nm,
t he phot odi ode noi se wi l l t end t o obscur e t hi s smal l
si gnal .

The sci nt i l l at i on yi el d peaks at about - 30° C f or t he
STI cr yst al . The decr ease i n sci nt i l l at i on yi el d bel ow
t he peak i s at l east par t i al l y due t o ener gy bei ng st or ed
i n t he cr yst al . Thi s st or ed ener gy i s t he sour ce of t he
t her mol umi nescence l i ght t hat i s r el eased when t he
cr yst al i s war med . The peaki ng of t he sci nt i l l at i on yi el d
at - 30° C suggest s t hat ener gy r esol ut i on of CsI ( TI )
shoul d be opt i mi zed at t hi s t emper at ur e . However , t he
l ong decay t i me i s on t he or der of t he l ongest commer -
ci al l y- avai l abl e ampl i f i er shapi ng t i me, r esul t i ng i n a
si gni f i cant bal l i st i c def i ci t . I n f act , t he bal l i st i c def i ci t
causes t he ampl i f i er out put pul se ampl i t ude ( or phot o-
peak cent r oi d) t o decr ease wi t h t emper at ur e bel ow
about + 10° C i ndependent of ampl i f i er shapi ng t i me,
even t hough t he sci nt i l l at i on yi el d i s i ncr easi ng down t o
- 30° C. I mpr ovi ng t he ener gy r esol ut i on of Csl ( TI ) /
phot odi ode det ect or s bel ow r oom t emper at ur e i s t hus
not as pr omi si ng as or i gi nal l y hoped . Si nce t he sci nt i l -
l at i on yi el d var i at i ons wi t h t emper at ur e ar e r el at i vel y
smal l , ot her f act or s, such as decay t i mes and t her mol u-
mi nescence, wi l l di ct at e t he opt i mum oper at i ng t em-
per at ur e .
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