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ABS?BACT

An automated experlmental systen wâs construct.ed

whereby lhe excltation and. emLsslon spectra of soLld lunlneacent
mat,¿rlal-s aay be exanlned at temperatures between lloK. anð.

29OoK" The spectral response of the sys|em was d.eternlned.,

and provlslon nade lro use a computer to correct lunlnescent

By reference to fthe absorptlon spectra of Naf(11 ), the
prlnclpal excltatlon and. eûisslon band. s are a.ssoclaied wlth
the T1+ lqononer and. (T1+)2 dlroer centreso The A excltation
band was found to be not slnglet as prevlously thought, but
doublet, wlth one conponent attrlbuted to the nononer centre
and. the oiher posslbly to a nonomer centre perturbed. by a
nelghbourlng centre" The naln eülsslon peak of NaI(T1 ) at
2"88 eV (4300 A) contalns 1n add.ltton to the prevlously reported
nononer and. d.lner bands., anothes band whlch nay be assoclated.

hrlùh the perturbed. nonomer centre" An elalsslon band. at 3.31
eV (3750 A) and lts assocLated exclùat1on band at Ar"J6 eV

(2?2O A) r,¡as found to be unrelated. to elther of the thallous
lon centres, or to a stolchlonetrlc excess of lod.lne as

sugges¿ed. prevlously.

The Conflguratlonal Coord.inate ModeL was used. to
delrernlne approxinate values for the vibrallonal frequencles
of the grounal and" exclted. 3e., states of the thallous 1on.

The efflclency of Lumlnescence of the dlner centte was



1v

found ùo be about 100 tlnes thai of the nonomer centreo L

new group of "aIIoyed dtlter" lumlnescent naterlal-s 1s proposed

on the basls of the above observatlon"
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... EAS TC CO¡JCIJ.IJTS

I l)-./ i¡ i;,ì:oo',J c C Ì on

A consi.stent quâ41;um mechânica1 treâtment of the

:f nr. e:L'âc i i. on betr\,een nâterialL particl-es a.nd an eLect-roTta?.net,i c

f Lelcl. requr.res as j.iS bâsi.s the deternination of the quantu.m

*ôoL1a.i;i.ot'l of noti.Õn of each Ðârticle in the f 1el.ri. These

eonaiicns {.\rolild le anal.o3-ous to lriaxr{ell-, s ¡ìquati,ons, which

cÌ:¿¡¿ictei:ize the classical theo:'y, The conplexiùy of the
ireairônt is corrnonl¡. reducei. by ep.oroxlrating the real-
j.ni;erâ,.ctlon b¡r one betl{een a particle intel:actln,-ej ouantun

rnechanicaiLy with a cl.e.ssical electroma¿¡netic fielC. Such

ân approxination i.s justif ìecì (t,tesslah , L966) when the total
ener?iy transfer betr,¡een the particles and the raciiation f1eld
is so larqe comoâ.red to the a-nsorbed or enltted photon energy

ihât the d.iscontinuous nâiure of the transler can be lEnôreC.

Equivalently, the approximatlon is vâl.id. for high absorpilon
o! emisslon itltenslties a_t lorr frequ.encies and is partlcril-arly
suited. to problerns lnvolvins'j a pø.r-r,icle I n a stâtic electro-
ina.iTnetic f ield, or one of knor\rn time dependence"

In particular, for an eiectron lnteracting lnrith an

Lncici.ent rê.diation field, the Schrödinger wave equation

C.esc"ibing the motion of the electron is, hrlth conventional

nota.iion:-
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where v(r) is the lnteractlon potentlal betl^'een the electron

and lts local envlronment ¡ r and ó represent the vector and

scalar potentlals descrlblng thJ etectromagnetic field.
.The tlme d.ependent electron wavefunctlon ry'(r) may be

expanded In terms of a l1neâr comb.inatlon of a complete set

of orthonormal elgenfunctlons {u"} Oetonglng to the set of

elgenvalues {en } ., setting

ratr) =f on(r ) un" 
¿Ent/t

n

t.2

where {on } represents a

By uslng tlme dependent

coefflclents {on } may be

set of coefflclents or amplltudes.

perturbatlori. theory, the set of

determlned, yleldlng: -

I i{,¡.- ,}r-1 i{,¡. +, }r-1 I
o¡{r'! =J-l ckÏ --- +cfr 

- 

|''"L {*n.-r} t,ur+,} J

t.3

dèflned
+

where cÈ; are

by¡-
ì

;'nt =

t.- -. "km =

and

"iP't

.-i P' t

ukm = {Ek-Em}/t

matrix elernenùs of the gradlent operåtor

^..v | 
,,")

^ä 
olr,")
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ur is ti'ìe ångrìlalr fre(luency of ì;he incident r'a.di.ati-on

f i.eirì, Ao tÌ're FolaÌ'izaiiol'ì veciol' , a'n.d B 't'Y!e 
Þ7: ôÞa.i\ait í on

\rêctor.

( Il) I.r:1aç.i_1"¡Sn t rll.n.'i:iLi.!X

llhe probalrility of a ira.nsition f::orn state m to state,

k (m---+ k) I'rithl,n the iiùe t i. s :

I t,
lol'' ttt ¡

and. íjîom nquation I.3 the transitlon probablliì;y i.s

acpreoiable only nhen the denornlne-Lcr of etthe" of the terrns

ai:.croaches zero" If E>Em, la::ge translì;ion probabllities

occrir on.ly 1,Íhen Ekcr E|'¡ f Tru " The f irst iern of Equation T. 3

Ìra.y ihen be interp"eted a.s an a-bsorption oí one oua.nturn oî

ei'rei¡i-y, tLuu, , from the radíatlon f ield. Slml-l-arLy the d. o-r',n'li\rard

traì'rsition k.-., m 1s assoclatedr !üi ìth the induceo enission of

one qu,antu.n r^rhose frequ.enc]¡ coÌ'respond.s to that of the

monoch¡ronati.c radiatl.on f iefd 
"

]leca.use of its enel'sy depenclence ' the bransition

nroba.irl.ll{;y is ind.eDend ent of tiTne only iÍ the f inaf siate

J,nvolved in the transition is on.e of â. continuously distrlbuted.

or. I¡(ì-.rJ¡ c:l-osell/ spaced grot:.þ (Schi-ff , 1,955). Holrrever,

tr"¿-nsitions beir,,¡een d.lscrete states a-re of Ìm:oortence io

optical studies anrl cornputabiôn of thç associated trensifion

,Ð-¡obairi.lity is deslrcable. þ-or such cases, i.f ihe inciclenr

T'¿.ò,i.è,t ío¡ i.s sirictly nonochTonatlc ' ihe tï'e.nsitiÒn ,oïobability
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per unlt tlae ls not constant but depends rnarkedly upon the

dlfference between u¡ and u¡km o fn order to develop the theory
further the assumption 1s nade that the lncident radlation
fleLd covers a rânge of frequencles, as 1n practlce lt
usually does, and that there rnay be associated vrith the flefd
an lntenslty per unit frequency range that is constant 1n the
nelghbourhood of r¡,-_ (Heltler, 1954),-xm

If 'the lntenslty 1n the small angular frequency range

A, ls I[r]À, , then the probablltty of a transitlon that
l-eaves the electron ln a hlgher energy state 1s¡ fron
Equatlon I.4 ¡-

l.-,,,1'=¡1",-,'¡'l.-il'l{##l' ,5

The above sunmation rnay be replaced. by an lntegral (Schlff,
7955), and the probabllity per unlt tlne (wkm/ for both

absorptlve and emlsslve tTansltlons nay then be wrltten as!-

wk.= ffirt-.rl(r-l"da'!s,od4lr,)'l' r.ó

where grodo ls the component of the gradlent operator along

the polarlzatlon vector Ao.

(C) EIectrlc Dllo1e Trepqltlons_

A further approxlmatlon tn Equatlon I"6 ls posslble

for localized atons or centres lnte::a.ctlng l¡1th ultraviolet



t---_.__,-._..__-.._

5

or1onger.[\lave1en€(thradi.ation.Sucha1oca1izedcentre

has a ll.near dlnension of only a few Angstron unlts so

ttlat the tern "iP-'t.^ry be approxlmated by unlty. Thus

the exponentlal may be. expanded as a povrer serl.es, resultln¿r

1n the reductlon of Equatlon I.6 to ¡-

wk. = {f r[,n.J 
l,u,"l'

where r¡. 1s the nìean component of the partlcle electrl.c
dlpole noment' 1n the dlrectlon of polarlzation.

The "Elnstein B Coefflctent" (Schtff, 1955) for
lncluced absorptlon or enlsslon 1s the transltlon probability
per unlt tlrnetper unlt energy denslty, wh1lst the spontaneous

emlssion probablllty, t/r , usually ca1led the "Elnsteln A

Coefflclent", 1s glven be1ow.

(+)-. = #l'n,l' ,g

Assumlng, as before, that transltions occur.to one of a

contlnuous or closely spaced set of states, the spontaneous

enlsslon probablllty may be r¿Êltten as a functlon of energy

ln the f orn.¡ -

',k,[E] = (+) ';t't = **,:fu¡

t
lÀ"

t.7

1.9

, where r¡r[r] is a narrow functlon of enerpçy normallzed so that



¡frf,"[e] ae = 1

( ü ) 5" "o-tt l.-qn-.,c-:rggi:-_::1e.'c_t:iìj 4

The absorpti on cross section 1Ð \ t"" a éliver.ì +-Tensit ian\ mk /
is d.tii.ned as thè eilerr"J¡ abso:rbe<l -oer rìnil tine fô" â.n

ì]1ciC ent ene:r$y f h.lr cnrresi-.ond ing .to ône nhoton ÞÊ7, uni t
r¡oj.D¡.:e " Thus the total cross section integrâ-ued o1,er the
absoiîloti.on line 11dt,h f oIl-oi{s froÌn .,qquet i on -.1 

"7 and 1st-

\\
¿"-

4r2 e2 I 12= i;- *r.l,t'"l'
m-k

and. the.absorpti.on coeffictent þn,.¡trl) at a pe:rticular energy

E isr-

ø,r[e] 
= 
r,fiçtulÐ 

=
m -+k

,.-2-24n ë E I r¿ -O T-ì-3ñ" 'km lrkml tmk Ltl

t+ìrere Fåf[e] is the absorptioi.t line shape function norrnalized
so ihat I

I ..

/¡åçleldE = IJ"
( ¡ ) .Uie-9i--gt-*th9-lo_Lt_ */Ìe-tr¿i_a-l--Sn_jÀe._lt{3jåe.:-9.çnt:_çS]1r,fç-

The opìrì câl þïopertles of solid luminesoent ma.te:i:ial_s

are ckataateris|rc not of isolaied etomlc systeÌ1s, as treateci
-!n the pi:evious s.ection, but Õl ceiltres embecl<1ecl i\,ithin a

(ìi.e lectric ned lur¡. fhe pr:esence of bhe host ,naterial
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nÈc,e¡ig1-:¡2 i-.es cel:tej.n ljheor,'ei j. c.aj- llìo.tif i ce,tions, r^¡hich ta.\e a

nn.:ia¡:e abI-e Í'or,n when the rîo1-l.o¡' j 11.,ì coid i tions j)revail. I -
a) The ooncentr¿).t l. on of lìini.nesceni centrerì 'r,¡j.thi.1 ihe

hoqt i. s'ìr"f iclently 1on ihet ir.ierecti.ons betr,reen the celiraes

ìrr:¡ b,: : e1l.e c ierJ

b) rlhe trensi.tions bril;nin tile cenit:e occu:r at energies

fa-.r lc,noved from those âi- ï^rì,1i ch t.,:ansli;i-ons occur ¡rithin the

hcst c:r¡¡sï;a1 " That . i. s , the centre d oes not resonate' lvith the

.t3'i;i:ioe

Tn ¡çene::al the modif icatiotls irnposed upÕn the energy

1evels and r,rave f itnct i ons of the isolated centre å._rîe determined

b), iihe structure and materlê.l of the host" However, Lax

(7952) has sho¡vn thai l^rithin the above appro).imatlons, the

iiost d ì.electric medium rna¡,r ¡" chal:acterlzed by 1ts refractlve
i.ncì.ex i ef f ecì;lve f i e1d at the centre, å-nd ef f ective nass f or

charge ce"í.lers. Foilotri_n,g his treat¡ient, the effect of the

host uoon the o,otì.cal- ,oropelîties of the lunJ.nescent cetìt?e

niay be represented by adciitionâI fac|ors in the expresslons

for the absorpiion coeff ici.ent and ihe ppontaneous emission

pro'nabi.1iby" ,9quatlons I"9 and .t .12 then becomer-

'kr[E]
lr*.1'

[*l*]

"]*rf'l'*'l'r;."¡e¡
and

o.l-el =MKL J #{ u*'l'*'l'o;o¡ui r.t5



I
r,,irìer:e €e Ìs th.e effeciive fieÌC j.nciu.cin¿.: the t.ransj,tion, eo

tho average f i.e_l-d J.n the C.irrlect:rj c rneri.ium, e.r,cJ. n i;he rea-L

'r'ìrese equat j.ons, -r,he1 , togeiher wj.th ihe el.ectronic
i.r¡er."e 1"Lir: c í- i ons and. ener,g'y 1e¡¡eis, def ine the opticat processeg

.c,h 
e.-::p-.c N e r j.stlc of a lurnin.esceni centre surroundecl by a

Cl.eiectri_c ned-i.1ìm. ilheir: uti:Li zati.on to conoute +,,he

exÐeï,1n1enlally obserrred optica:l_ pheì..ìoaena, such a-s band

l]osi.t ions, s'aaÐes and in-r,ensities , te_rnperature ând .oressure
cìependencies, eic", of a pâït lcular rnaterlai, requires the
eicpti,on of fu-rther ep orox i.Írât i ons s*l ted to the materia.l- in
ouest:i.on. The f ol.lowing chapter ?.rlll review this topic in.
líìore C etail



citAi,T!l,l l i

¡- r: jriÌO.vi.il\iriTT0liÍi i'iilì ä'T l\r Fliii-ll T0 Tlil:.- Tilli0nY CF' C¡ìlrTT--!S

itt¡ 1¡u -l-La::1;ree-li'ock A'¡lnr'c:: i nEì-ii on

-i.n most atorri.c syslells, anC e-lrnost inr¡ar:,ab1y ln sc;lid.

s i.â,.te 1-.h)¡sics, j.i; ,r_ s necessary bo a.pi-.76" inaj:e the !.Jp-vefu.nci j_on

Ulq r.r... rn) descr'Ìbine, â stâte. invofviÌtfl lrany clec'urotls ry\r z "l

a- pr,oc'uot .:,¡avef u.nct i on of the f orrn þr(,r ) úz(,2)".ú" (")
r,rh.-.re ú¿(r¿) is depenCeni; upon bhe coordl.nates of on1¡r one

e l.eclron. The PauIj. exclusio¡. pni.nciple j.s violated. j.n t1'ìe

Hart:.ee s1.mplif j ceti.on ¡ bulr thì.s ìna)¡ be corrected by the u.se

oî the ântisl¡mmetlîi.c Sleter*Fock rleterm j.nant: -

u (,r ,2..,ù = F,J"
ithe¡e the coord.inate (i) includes botÌi spin a.nd space

coriponents, The one el-ectron ap-oro>:1maìt i on is Clscussed in
octali by keiLz (I955)

( B ) TS.Àf .g:"q--T¿a-t¡1,_111e_

The rigid or sia.tic :Lâitlce moriel. assumes that the

o;:riicaf phenomena chå.lracte:ì.1sbi.o of the isofate(ì inÞuì lty
cen tres -ìresu:l.t f:ìlon tre-l,lsi.tions k¡etween the enerß],/ l.erref s of

elect,tons 1n a flxed ¡oiential f ielri Eener:ated by the r'igld
l€-ttice" It.norving the f ì.xed 'ootentia-l-, the electronlc

U.ì
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tir.Íìïe ::rÌi,ìcti,ons a l.r cJ. e¡eTlty 1e.,¡e..1_ s lray be co,,nÐU.t,.(1 " Togetka!
r.iì i;h '-Ììe Ìnått:-t x eI e'ì6n¡s ieåd inr: io üt_qua_tions .1. "11! anð T"I 5,
:l'ìrirs ¿.n a.l.nost cc¡niiletc descr: j oì; j on of ihe oÐr j_cs_l Þrocess
oÍrn bir o-nia.iner_ì , Ì):]:'ovidecl :r:e¿:ii sti.c va.l ues a! the ef f ectlve
:'r eld r..¿ii o ( De;r'be::r , 1.956¡ .De:lte:r , 1956ai i{cCiu.re , 1.959 ¡

i:+rzr:'ei.d , 196\ ) , r.efra.otive i.ndex (Dexier , I956e.) , and.

ei"fecir.r¡g mass (Lax, fg56t Dexter eN aI ., 1956) a.re a.vai.7.e.o1.e.

( c ) T.,:S__\¡ i_þif:_r.:l n_g_-L?._L_r_i.9-9.

In the previous sect j,on, the impurity cent?e l,ier.¡e _

:alrncti.ons r.iere clependent upon .bhe.el-ecì;r,on coordinetu" (t ,

'".r I ì;h no coì,ìs:Lde:cat j on beiirg g1_ven to the coordi_ne_tes of the
ia,ttioi;, Such an om:.s$l on is cleârly ììnrêalis.bi.c; but on the
o;ìer hano the SchTödl3ger ec,uat j_ oll f or a systern h,hose ì.(-âve_

íu:-.c1.ion fnr¡olves ihe eleci¡on coordìnates (r) and oossibly
e. fa:.se nlrnber of l.attlce coo:rdlnai;es (x) is too difficult
io soive " The developmeni; Òf the f ol.1or^ring a,oproxinailons

Þâved the tray for further theoretical arlvance.

(1 ) !bS_lp;n"-_o:e_gù-eir-9r"._ or" A(ì j q,b?r.r c :þ-ro_Lo{lJ,:_r*l_ojl

The iiorn.- Oppenh e i rn er app:coxl_nê.t l on (Ilo::n ancl

Oppenheiner , L92?; Seti;2, L)!O; Golclberg, 1966) has its basis
in the fe"c| l:ha.t the :oeriod of orbital electronic notion ls
usually short comÞa.red rrith the per.iod of l-attice vibratlotìs.
Thus there exlst statlonary electt:onic s.bates, described by

f,he na.ny electron t{avefunctions é(r) that are functions onÌy



11

\ll1 i;i'ie ef ecironi c coor:d. j.nates (l , ând these s.bâ.ies vii1l be

srrooilh:ì.1¡ o" a.d.J.abatlcâl1-l/ de.lo:.rned b)¡ the o isplacer!ents of
t,he nr.rclei f:ro* theì.r equi.,!ibr.lun posi.ti ons " ifhus the total
¡ta¡¡eÎl;¡ciion ,f 

¡r, 
*1 np-.J¡ be i.,.rit¿en as a p?oduct function in

'¿h e îorrn : -

uo (r, x) = óux (,) nuo(*) I1.2

r¿h-^¡e the eiecironic ¡rp*vefunctio" O(r) is pez,anetr lca]r]¿y

.ì eÞe1o eni; on ùhe lnstanianeous positions (x) of the nucle j. 
"

Tìre n:rcl.ear ¡iar¡eíunclion n(x) d.epends pat a:netTicall;, on ,n"
elecl,ronic state (b) , but not on the Þositions of the eiectrons.
:'lìe r:'.1¿äi; ¿1rì nur¡bers la.belling the eLectronic and nuclear
si,etes a:4e l:èsDectiveiy b anC. p 

"

The aciiabatic approx j.,np-t i on would appear to be \¡alid
.lrovi(l ed ! -

nu)

Eo-% *
Hoì{-evel , HerÌ'1ng Q956) gives a sonewhât more prec j.se

ccad ition , na.r,ely

.3

nur

-b 'o

ì,rheLe AX 1s the lattlce
the nuclea.r d i. sþl-aceìÌìent

chairge in ihe electroni c

vibrational amplitude, ana (axf
necessa?y to p::ocìuce a si,otniflcani

'¡¡avefùncbio:.t" Cn the basis oî this
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3¡i.1-,er:lon, the adlÉìbstic aprrroxt_ina.tl on is va:i.i.cl (Ðexte::,

i95u(¿:,; GcrLril:er.g, 7p6(t) :i'ar flÕst i.,:Õr,î:e.ni c semj.conducùors

al.,cl -l-ocal-i zed inÞìr_rit,y ceì,lt,r.es, i\,iterein the el_ect:lîonic

s'da-beìi I o]1 visible ând ìtltuavi ol-e.L ttîansi.bions p-.re not too
ci osol;.1 si:a-ce<ì. Tìr e r¡iolation of thl s a.9.g!oz\nàLi.an

increas-.s the pi:oba/bi.1ity o.l non-rad:iatlve tra.nsitions 
"

l:he tra.nsiti.ons involved ln the baslc Aotrations I"1lr
¿'"nd l.:l j r.nL1r ¡6¡s be re-exa¡nined. and divj.ded lnto the
.l o 1i. orr'1ng cs.i,e[.;ori es

(a) Transi.ti.ons invoj.l¡inE the nucl,eaÍ, rvavefunctions
ori.y are not of interest here since they excì_urìe the
:nÞuriiy c-ôntre 

"

(b) Transitions thet invol.rre only the electron j.c

Tt?.l'efL1'.ct j.ons ôccur rai].ì1y tn orflani.c and rare earth nateriåLs,
e-nd Tril.l not be d iscussed furtheï"

(c ) Transl..b j.ons in ¡rhich both the nuciear end the
eleclronic l^¡avefunci; i on s change âre of principar- concern here
si.-1ce ihey occur ln the alka.li hal.ictes.

ln th i s nof.e flenerâi case , e¿.ich given electr,Õni c
'bransltt.on (q €.+ b) r,¡i11 have an essociaied vibrational sþectrun
in.rolving trans.t.tions ("...0) bel¡reen pairs of vibrationai
sLates., eech 1lne i^¡1thin .bhe vibr:at j.onal- s,cectrr"rm having a

Lor ent z )..ò.n d.istrlbution (Ðexte::, t956a) " Tlîe baslc
Eoua.tions I.1-4 and I.15 are stil.l va1id., but i\rith the euântur¡
nunbe¡s (m) and (k) Aene"alizèd to include both electronic
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aÌr(i r¡rìcj,e¿ll:. stâbes " In a.n absol'p.itlve t.¡'p-nsition ller.vieen ivro

c:iccJltoi'li o stâies âb absoìiite zèTa, a surít lnLtst be perf orneC

ol¡€iL' -úhe vibratioi-.e-i .ì-evels assoclai;ed wi.i,h the exci.ted

eiÊc;1ol1j,c sta le; Aù el.eva.terj. ten.oeratu.res, in â-dd it j.on to
ti'e s:;n'¡a.Lion over the f inâ:ì. vibretionâl sta-tes, an

e/.ijoïor)rie.te therlnal- aI,era.ge ,.nrrsi be perf o:rTned ovel: the

.ooÕu.l-âiríon of vibrs.ti.onal levels l.n ¿he initlal electronlc
ri i;âir e 

"

The

i;hlr.s r¡,o<ì.i.f i
averaçles ov

øo6 [El =

and

teapera.tr.Ìr'e Eqr2ailons T.,L4 es¡ð. T .1_J are

1ng Àvo anci Avp to denoie statistlcaÌ
bi.aì.1y occrrpiecì. vibï.eiionaI siates, bec

ba, s

ed'

f t'
I f tut[.
L\'e

ée

1 c 1o¡v

and us

the ini

.z'l
,l 1 I¿rr'e'1!- t-
/ ^ 1to"

\:-\
ouo )4-*J

ß

,5

'0.[,] = 
lf=+l*^æi 

uo.u*l'lr"u"l' o;p" [,]

r"¡here the niatrix element r^r^. ^ i. s def j.ned as : _

,,obo' = -l'f ni-t*lr:r,;i,i rrp6(x)dux(,)axa, ,.7
llÕnnal-Iy |,he ma:ny vlbrat l ona1 l ines und erlying an

cl ec;1oì1i c transitlon are urrreso-Lved, resulllng ln the broai
abso",otion p-nd emissioir speci;ra- charlacterlsti c of l-uminescer,ce

fro-rû impurit¡r centres. fn such ce-ses the shape functions
, o6aÉ

¡Je. -F - ¡l-, bp -ocl -J
.tr is , however, sometiines i¡osslbLe

uad Ff,op* rnay be rep.Laced b¡r the d.eLta functions; -

bo observe the vibrat i on;.i
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s ir!.:c i;.r.'Lrîi und.erf yi¡pl âi'l a-bs o,TTJìr i, cn or enisston band . ThJ s

Ì)ìi er olr eÌl ori r,iill- 'oe considered late::"

( 2 ) :ih e._9 QI-ç.9j'ì .ÀQg¡ Õ-Ii-re-t-]*or1

(lsing-.' the lJorn eppl:ox1.meiïon, .ihe dipol e vte:'cTix

eie:nen i cf nquai;lon T'i,? n.a.y be rer^rritten in Uhe f orïn : -

'"soB = f ïro"d(x) nbp(x) ,.r(x) ax
irh e¡ e

,"0 (x) = .,1" 
r:r(il,1 oorl,¡a.

l,.r-ri' .= 
<r,oul'> ^"llnt" 

(x)nou(x)axl

I '0.0. l' = < l'uo l't o" 
lJ n;o (x) n." (x)txli

fn generAl ihe Condon. eqere.ge for an absorptive transi\iiox

r,¡11] riiÍ'f er frort thai f or an emissive one, slnce diff eÏent

I r.9

'ihe el.ecironic warref'unctions ó"x(l) depend pârarnetricâliy

r.¡on tìre nuclea:: coorC j.na.les a:-1C result 1n the matrix

eienenÌ; ,og(X) bein¿'i a fu.nctlo¿ of X " The condon at plaxina.iio?.

i:inoaes ,;his rì.epenC,enoe or 1n a ref i).ìed äÞoroxl.maiion

srìbsiii;u tles alî åpp"ì:opï j.ate a.ver.a,1'. over the lruclear

cool:din¿ìtes " 't'his rcsult can af so be obtatneO froÍ the

Hcin - Onpenhe imer approxi,'net j.on, j.f at lquation II 
" 
2 the

.oâraÌreiaì.c d.epencìence of ì,he eiectronic tJâvefuncil.on u.pon

i:he ¡-iuclear coorclina.tes 1s negleciecì.

Thus the squal:e of the !ipole aatrix elernents for
p..bsor¡tion and enlssion become: -

. t0

¡t-tI
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sâirs oi1 ¡rircl,ea.r coordins-tes ¿f,re lnvolved in eac,h tra-nsi ¿ion"

:r'ri:al¡,iir " t,ìre i:e1c;va-nt nucle ar coord illa-tes d epenrl upon the

j)âïticuler vibretiona-l stetes a anð g invÕlved , so Lb,â.t e.

s'ü.iio-bie ¡n ep-,n nust be i;ellen ovet' the vib:rationâl s,oectruÍ)

Ir1 s!ite of its â;r.rost. unive lrsal ¡ra.ctical usÕ, the

CcnCon a,o,oroliimat j on has suff ered f ittte scrut j.ny. Dexier

(i95!.',) e lrorvever, caLculated thet :lor a i¡ei1 l-ocalized

ceÌitÍè, the Con.don aÐpioximâ-iion depresses the low energy

s':c.e re-l-stive to the high eneÌ'gy side of the ernisslon banC.,

:t:obebl J¡ b)¡ soneth j-nq . less iha¡ ien Þercenl , a-nd, vlce rrersa

:ior 'úhe absorpiion band. 
"

(D) !g,Ua{fF*on of th. iiisrS lÌì1,1 Vij] _Lqt:_fSS_lgÈef-s_

The plîevious disoussion has ernpha.sized and perhaps lent
no'.re credj.bility to the â.d.iê.batic approxiaa-tion ab the

ci:le.)se oi iþe st¿:tic o:le. This bies l.rì .jrtstif-ie('L ir: the

prëÊcrlN cc'cte;rt sjnce ltr l-ea.rj s raiher elegantl¡r to the con-

f iÉÌurs.ii,onal coordinaie r0ode1 , the basls of this thesls.
i.ir1f ortunetel.y, sore of the l itere.'r,utîe in the ailcali

ha"l1o¡: i: j"elc1 proliferaiès this bj.as tô the exten-r. of regarding

the adlabati.c app"oxlmâ-tion as "exact" or a.t least su_r,erior

fc) tlle si,atic (T,ax, 1956) " Iiriih the exc.eption of a bcôl< by

l',orn and. fi¡an:+ (L954 ) there âppes.rs little to justify thi s

âpile-rent su.ce"l,orJ.t)¡, especially in vier,r of par¡ers by

1ì'¡'enke1 (I932) end i{arlrhs.m (Lg54) }¡hi ch ind.icate tha.t the
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âdLabatlc approach 1s merely an âlternate approxlmatlon, not

necessarlly superlor. Markham (L956) cornpared. the two

eppl:oxllüaNl ons by roeans of the varlatlonal prlnclple, and

conoluded. thaù the statlc approach overestlnates the potentlal
energy ånd underestlroates the klnettc energy assoclated wlth
the lattlce o whllst the adiabatlc approxlnatlon d.oes ex.actly

the opposlte.



CHAPTER IIT

TÌTE THEqRY OF IDEAL ZED CENTREq

Beturnlng to a central thene of the theoretlcal
discussion, the predlctlon of the ex.oerlmentally observed
absorptlon and enlsslon baird,shapes ls characterlzed. by
Equatlons TI.5 and II"6, whtch both lnvolve the shape

factors F . Even lf the approxlnoatlons of the prevlous
chapter are raad.e o the band shape car.culairon ls st11r such
a formidable tesk that once nore recourse has to be nad.e to
a speclfic slmpllfled nod.el of the 1u¡nlnescent centre. fhe
"drffuse" and "wel1 r-ocarrzed." ¡ooders are lnvorved., resultrng
in the followlng treatnents ¡

(A) ',Ih e- Harmo4!c or llngar_Âpproxlmatl on

the Llnear approxlmatlon, usualLy used 1n conjunction
wlth the drffuse nodel , essunes ihat elecùron wavefunctrons
and energy levels of the centre ln a statlc und eforned. lattlce
are avallable (Wann1er. LgjZ) for use 1n a perturbatlon
calculatlo¡r. ïn otder to use a perturbatlon technlque, a
weak interaetl0n between the centre and the lattlce 10ns 1s
nandatory, and the harmonlc approxlnatlon requlres that the
i-nterec¿lon energy be Ilnear 1n the d.ispLacenents of the rons
frorc their equillbrtun posltions " The developnent of thls
nodel by Huang and Rhys (1950), Lax (1952), O,Bourke (Lg53)
and. Pekar (L95j) ts outLlned. below.
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In the statlc âpproxLmå.tlon, Nhe fattlce nay be

regarded es a seL of N lnd.ependent harmonlc osclllators a1Ì

of the same frequency" îhe sysben üåy then be characterlzed.

ln sultable unlts by a Hârûlltonlan of bhe for¡rr-

-1- .
Hob = LX lx,' + {,ib}'Xil nr.r

z É-.<J L rj=l

r,rlth harnonlc r{avefunctlons ¡ -

o'i(x¡) ond ro,(x,)
for whlch the energy levels are¡-

Eo = Jn9 + l/- lliug ond eb - Jnþ+ t/^ lT,.,,',þ( J ¿2 I J - I J t¿t I

wlLh q and. b d.enotlng the ground. and. exclted eLectronic

sùates ïespectlveIy" In general the wavefuncf;ions of the

vlbratlonal states can be expanded ln terros of the Born-

oppenhelner approxlnatlon accordlng ùo Nhe prevlous chapter.

The lnteråctlon Hanlltonlan, d.lctated. by the Llnear

approxlmatlon, beeoües s -
N

nlb - r .\a ¡, X, nt.2H;; 
= 

ñà 
^,^,

r^rhere Aj ls the coupllng constant between the centre and the

lettlce for the elecgronlc transltlon o -+ b ¡

By naklng the foll-ov¡lng llnear transfornatlon upon the

nornal latltce coordlnates Xj the systen roay be reduced.

once agaln to a set of oscllLators.
..ob ., I 1r9b\-2 o, t.3Àj -+ x¡- ,':{,1"f A,¡Jñ-ìrf ''
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Then the total Hamiltonian becones ¡-

- *{",i'f'^i]
end the rlghl hand tern, being lndepend.ent of the nuclear

coordlnateso represenùs s relatlve shlft tn the energy

levels I'esu1tIng froû the lnte-¡actlon" Thus the electronlc
ùransltlon energy becomes ¡ -

('" o )'
wl th

ntbo 
= 

Eb - bq

Recal-I1n9 Equatlons ïI"5 and. II"6u the absorptlon coeff lcl.qnt
and. spontaneous emlsslon probablliÈy are given byr-

- [.] k."\'rl Ë t,\) l, , ll r,%oL'J = 
L(;l-"1 

.- *"Åo 
l%o"0ll"u"pl' ti'p(Ð

and.

,0"[,] - 
[tA'"1#, 

*,Ð1,,*"ll,o"o"l',;p"(Ð

Certaln terms Írlthln these equatlons may novr be slnpllfled
further by appllcatlon of prevlously dlscussed. approxlnatlons,
and the llmltattons of the preseni nodel_"

(f ) fne Cond.on approxlnatlon is lnvoked. to average over

the vlbratlonal states o replaclng elenents of the form¡-

l¡t.5

N

= Eob - *x{,:'}-'^l
j 

='l

lr,,u l' ur <l,"ul, *ly'n:"(x) n,u(x)ax 
I
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according to Equatlons II.1O and II"1L" In addltlon, the

energy ùerms of Eqìratlons II"5 and. TI.6 I I r I

åre replaced by surtable averages, .lr.Jtlt""Ílu i¡url.uJ]*l 
'

assualng that the varlatlon of ¡ over the absorptlon and.

enlsslon bands ls sma1l conpared with ùhe average va1ue"

Thlse the so-called. "narrow band approxlrûatlon,,, 1s clearLy

nol: a good approxlnatlono but ls reasonable 1n vlew of the

lack of a functlonal depend.ence between lr"¡l and the nuclear

.coord.lnates "

(e) tne shape functtons r"(e ) ano r"(e) are replaced
.by Dlrac d.elta functlons expressed. ln the lnteg"al represent-
atlon of Lax (1952)t-

o(,) = u{roru.o-r} =+*f.*{'ru-'oo-u}0, . rt.7

*n"""{ro, - ,.*} u deLernlneu iio* the osctllator energy

leveis , ls a-

{uou- 
u."} = ñ.bo .Ð[{"t.r]o*? - i"ï *'/rlo-",] ,,,.,

J=¡ -

In Seneral Eob ) ñ*bo > Ebo and the d.lfference between Eob

and Ebo is comroonly caIled the Stokes' shift.
thus substltutlon of III"6, III.Z, and III.B lnto II"5

and. Il"6 glves3-

*o[,] = tgi # .1.,1,,* . 
1,",1,o" r",þl

[tg- 
"] *' l'0"11^"' l',.1ï

t¡t.9

r¡t.t0"r" ['] = ' [.-l
^bo L'l
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where Iqb and Ibo a.re the normallzed absorptLon and emlsslon

band shapes glven by!-

, T,l ,' \-F "l"-'-"ll- t2

t.oL,l = +^""}j{o,"rt''p 
"'" "lljnå(r)n,u(x)ax 

| ,,,.,,

- rr x-F ¿tlr-r-r\lr i'rr"L,l= j^ ^"rà__l,"rt'bp""'ul.Ïnitx)n."tx)axl,t.12

The rûajor shape depend.ence results from the square of the

vlbreùlonal overLap lntegralû whlch may be evaluaÈed. expllcltly
since each vlbrairlonal wsvefunctlon ls a prod.uct of the

haruonlc osclllator wavefunctlons ¡ -
N 

i.t3
\ffi'ì / \n.,(x) = I l' o: (x,)

J=l iu \t'/

v¡here s deflnes the quantun state of the J-th oscllLator node.

The band shapeso glven 1n Equatlons III"11. and. III"12,
have been eval-uated (O'Bourke, t953) and. may be expressed ln
the f orro : -

, t--l , f( i[ruoo-u]t 
-gþt'"?'T]c.*r,{n,frr}]Lrlul = *r.l j" u'Éfr

-oo 
t

FN
t\'t->

*" LÏY
.,,; {efl,fr2 -ai/øit2l I Irñ@l 

1,,")
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ùogether r'¡ith a slrûtler eo,uatron for the emlssron band shape"
By assumln8 Èhat the vlbrational wavefunctl0ns have ldentlcal
form ln both the exclÈed and. ground. stateso (1"e" Lu1 = *þ=tll-=t)
constant )o Huang and Bhys (L950) and. pekar (Lg53) r,¡ere able
Ùo slmpllfy Eque'tl.n rrr"1t, further and. express the absorptl0n
coefflclent of Equât1on lII"9 ln the formr_

ø[Ë'oo-tme] 
[kl*]PJrtur27"<¡,"0¡>, *þ¡;]z

where p ls an rnteger. and. ro the p-th nod.ified. Bessel functlon
of the 1st klnd " çn¡ is the nean nu'ber of vlbraÈrona1
quanta 1n each osclllator at a tenperatuïe T ,

-{¡alr;-r}l.e, <n> = e'

. s ls the nean number of vlbra¿Lona1 quanta eültted. or
absorbed 1n the electronlc transltlon, and. ls glven byr_

s = I (¡'-.q?)2
2 ha3
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ff each delta functlon of Equa|lon III"15 is
efl'ectlvely "sr4eared out" over a range of energles, then the
resultant contlnuous functlon 1s approxlnåtely Gausslan 1n

energy (Laxo 1952) " the predlcied peak posLtlons of the
absorptlon ând erolsslon bands are lndepend.ent of tenperature,
havlng the forn: -

'ô
Eob È Eo5(mox) :. hr, + S'h ¡ú

-otbo È Ego(to"¡ = h u'roo = sìü

The pred.lcted nean square wld.ths of bofh bands are the sane"

nardely

r 12 .2<fe - er'.^tl ¡ = {or }- s {z <n> + r}

= {rr}t s col.{tio/zlr} lu.ìz

thus at Iow teroperatures ùhe band wiôth ls constant (= r-1F) ,\ '/
and at hlgh teroperatures varles 

"* {î .

Uslng Ïravefunctlons calculated. by Slmpson (1949),

Huang and Rhys (1950) found. that for an F-centre ln KBr, s

hâs the value 1.6" fhe upper 1i¡rlt fors , correspond.lng to
extreme localrzatron of the ground state and d.lffusron of the
exclted. state, was also calculated. and. found. to be JJ. fhe
best avallaÈIe experlmental value agaLnst whlch to check the
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theory ls 22"4 (Dextero L956a) " The 1ov¡ i:heoretlcal
esilneblon of s lnd.lcates that the long rânge lnterac|lon
assum.ed by Hu.ang ancl Rhys i s 

- 
lnøde<1u.ate o and. that the Local

effects of the nearest nelghbours of the F_centre are
probably appreclable" The followlng experLnental evld.ence

supports thls suggestlon r -
(a) îhe peak posi-tion of the F-band shifts wlth

temperature (pohlo 193?¡ Ruesel1 and Kllck, 1956)"
(b ) The rrld.ths of the ãbsorptl.on s.nd enlsslon band s are

unequal (Botden et aI., L954)

Further, a theóreùical tree.tnent (Ðexter, 1956) s?rov¡s

that nost of the charge dlstrlbublon of the F-cen¿re ground

state o and roughly half that of the exclted. statee 1les
vllthln one lnterlonle radlus of the centre. For such a well_
localj.zed dlstrlbirtlon0 a ',pa?tlele l-n a box" rnodel ( Ivey,
1947 ¡ JacoU s , L9 54) r,¡ould be rnore approprlate 

"

PdKàT (L953) perforned. an F-centre calculåtion
slmllar to that of Huang and Rhys and ol¡talned. sonewhat

better âgreenent trlth experlnent" In ad.dltlon to d.er1v1ng

for s the value of 26, he pred.lcted. Èhe péak posltlon of the
emlssion band wtth falr aocuracy.

( B ) îhe_Tlsbt,Þ1ndlns êpprq¡_iEatio¡
The essentlal concept of the tlght blnd.lirg nod.e1 1s

that of a ne1l-Locallzed centre ln ïrhlch the assoclâted
electronic states are conflned to the l¡omedlste vlclnlty of
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'bhe centre, and. are lnflueneed. only by the neares'ú nelghbour

lons 
"

If the physlcal- propertl-ês of the substitutlonal

lrrrpuri'by dlffer appreciâ.bly fron those of the host lon r,rh l ch

lrhe lrûprxrlty replaces, then the vlbratlonal frequencles ând

equlilbrlum posttlons of the nearest nelghbour lons r.r111 be

]3odlfled and l¡111 depend. upon the electronlc state of the

centre" In fact e BJork (L957) h¿s shorrn that tf the centre

creates new vlbraùlona! nodes o then all others lntrlnslc to
'Lhe host are excl-ud.ed from the reglon c and. thus the bulk'

vlbratlonai spectruÏû may be lgnored."

Von Hlppel (1936) end Seitz (f%9) proposed a locallzed
nod.el- that has slnce beco¡oe knouryr ¡¡s the " Confl8urallonå.l

Coordlnate ltIod.el", the tlghtly bound. Lnpurlty ls consld.ered

to lnteract predonlnently r,Ilth the slx nearest neLghbours of

the face centred cublc structure, glvlng rlse to eighte€n

d.egrees of freedon or "conflgurstlon coord.lnatesl'" To a

flrsi approxlnatlon, transverss notion of the surround lng

lons does not .alter the dlstance lro the l!ûpurlty lon, so

tt,et uo!1on 1n the slx radial d lrecir'l.ons relatlve to the

impurlty w111 have the greatest effecl: on the potentlal energy

of the centreo The nost lnportan! osclllaùory ¡ood.e r¡llL be

the "breathlng ¡ßode" 0 oî ln phase rad.la1 notlon of the

nearest nelghbour lons" Henceo rnany centres nay be

applloxinated. by one lnportant conflguraÈlon coordlnate or
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aoCe of vibratlon, posslbly ï¡rlth several others of Itlnol
'slgnlflcance" Lax (L)Jz) has shotvn tha.L 1n cerlaln cases â

one-coordlnate mod.el riray be used to descrlbe a physLcaj_ly

nore complex centré, provld.ed that the conflguratlon
coo"dlnate 1s not d.1rect1y assocíated vrlth âny s1ng1e node of
vlbrat i on of lrhe centre o

Slnce ihe potentlal energy of the centre va"les
c-uadratlcally vrlth sroa11 dlsplåeeeents of the nearest
nelghbour lons frorû thelr equllibrluü posltlons, the centre
nay be regarded es an hs.rnonlc oscllLator ì"rlth the usual
r^râvefunctlone and. vlbratlonal energy levels" The nlirlna of
dlfferent energy surfaces ln conflguratlon sps.ce occu" åt
dlfferent values óf the coord.inaÈes 0 slnce the equllibrluro
pÕsl¿lons of the surround lng lons d.lfr.er for each eleetronlc
state ln questlon" l,loreover, in tonlc crystals one can

predlct, åt least qu¿ìlttatlvelyo the relatlve posltlons of.

Nhe ground and exclted. state nlnl-rna " For a transltlon fron
the ground to a hlgher sùate ln a LocaLlzed posltlve centre,
ùhe charge dLstrlbutlon 1s effectlvely expand.ed., resuLtlng 1n

an lncreå.sed atùraclrlon between the lnpurlty and. Lts
su3round.lng lons" Thus the rûinlrûu¡r of the exclted. state
energy surface 1s at a snaller cor¡flguratlon coordlnate
value i;han ls the ground state" lhe converse hold.s for a

negatlve inpurlty centre, of whlch the !.-centre ls an exarnple"

lhe experlnental results of Jacobs (L954), Russe1l and
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E b(X)

K]-ic'it (L956) and the theory of tJ111la¡os (tgSL ), support the
qualltatlve argument above" Alsoe slnce the charge dlst}l-
butlon 1s nore dlffuse for the exclted bhan for the ground

state, the curvature of the exclted. staÈe. energy surface 1s

expected to be smaller than that of the ground. state" The

F-centre data of Russell and K1lck (1956) and of Kltck et al.
(1964) agree wifh thls suggestlon, whrrst the data of Luty and

cebhardt (t962) dlsagree"

As a pedagoglcâl tool , conslder a physlcal systen re_
presented by one conflguratron coordlnåÈe and. two electroÍr stetes.
For rcore then one coord.rnateo one nây vrsuallze a cross sectlon
of the ener8y surfàceso rrlth â11 exêept one coord.inate flxed..

Ì¡lth teference to Flgure III"L0 at low tenperatures

27
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tlre centre wl1l be ln a vlbratlonal 1evel close to tlle zero
polnt (A) of the ground electronlc energy surface (Curve a).
Accoidln6 io the Born-Oppenhe lrûer âpproxlma,ulon, in the
event of absorptlon a v€rtrcal tsansltlon hr1l1 occur to soroe

point (B) on the eïcrted. erectronic energy curveo since the
hlgh vlbratlonal state 

'eaôhed rs inöonsistent wlth the lov¡
tenperature of the crystalo the .centre wlll_ osclLlate
rã.pldly, create lattlce phonons, and decay in LO-10 to 1O-11

second.s to the zero polnt ïeg1on (C) of the exclted state
energy curve ( Curve b)" At a 1ater tlÉe (approxinatel_y

LO-B second.s ) u photon emisslon rvl1l occur from (C), leavlng
the ceritre tn some hlgh vlbrablonal 1eve1 (¡) of the ground.

electïonlc ståte. AgaLn eneïgy will be transferred. to the
latttce lry neans of .phonon creation, and the centre decays
to the zero polnt region (A)._ The Stokes' Shlf.b, as

nentioned earller, ts the dlfference ln the energles of
absorptlon (AB) and emlsston (CD).

Uslng the current raod.elu lt ls nosr posslble to retrace
parts of the theoretlcal dlscusslono naklng certain
approxlnatlons ln ord.er to s1rnp11fy the expresslons for the
âbsorptlon and. eÍÌlsslon band. shapes (Equatlons If.5 and. II.6).

1o recapltulate, the matrlx elenet't*" robag ttu to.opo

were replaced by suiùsble averages as d.lscussed ln connectlon
r{lth the Condon approxtnation (Chapter II), and. the
tTânsltlon energles Eqb4É ând Ebopo , und.e:, the narrow band
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approximatlone were replaced by mea.n values" Not^r, slnce ln
lnorgenlc phosphors transltlons betvreen lnd.lvld.ual vlb"atlonaL
ievel-s are nôt generally seen und.er the envelope of the
electronlc transLtion, both Lorent zLan s¡1e:pe functlons
-ôF;6ogEJ ând F;T*EJroay be replaced. by the delta function¡-

ô {e^^- r.o e }'op oQ -)

using these approximatlons Equatrons rrr"9 and rrï"10 were
de:'lvedo wtth the norrnallzed. å.bsot,ptlon and. enlsslon band.

shapes glven by3-

I t2
ç."-"r I ¡ I

r"ø = o"oþljn;-txl nor(x)ux 
la{e* 

r."- r}

and

tt2
"--ol ^ I

rbo = ou.àl[nl,(X) n.o(X)ax lo{ro- e"; r} ,r.]et, 'Eú,lr -þ _ I "þ

Apart fron the dtfferent representâtion of the d.elta
functlon! the above equatlons-are functlonally the sa¡oe ss
IïI.11 and III" j.2 pert¿lnlng, to the llnear approxtmatlon.
The dlfference 1s that the vlbratlonal matrlx e1e¡oents are
coBputed. uslng dlfferent nucLear r,ravefunct lons.

(c) TÞq Franck-qqnèon !rinÖ!pIe

. The Fïanck-Cond.on pÌtnclple, by neans of ürhlch

Equatlons III"18 and III.1! cån be gyeatly slnp11f1ed., assumes



Configurdtion Coordinote ( X )

that during an electrohlc 'irr¿nslirlon eåch vlbratlonal nod.e

either changes by üâny quanta, or d.oes not change at all"
lf the vibratlone.f lnod.es of the ground. and exclted.

electronlc sta'¡res âre ôescribed b]¡ the wavefunetlô""þ;CIt)

""a io!(X)) respectt-vety, ùhen a-L Lou ienperå.tures the nost

l.Bipor.tÉ:i1t nod.e of the ground. eLectronlc state is that for
lihlch a=o , fhè lnportant mod.es of the excited. el-ec¿ronlc

1evel are those for whlch Á>>l " The band. shapes are then

deier¡olned. by i;he square of natrlx elenents of the form: _

IL

J oi (x) o! (x)o x
Figure III"2 shows Èhat outslde the regLon X' to

t.20

x2
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the zero potn? vlbråtlonal wavefunrtlon a:(,\) 1r: very srnall,

and tlius makes a negllglble eÐnt?:.buglûn to the above

integral" Contrlbuùlons. tr¡ the ln'te ôra1 lrom an eleaent AX

'bhat 1s lnslde the range X1 to ,X2 rûay be subd.lvlded. as below¡ -
(f) When ß ls zero or snall, the contrlbuirlon ls

negligtble slnce the ênplltude of the vravefuncùton ob(X)

ls very snall 1n the reglon A Ä , 
.

(tt ) l,lhen B ts very large u the vlbratlonal r¡ave-

functlon osclllates very rapid-l)r 1.n the reglon ofAX , the .

posltive and negatlve sï¡ings hâving â-Dproxlüately eqìtal

åmplitudes, agaln resulÌ:lng ln â negllgtble contrlbuÈlon to
thc integral 

"

(i11) t{hen B has sorne lnternedlate valueo such that
Ebp ls close Èo the classisal parabolic eurve ro(X) shoÌm 1n

Flgure lII"2, ihen and onLy then ea.n an appreclc¿bIe contrí-
butlon to the lntegral III"20 occuro

Thus setting Êbß =Eb(X) , Etluation III"1B nay be

written as!-

I lel
dÞLJ

nou(X)aX a{e; e"¿ r}

¡.2¡

*" Ðln:. (x) n 
o u(x)a xfnfi x)

*"f In..0) ['., o{s; e.; r }
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fogeùher wlih a slmllar expression for lhe enlssion band

shapeo The above lntegral nay be evaluated to yleld. r_

(t Pr .. -1 )
r.r[u] = ruo{ lrr.o(no)l'|-++J ]

( r "'\"9i fae¡xr] ¡=n" J ttt'22

î;here R¿ &re the values of fl1e nuclear coordlnates for
vih!ch energy 1s conserved n

i.e. Eb{Rd) - Ëoo .= E

';':.::i ¡: ?lto bairci shope functLon !s the t:'.eyua]- avera¿le over the
el-er'úrorrlc ground stå.te vlbratlÕnål ]evels of the prod.uct of
trr¡o factors" lhe f ix'sù is the ln1tia1 probablllty of
occupatlon of posltlon, and the second. 1s the transltlon
energy at that posltlon"

¿,t hlgh tenperatures, many vlbratlonal levels in the
grôund eIècti:onlc stete r¡llL 

-be lnvoll/ed ln âbsorptlve
transltions so that Eoa nay be replaced. by a mean value eo(À)

and Eo-uatlon II1"22 wrltùen asê-

r.- ,,21 ^" Irou[E]= a""ln."1n)lþufr-;AfJ^_ ,,,.23

Ì,::!ûi'o' R :epresents thÈ eù]:!f lgurÈ-ü l" Õn noo3di:1&ie vaiues for
irì'rl ch the transltitcil enêiùy E equs:j.Ê Eb(X) - e u 

(X)

A further Ët:rpil:-loåtlon of Equatlons IlI.22 aird. lIï.2J
results lf the assunptlon ls mad.e that, oveÌ the range of
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configusåt1onal coordlnåtes lnvolved ln lrhe transi.bion,
( X, to X, ln Ffgure III"2)o the energy sìjríace Eo (X) nay be

aÌ)-o1'ox llrât eit by a stralght line of slopo a {e .lX }i /¡ X I- - (-b\,./,/",.lxA
'Ihls reduces the second. fe.ctor of Equatlôn :.II-.22 to a

consi;ant, and the shape functlon ls ilhen deterrnlned. by the
i;hernally averagecl quantum nechånLca1 dlsìrïlbutlon functlon,
t+hich Lax (t952) has sho'¡m to be Gausslan ln X " The wi.dth,
L (t) of the Gâussiân absoïptlon band. Ls reLated to the
absoluie ternpererture bye -

i (r) = L(o)þ ",n1r."¡ror¡-l'/,

where ¡uo ls -bl.re energy seperation of the electronic ground

stâte vibrational 1eve1s, anC L(o) ls the wldth at ebsolute
zeroo A slnllar equation e:rj.sts i.or the enlsslon band. 

"
Dexter (1958) has examlr:ed. the valldlty of the

âpprÕxhdatlon whereby the upper conflgurati.on curve (b) fs
replaced by a stralght line" He calculated. ùhe't lf the
cu?vature 1s not neglected, then åù 1oï/r tenperatures a h16h
energy taLl- 1s to be expecteci on the absorptlon band., and. a
1ow energy tâiI on the enlssion band" The results of Russell
and I(11c1< (L956) and of patterson end K]1ck (Lgs?) show the
a.bove distoittlons. At hlgher teroperatures, hor¡rever,

occupatlon of levels above ihe zero polnt vlbratl0nal leveL
of 'bhe ground electronic statè resull:s in e d.ecrease ln the
hlgh energy tail of the absorptlon bând. o and in the l_ow energy
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iu.Ll of the emlsslon band. Thus the tenperature and.

curvat'!:.r'e ef f e cts tend" to ecLncel , prod.uclng bands thai are

niore nearì"y Gaussiân than night otherwlse be expected.

(D) Ce.lc1ll4t'roq qf tÞe qgnf igqi.â!1qn€'¿ Cqqld t rla!q D:.agrAq

fn order to consùrucù 1n theory tbe conflguration
coordlnate dlâgraa, the energy su'rfaces Eq(X) and Eb{X)

nust be d.eterroLned 
"

Near 1ts nlnlnumú eËìeh curve has the functlonaL form

c = '/, xX'

r{here the *'Õrce co:]ståntg (d and ,(b are related. to the

vlbratlonål frecluencles r.uo ê.Tt(i uO resÞect1vely by relât1on-
shlps of the form: -

. r = M*2

M ls trhe effectfve rûåss of the centre and ls usually taken

as the totel rúess of tl:e lmpurlty and. slx neares! neighbours
(Curle , 1963) 

"

l¡ûl.r Eo(x) and Eg( x) å.r'e tlle expecte.ìrlon values of the
eonpleÈe Hâmlltonlan HT(X) of the centle, whlch nay be::

expressed. 1n Èhe foliowS.ng Í'orro uslng pcrturbation theoryt-

rrlx) = Ho + x(x)
where Ho 1s the liâìllltonlen of ilhe tsolaÈed inpurity atoE,

anil l(X) represents the Lniereötlon of the lnpurLty wlth lts
su::roundlngs D under the e.ssu.roptlon tha\: n. >> X (X)

Ho iray Nhen be d.eternlneô by sol*¡1ng bhe Schrödlnger

equatlon for the 1solated. lxûpuïliy aton!-



H.'ri(,) = Ei e:(r)

r.rhere øi1.,¡ aru the ÍIevefunctions of .bhe lsolated. ato¡a.

Ìhe n¿vefunctions of ùhe centre enbed.d.ed. in the host rnay then
be e:rpressed in the fornl-

ó¡"(') = Pi(r) + ø,*(r)

p?ovld.ed the pe:'tur'bâtion ls s$a] 1. A sonehrhat beirter
approxlnâl:lon thar: uses syüaetrtcally orihogonalized. Ìrâve-

funcùlons ls glven by Lölid.in (1950) and. d.1sêussed. by Knox

and Dexter (L956)"

The e).pectaùlon velus of the totel Hån11ton1an ls then

êlven bys-

= ul t e'(X)f smoller terms

Thus, provldlng that a sultable choice of X(X) can be

nad.e e the transltlon ener8ies can be found and. the con-

flguratlonal- coord.lnate dlagran conpleted..

The above theoretlcal technlque wes applled by

,, (x) =y'o,-.t,1 [-". x(x)] d,"(, ) a,

*f -f.r,ro ee(r)dr . f ,:i,l (x)';14a,
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l,il-1Iians (L95L) to the system Kcl(fl ) o ånd. w1lI be dlscussed

(E) Constructj.on -91 !h-e _Cqnf igur4tlgnql, Coordinate ÐIag"e.m

J'rÒm Experimental Date.

Us :ng the lntej:pretairlons of Èhe prevlous sectlon, the
eonstructlon. of the diagran recluces to the determinatlon of
the relatlve vertLcåI ând. horizontal dlspì-acenents of the
ground. and. exclted staire electronlc surfa.ces, togeÈher wlth
thelr parabolLc constants 

"

fn Fl8ure ïIT.3 the orlgln of coordlnetes 1s taken ai

Configurotion Coordinqte
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the ìilnlmun of t¡¡e'ground electl:Õnlc state, and ïrith the

indieâted notatlon, the grou.ird and exclted state curves ere
desct"ibed respectlvely by the eqilâtionss-

E. (X) = t/, ro X

. ro (x) = Eo* ,¡, rolx - x"l'

t.2 5

u1.26

Lrhere xo and x, are d.ef lned as Ln the prevlous sectlono

fhe energles corresponding to the peåks of .bhe abso¡ptlon and.

eÍlssLon bands o Eobs and Eu. u are glven byl-

Eob, - Eo * Ito *'/r| t,o - y2n,o 
1t.27

Eu,n = Eo - {so *l/2}l*o nt.2g

r,rhere so and Sb latre1 the vlbrå..blonål levels t¡lthln the
electronic statee" Now :recalling Equatlon ::II"Z4e the full
vrtdth al half narlnum oÍ Irhe absorptlon band ls¡-

. . r .11/2L(r) = L(o)[c"*,{r..,"/zurl)

wlth a slnilâï equatlon relatin8 the e!ù16s1on bend rvld.th to
the absol-ute tenperatureu t-he functlonal d.ependence fs sho*,1

scheaatlcally ln lrigurÊ III /+"

'At hlgh temperatures, c.rn{n,f tr} ----* {n,þrr}-l

Êo thai r (r) * L (o) ln-/zur¡-t/z

Thus by plottlng the greph eïperL¡ûental1y , and. neasurLng lts
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slope ¿nd. the proJóci;eci intercept on tke L(r) axi.so the

vtbret:-onal frequencles Luo &ñd. urb es.i') be deternlned" A two

*oerarâe'teï ieast squares fit to tire et{pe?fuûentaL data r¡ou1d.

of eour"se be nol'e d.esirabie" tire leasb squares flttlng of

func'ilons ln whtch boirh dependeni: and lnd.ppendenÈ varlåbles

aïe l-n e?rore .as ln thls cs.seo has been treaf:ed. by Denlng

(rgv).

¡--:------
V remp "K

Now slnce the spac.l,ns of the vlbsatlonal levels ls
sraal1 compered to the spaelng of the electron ieveLs,

(Russell and K11cku 1956), Equatlons f.f.Lz? and III.2B nay

be âpproxlnated. byr -

Eobs = Eo o 1/, nox! nt.3o

¿;i:.d

lr¡.3ì
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Thìls tiìe pâTå,nrê''rers ro erld ¡(b ¡1r.y bc deterülned, and Nhe

conf i gui'ati onal coorclinate diagrarn cons¿ïucNed" Approxir0ate

velues fo¡ i:lre ¡rean rrulnbers of phonons lnvolved ln the

abtorpllve and eüissive processes na.)r the.c be calculated frorn

Equat i ons ITI 
" 
27 and I I r- 

" 
28 

"

The eonfLguratlonal coorcilnate model has been applied
successfully to several different lmpuylùy centres" Bussell
and Klici< (1956) har¡e stud.lecL the F-cenùrè ln a v¿¿rlety of frhe

ê1 lrâ11 halides¡ K11cko På.trterson and Xnox (Lg64) lnvestlgated.
the F-eentre in I(CI ¡ the T1+ centie lÌas been the subJect of
studles by Johnson and !Ill-11ems (Ig5Z9 19ó0 ) " The l{nt centre
in ZnS1O4 was stud.ied by Kllck ancÌ Schuh¡ran (1950 )" prevlous

appllcatlons of the confl8uråtlonaL eoord.tnate ¡nodel to
Nl¿I (î1 ) w111 -oe revlewecl later.

(F ) Asqls4mg4t 9l the -El-e_c!-tpnlc*F'¡.a!eÞ

Àlùhough the conflBuret I onal- coordlíate nod.el descrlbed
ir¡ the prelrlous sectlon consldered only the ground stâte plus
a slngle exctted electron 1evel, nost lnpurlt,y centres can be,

exclted to ßore than one state" The model nay however be

¿ppLLed to tììe ground. and each exclted state ln turn, provlded

Lhet rlhe experlmentally observed absorptj.on or emlsslon bands

can be âttrlbuted to speclfic elecÈronlc transitlons" Often
the åssignnent can be rnade on the basls of the positlon and.

-rntens ity of each band 
"

The ploneer lrork of lIt'tsch (lgz?, t937), Forró (1g}g,
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7930 ) , a.nci Tùany ûtheys on the &bso-rpt j.on spec,cra of T1+

and Pb+o actlvated. al-kail hal lde phosphors provlded a '¡¡ealth
of experi.rnente.l datao Ai: ieast ¿wo ebsorptlon bands, nened.

the ".4" bends, vres'€ seen j-n each case î and. sometlnes

another iueak one, caLled band, was observed. between

tl:re A ar¡r1 C bands. the C bånd vies always f ound to be the
stÏ'ongest and to lie on the hlgh ene?gy sl-de of the A band"

souetlnes i:he c and. B bands ïrere obsrured. by the fund.amental

ebËorptlor¡ edge of the hosù crystal . fhe lntegrated
âbsorptlon eoefflclent of the b¿nds rt'as found. ùo be pro-
poz'tlonal to the Lmpu]]!ty corÌcentratione a-nd the osclll¿tor
stïengirh of the B band v¡as f ound. to rvrcrease r¡rlth teüperât're.

On the basLs of the ebol/e experlmental d.atae Seltz
(1938) gave ùhe flrst et¿planatlon of the propertles of the
T1* d.oped el]çall h¿lLdes" Slnce the T]+ ¡nonovaleni ion is
the most stable thallous lon at the htgh teüperatures åt
whlch crystals are groï,rn, he assuaed that the Tlt lons sub_

$titutlonally end rand.ornly l.eplac€d the posltlve lons of the
host, Seltz then proposed tr.ro processes by lrhi ch to explsln
the absor;otlon bs¿nd.s ¡ . the inùral_onlc excltâtLon of the T1+

lono and. the transfer of ån eLectron to the Tl-n 1on froio a
nej.ghbouring halogen slte. The flrst process hras thought to
be the ruore 11ke1y because;-

(i ) ttre posltlons of the Ao B,

only sllght1y nhen one host nâtè"1&1

and. C bands of T1+ nove

l-s subsùltuted fo¡
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a-10thcl ô

(Z) fne eleetron tTe.nsfer r¡od.el pred.icts a doubiet
structure that l¡as not then seen" Hovtever, recent experlüents
(see l-atei') lend. ¡aore credulence to thls Ítod.eL.

(3) Absorptlon band.s ârlslng from electron transfer
tr'ånsltions were expected. to appear at hl'gher energles than
dld 1rhe observed bands 

"

By conslclertng the tern dtâgran of the free Tl* lon
and iNs expected ü{:i1f 1. e r..; i.û31s Ì,ihên thë Lon 1s embed.d ed 1n a
host !ßåterlal, Selìjc nriì¡júé:.j.ie¿ .thr.,ù irhê lovr energy A ba.nd. be

att"ibuted- to the tro-t'î 
{to,---* ar, } Lransltlon, and the C' ,)

b¿nd. to the completely allo';red. i:rans1.úlon tro--ttr.,dto,-*tr., 
)

The bracketed. spectral notation 1s taken fron Eyrlng et aI .
(tgt+!,¡" ?he singlet-t"lplet ùransltLon 1s not conslstent
r,i'lth the sþiri*i:r.l-1_e+ticn rule and. Èhus the A band. should. be

neaker Èhex .¿i-; e ü i}ând, e"s ronf irned experl-nent,alty by

liilsch. (Ig2'/'j , ji:ieh,ril$h -rål1dèr cubie synonet?y transltlons
1 ? 3 lt 3 r .r a ìsuch as 'so *-Po oL 'p, tk, * "o' and lr' --o 36 or 3r, 

I
aye forbldden, they rnay be expected to occur îrlth sra]l
ir¡irensi|y lf ùhe crystal syrûEe.bry ls Iowered., f or example,

by lattlce vlbratlons" Slnce the intenslty of the B band. Ls

weak at 1ol\' temperatures and lncreases as thê tenperature
rises (Forr6, L93O )o lt lras attril¡uted. to a trensttlon ol the
above type, narnely to the tr^-3r^ {to,----* tu or ar^ }, z t , .¿,
transltlon" Ustng the conftgurationsl coord.tnate mod.e1 å.nc
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the above el-ectror: 1eveI asslgnirenù u l,f l1liarns (tg5L , 195La)

and. Irrllliar¡s Ërnd l-Iebb (L95L) ecnËidered 'bhe conpound. KCl(Tl )

from e tìteorêt1cal standpotnt" -fhe to.Ually syúmetrlcal d.is-
placement of the nearest nelghbour CL- lons sutlround.lng the
T1* lon Ì\'as take¡r as the coì1flgurâtlon coordlnate" The energy

1

o:i- the ground ( rso ) and excl¿ed ( 3e, ) states of the T1+

ion "r'reïe calcuiated ü.slng, when poyslble 0 the avalla-oIe
eïper:lTûental data" îheir results expLained. qulte v¡eL1 the A

âbsoïptlon b¿nd and its assoelated. emlsslon band, togethel
rùlth ùhelr temperålrure and. prèssure dependence (Johnson and

Stud.ero 1951 ¡ Johnson å.nd iJlllie:ns, Ig54)"
Johnson ånd tdllltaÌùs (I952) enC Johnson (L954) appLied

the some theory ùo the hlgh energy absorptlon and enlsslon
bends of KC1(fl )o assumlng .;hat the band.s reeuLted. fron
I *lso* Pl branslttons. They estf¡¿ated the energy of the lr.,

ÈÈåte, end suggested that ne&r resonailce of the level lsibh
the host resulted ln the poor e.gt'êenenb of thelr estlïûâ1:e

Hlth experlBentally de¿erntned .values o l,iore rêcent hrork,

hor.rever, ( Aoyâg j- and Kuwabarao !96O1 Edgerton and Teegarèen,

1963) suggests thå.t the transitton asslgnnent nây be ln error,
sLnce the eülssion band rs not seen at 1or,¡ T1+ concentvatlons.

As lnd.lcated. earlÍ.ero the theory adopted by l^Jlll-lâns
pred.icts thâf, the âbsoïptlon snd emlsslon band. s have no

vlbr¿lt1onal struc'r.ure and are Gåuss j,an ln shape " Sone

erape?Lnents , hoÌ.¡ever, have shor,¡n the presence of structure
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t,rlthiû the ebsôrp'blon and erûlsslon banri.s " llünlger anti

Budolph 119410 ) observed staucùu:"e trlthln the A and C

abßoÏption bands of Sn++ d"opecì a1kal1 halldes, and Fukud. a

(f964) ïeportc struc?ure ln the .A and. C €rbsorptlon bands of
N¡rCl f, I(Cl, and I(Br d.oped wlùh l.nn, Sn*n o fÌ* and. pbn*. fn
attet:tp'rlng to discover i;he D band ln Kï(TI), yuster and.

Delbecq (t953) observed. ilhat the C ba.nd ls trlplet, and.

I+illlai¡s et a1" (L95?) notlced structure 1n the À and. C band.s

of KCl (T?ì)"

Patterson (1,958) observed. a d.oublet sùructure at
roorî terÈperåture ln i;he A and C band.s of KC1(.¡1 ) " the
structureu howeveTo t¡ias nût present et or below the tenperature
of llquld nltrogen" IIe suggested the exlstence of tr¿o klnd.s

ol- lJ- centles : -
(1) A 11" lon enbed.d ed. 1n a faee. centred cublc (UaCf )

structure o

(Z) A gl* lon embedd.ed in å local.bod.y centred cublc
( Cscl ) strucÈure 

"

'Ihe hlgh energy absorptlon and emission conponents hrere

aùtrlbuted. to the CsCL type rerrLre sinee Eppler and

D:'i clcamer (1960 ) rroted thât the A band. shif'rs to hlghe"

energy dut'ing a. pressure- lnduced_ phase change from NaCl type

sùructure to Cscl type,

Tuster and Delbecq (L953) found that at Ìrlgh T1"

eoncentratlons 1n KT(Î1 ) an adcliùlonal- band. r4ras present ln
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the I or.,, energy shoìrl cler rf both A å.nd. C absorpt lon bandrs 
"

Moreover, the ln.irensity of ,c?re ad.dltionâl band.s verled.
llnearly' not v¡rth the îi+ concentratlôn as drd. the A ancl c
bands, 

. 
buù rr'iirh ihe square Õf ihe T1+ conee:rtration" These

nù,/I bå.nd.s rvere attributed to the (Tl-+ ), ,,dirner,, centre ¡r¡hL ckr

consists of tr,¿o thall_c¡*s lons as neer nelghbou.rs " Van Sclver
(T955), Uchldå. and I(eto (Lg5g), and. llatsur (1g6?)e follonLng
tlre ploneer work on NaI(T1 ) by H:.lsch (tgZ?, tgj?), ËIlseh
and Pohl (t928), a.nd. Lorenz (LgzB ) u observed. bands character-
istlc of the dl¡uer centre in âbsorptione erû.lssion n anci

sxôltâtlon spectra taken at hlgh concentratlons of T1+ 
"

ts'¿tler (1956) and patterson ¿:nd l(ltck (195? ) reported a s¡raIl
band 1n the iow ellergy shoulCer of thre Â âbsorptlon band. of
KCl(Î1 )" Slnce' the band vr¿s not eeen by Fukuda (1964), wno
used sanples of 1or.,r T1+ contenè, lt probably resulted from a
diú.er transltion.

Zazvbov j-c]n et ai" (L96U) l.ound that 1rr Sn++ doped. KCI9
KBr o ând. KI the A band ¡¡as d.oublet whtlst the C irand. vras

tylplet, alld suggesùed. thet the structure vr¿:s the result of
càtlon vacancles in the lâttlce" Fukuda (L96U) o Fulrud.å et ale
(L964) u and Onaka et ¿L" (tgøS) have observed slntlar
structures tn trTacl(In), KBr(In), Nacl(sn)¡ KBr(sn), Nac1(pb),
and Kci (Pb ) .

fn recent yearse lnvestlgs.tlon of the tlne dependence
of the luülnescence spectrê of d.oi,,ed aIka11 hal!des has
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re celvecl consid.erable at-tentiÕn ( Illlngrvortho I96hs trinkler
and Pì-yavlrr , L965 9 I'ta'l-\ , Lg69 ) " the results u !n general ,
conf il'rû th€ presence of stii'i:ct,ure withln .the A and C bands.
Edge:'ton ând. Teegå.rdeyL (L96Jo t)6Lv), Ed.Ee1.ton (j.g65), anà

¡-ukude (L964) conclud.e thå.b the nuJ_tlplet structures may be

expl,ainèd lry the Jåhr¡-Teller Theore¡¿ ( Jahn e.rrd ,IeILer, i))l ,

lpl8; Van Vleck, L939t öpih ancì Pryceo L7ST)" Thls theoyern

âs åpp1led. to lumineseence centl.es e states that a geonetrlcel_
âr:'ånger¡ent of atoüs abÕut å, centre rn a degenerate electronic
Ëtàile is unstå'Þle ! so thât thè lÕns will üove to destrpy â1,

]eâst part of the degener¿,cyo For F-cen.i;j:es, o? T1+ centres
ln alkaLl ha1j.des, the degeireracy of the p_states ls noÈ

renoved by the cublc crys¿al fleld, so that accord.Ing to the
Nheoyen a d.lstortlon of the sÌ¡rroì.tnd lngs of àhe eentre 1s

reo.ulred. ln oïd.er to re¡¡ove part of the d.egenerâcy. fhe
Jâ.hn-TelLer EffeeÍ; ì.rt1l be consldered åga.1n 1aùer"



CHAPTER IV

DATA ACCUMULAÍION AND CORBECTION

(A) ExÞerlnental AÞÞaretus

' The apparatus was deslgned so that between 1lqulcl
nltrogen and.roon temperatures a BaInpIe cryst¿l oould be

subJected. to two d.lfferenË but related experlnentat-
(1) Excltatlon Experlnenù .r

For thls study the lntenslty of llght at a set wave_

length ernanatlng from the crystal ¡rag lnvesülgated. as a
functlon of excltlng wavelength.

( 11) Emlsslon Experlnent

In thls tnvestlgatlon thê orystal. wâs exclted by
monochronatlc Itght, and the en16s1on lntenstty studled. es a
functlon of wavelength.

(1 ) Mechanlcal Eoulpment

Flgure IV.1 lndlcates schenatlcally the equlpnent
arrangement ' and Flgure rv.2 thows detalls of the vacuun box
and. crystal cryostat. Sample crystals prepared 1n the.d.ry
box (OB) and nounted ln the crystaL holder (H), were

transferred lnto the vacuun chanber (V) anA aecured. 1n the
cryostat (C)" Llght fron the high pressure d.euterlun source
(s), lts wavelengÈh selected by the trradlatlon. nonoch¡onator
(l'lr ) , tuumlnated the crystat. vla the quÊrtz 1ena ( L1 ) .
I,unlnescent rad.låtlon fron the sanple wae coÌleoted by the
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quartz lens (L2), focussed onto the entrance sIlt of the

analyser monochromator (M2), and. 1t6 lntenslty d.etected. by ùhe

photonultlpller (P). The lnd.lcated crystal oÌlentatlon
ellnlnated. refLectlon of the lncldent bean lnto the analyser

nonochromator (MZ). The tenperature of the sanple was

neasured by a copper-constantan thermocouple attached, to the

brass crystal hold er.

(2) Electronlc Equlpment

Slnce the nature of the proJect requlred, the
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accumulatlon of a large nunbe" of excltatlon and. enlsslon
spectra, lt was d.eslrêble to auto¡oate the Bysten. This ?ras
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achleved. es tndlcated. scher¡atlcally ln Flgute IV.3. Each of
the nonochxonaùors ?Ias equlpped vrrth a reve"slble synchronous
notor r^rhlch d.rove the gratlng through an approprlate gear
traln". A number of cans attached. to each gratlng ¿¡tve straft
triggered nlcrosr^rrtches whlch rn turn seü r1'g counters rn
the autor¡atlc control unlt. The state of the rlng counters
oontrol_led ùhe sequentlal process of daia accu¡oulat1on
accordlng to the fol1ow1ng cycler-

phase (1)

l,Jith the lrrad.latlon rnonochromator set to "*"ftutl?e sånple at a glven wavelength, the ana).yser nonochtonator
scanned the enlsslon spectruB unÈl1 the spectral. reglon of
lnteresN !,ras reached." At thLs polnt a Blcroswltch closed.
causlng the control unlt Èo feed the phoÈonuItlpl_1e¡ oìrtput
to the dlgltat voltneter. The voltmeter, und.er connand of
a tïaln of pulses generated. by the control unlt, sanpLed lts
dtrect current lnput aù regular lniervals determlned. by the
time separatlon of..the puÌses, and. fed. lts blnâry ood.ed

äeclnal output th"ough a pararler to serlal converËer rnto
the iape punch.

phase (tl)
å,t the end of the spectral reglon of lnteresù, another

aLc¡oswltch cLosed causlng the control unlt to stop output of
the encod.ed. spectrun, and. to swltoh Èhe vol_tneter lnput to
the thernocouple. The oonverter then punched. out the crystal

,t

I

I
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tenperature, antl a stflp of "buzzed" tape to separaüe one

spectrun from the next.

Phase (111)

closure of a thlrd E1closltltch reveraed the dlrectlon

of the analyser scan, pernlttlng the gratlng to return to

the posltlon aü nhlch Phaee (1) conmenced, whereupon a foì¡rth

8ïltch closed and the cycle was repeated. I{hlle returnlrlg to
lts 1nlt1€¡L posltlon no d.ata were collected.r but the

lrradlatlon nonochronator !Ías actlvated andl set to exolte

the sanple at a.new ¡ravelength. The wavelength range over

rhlch the sarople waa erclted coúld be adlJuêted. by two cans

operatlng Elcroswltches, whl1e a thl¡tl cam d.eternlned the

wavelength lnterva] betl¡een Eucceaslve elc1tat1ons.

In paralLel wlth the autonatlc sy8ten '¡raa an

aurlll.ary ¡nanual one, pe]mlttlng lnterruptloh or suppresslon

of a,ny phase of the cycLe.

Ihe wavelength correspond.lng to the flrst recorded

polnt of each Bpectrun r¡as dete1.rnlned by the angular posltlon

of the gratlng drlve shaft at whlch a nlcros¡rltch closed..

Sone allfflculty wa8 antlclpated andt experlenced. ln achlevlng

reproaluclblllty of thls angular pos1t1on. Sultable deslgn

of the can proflle, ho'wevelr resulted 1rl varlatlons of. lese

than !20 Blnutes of arc, or equlyalently t2 Angstron on the

analyser monochronator and 14 Angstron on the lrradlatlon
nonochronaüor. Slnce spect¡â wele usually taken wlth an
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lnsùTunent band pass of 1324 over a wavelength range ln excess

of 10004, the above preclslon v¡as consldered sufflclent fo¡
present need.s.

the fol"lowlng ls a llst of nodel nurobers or orlglns of
vârlous itens of cqulþnent used¡-

Hlgh Pressure Deuterlìrn Lanp Bausch and Lonb #33-86-35-0L

lrradlatlon l{onochronator Bausch and. Lonb #33-86-25

Ànalyser I'lonochronator Bausch and. Lo¡ob #33-86-l+5

Photomultlpller E.M.I. #6256

Hlgh Voltage Supply KelthLey Model 2&2

Anplifl er

Digltel Voltmeter

Paralle1 to Serlål
Converter

Paper lape Punch

Vacuurn System

Magnetlc fnstrunents tqoð,el 7 59-5

Vltlar Motlel 500

Deslgned. end. bulIt 1n the
laboratory fro¡o DEC Mod.u1es

Ta1ly MotÌel 420

Meroury Dlffuslon Punp

(B) Sanple Preparat l on -.

Slngle crystals of NaI havlng a nonlnsl thaIllun
concentratlon of O,Zwft $¡ere pu?chased fron Ha¡shaw ChenlcaL

Coiûpany. Because of the extrexûe1y hygroscoplo nature of

NaI(T1 )o saroples were prepared ln a d¡y envlronment.

Crystals one centlneter square by one to two EllLlneters
Nhlck weÌe cleaved fron a s1ngle crystal block. Inraedlately

after cleavage, the sanpl.e was transferred. through a cioor
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connecÈlng the dry box to the crystal cryostat (Flgure fV.1
end. lV"2)" The vêcuun chânber ÌÍas then sealed. and exhausted
-r, o a pressure between 10-4 and. 1O-5 nn. of nercury.

(C) Elperlnental Procedure

As lnd.icated 1n the prevlous sectlons of thls chapter,
exclùå¿lon and. enlsslon spectra were taken ln the range

bet¡.reen llquld nlttogen and roo¡n ùenperatures. The usual
precedure tr'as to take speclra at roon tenpetature, then cool
the sanple to liquld nltrogen tenperature and. 

"epeat 
the

experlnents, Followlng thls, the nltrogen was renoved and the
cryosNat allowed to warn up by means of cond.uctlon through
the thLn stalnless steel dewa¡ neck and. heaù transfer through
the vacuun c Spectra were then taken at lnternedlate tenpera-
tures durlng the warnup" The tlne taken for the cryostat
teüpereture to change fron neaf,. that of llquld nltrogen to
0c" Bras about elght hours, d.epend.lng upon the vaouun. Even

at the lowest ternperatures the rate of tenperatule rlse t¡as

no hlgher ¿han two centlgrad.e degrees pèr nlnute, so that
over the three or four nlnutes reguired. to take a spectrunr
the tenperature was senslbly constant. fn ord.er to reduce
'Lhe warnlng rate and. the¡efore the tenperature Iag between the
elyostat and crystal , the latter was ernbed,d.ed. wlthln Èhe

large raass of netal conprlslng the crystal holder (Ftgure lV.A),
end kept ln Lntlnate contact by a sprlng

As prevlousLy nentloned., a1l d.ata were punched. on
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stllp paper tape" The numerlcal codlng was chosen to be

conpatlble ?Ilth an IBM 1620 conpute¡ eo that the spectra

coulcl be transferred. onto cards prlor to correctlon and

analysls by an IBM 360/65 conputer.

(D) Data Çolrectlon
Before the l-uxolnescence spectra could. be analysed.

and Interpreted., 1t ?.7as necessary to apply certaln correctlon
factorso these are out1lned. below:-

(1) Spectral Response Correctlon

one of the probleros encountered ln broad band.

I

lu¡olneseence experlnents 1s that the spectral tesponse curves :
.1;

of nonochronators, photoüultlp1lers, wlnd.or.vs and Lens systens i
1

are dependent upon the wavelength of the radlatlon passlng

through the systen" In ådd.1t1on, there ls no llght source

avallable r^rhlch ranges wlth unlform lntenslty fron the
ultravlolet to the vlslbj.e. Thus lt ts necessary to deternlne
the folIol¡lng quantltles as a functlon of ?ravelength s-

(f) gne relatlve lntenslty of Llght lncldent on the
crysNal 

"

(ff) ff¡e response to the luxnlnescent enlsslon of the
analyser systerû, conprlslng the nonochronator and photo-

nultlpller corûblnatlon and. assoclated. optlcs.
These spectraÌ response curves ¡sere d.eternlneê by

tr'ro auxl11ary experlnents, A and B, shor,m ln Flgure IV.4. fn
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the flrst, the d.euterlun lamp and. lrrad.iaùlon nonooh?oxûator

vrere nounted ln serles wlth an R" C. A. 7200 photonuLtlpLler

prevlously callbrated by the Bad.lo Corporatlon of Anerlca,

and the ltght lntenslty Il {À} seen by the d.etector plotted. as

a functlon of wavelength. fn the second. experlnent, the J.anp

and. Lrrad.latlon nonochro!ûator were placed 1n serles ïrlth the

analyser nronochronato¡ and. lts assoclated. E.M.f. photonultlpl l er,
ênd the lntenslty I2{À} agaln plotted. as a functlon of wave-

lengih" The response curves v¡ere deÈernlned. as beloÌr, }¡here

n.]{X} ls the relatlve response of the lanp-1rrad.latlon nono-

chror¡ator conoblnat1on, and nriLI th¿t of the analyset ûol1o-

chronqtor and E"M.I. photonuLtl pl ter. o{f} fs the }orlown

reLatlve response of the callbrated. R. C. A. phototube.

I,{r} : c,{r}o{x}

Ir{r} = n,{r}nr{r}
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The ïelatlve response curves clearly depend upon the

ì:and pass or sllt wld.th of the monochronators. Consequenuly

\:he callbratlon hras d.one uslng stlt geonetry ldentlca1 to
thet employed 1n the lumlnescence dxperlnents. The llght
lntenslty reachlng the detector durlng spect¡al callbratlon,
hor,revel'o r¡ras nuch gleater than that enltted. und.er excltatlon
of a crystal, so thât uslng the above sLlt geonetxy, some

¡ne¿,ns of regulatlr¡g the lntenslty was requlred, 1n ord.er to
pt'event danage to the phoÈotubes and to operate ln the sa¡ce

slgnal range. fË was deternlned. experlnrentally that varlatlon
of the monochromator sLlt helghts caused. conslderable dls-
tortlon of the response curtes, but that an aux111ary s3.1t

mounted. perpend.l cuLarly to the nonochronator s11ts ln the

posl1r1on lndlcated. ln Flgure IV.4 resulted. ln no nottceable
dlsùort1on" An auxlllary slIù nounted. ln the above posltlon
was thus enployed. as the lntenslty control.

Flgure IV.J shows the response curve of the R.C.A.

câllbrâted phototube, and ln Flgures fV"6, IV.?, IV.8, and

IV"9 are shown the relatlve response curves of the equlpnent

for the lnstrunental band. passes lndlcated..

Slnce each record.ed. point of a glven lunlnescence

spectru!û requlres correctlon by a factor derlved. f¡orn one of
the above curves, the response correctlon of roany such spect¡a

-,{^} = I,{À}/"{À}
-'{^} = t,{^}'{^}/r,{^}



Relotive Responsc of Colibroted Photornultiplier Tube

\

\

\
À



++r

l-

.:
o

Fig. lVó ReloTive Exciìotion I

l3'2 nm Bond Poss

lL9,ryi1r*

Ill,
't{,

't+,
T+

+
**o

+
*f++****.-

400

g
o

+r
t** ' +

++!
sOd**..+++ô+++++



Relotive Detecl ion EfficÌency

+
-.t-

-t-----F---'

--+--
--+-------l-__{-_--1-

---.]-

=
_i_

__l__ 
-i---+--+--+--++

-+-+-+-

t_
t:
t<

l¡
II
t¿

t1

td

tq
t,ål:t
i*

l,T

I



Relolive Inlensity

l-
[¿r

N:
l.o
Ëo

lll'o
llo

B

-$-
-l-

-Þ
-+-

Scole x 5

+
+
+

+
+

+
+

+
+
+

+
+

+
+

+

(o

..
ã



*
d óf

+i

ft+
8+

o+
o+

+

+
o+ +
"+.

o
<t

où

(ruu) q ¡ 6uo¡oa,o¡¡

+
o **
o+

o8
r-+o' +

o 
o o #+

oo
o" +F oo. * .È,-

oo ;^o
o^oô -

e 1_ +o

*åo
+o

+o .

to
ö.
e

o
o

o#
o

.o f
o

ôt' 
oo +

t i-o

¡f
4-t

o+
89

+

o4-

+

.B3 3o 
+o&+

o I o o"
¡ +++oo o

+o

ssÞd PuoB ruu €.e

õ-:.

I

õ'
a

m
a
õ'
a



62

coulC be very tedlous. fn the past other l,'orkers have con-

structed lngenlous auto!ûatlc correctlon d.evices such as that
of Llpsett (L95g)" Hls analogue systen used ca¡ns r wlth r

profiles proportlonal to the lnstrunent response curves, to
drlve a potentlal dlvlder nounted ln the photonultlpller out-
put clrcult. CoIreqù1on of data pertalnlng to the presenL

sùudy, hor\,ever, was greatly slmpIlfled. by the use of paper tape

outpu'i:. The response curves were d.lg1t1 zed at 50 Angstron
j.ntervå1s and stored ln a conputer subroutlne. Llnear
interpolation betwêen the response cu¡ve data polnÈs nade

posslble conpuLer corlectlon of. any spectrun. Slnce

lu¡oinescent curves âre expected to be approxlnately Gausslan

in energy (Chapter III), llnear lnterpolatlon between ùhe ravr

d.ata polnts was used. agaln to converü spectra havlng a..L1neår

',,rave1en6Nh scale to spectra havlng a 1lnear energy soale. Thls
conversion, cond.ucted wlthln the correctlon progran, was nad.e

to facilltalre ùhe use of a Gausslan flttlng program, dlscussed

1n chapter VI.

(2) Sltt i{1dth Correcù1on'

The sllt wld.th of a gratlng nonochrornator controls
the spectral band pass, whlch 1f neasured. ln wavelength unlts
ls essentlally constant over the spectral range of the

instruoent, as lndlcated by the shaded. reglons ln Flgure 1V..10a"

In convertlng fron wavelength specÈra to energy spectra, the
wldth of the spectral ,'wlnd.ow', changes as seen ln Figure IV.1Ob.
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Wovelength {À) Ê

Fis.lV.l0

Energy {E)

Consequently a correctlon nust be applled for thls change ln
energy bândpass" \Toïù slnce curves IV.10a and IV.1Ob represent
the sane physlcal process, and. the lntensltles f" and 16 are

the nurnber of photons ln a wavelength lnterval dÀ or energy

lnterval dE lnvolved 1n a transltlon pe" unlt ùlne, the area
of the shad.ed elenents nugt be ld.entloa1. Hence !-

Iod), = IbdE

r,rhere I and. E are related. by r -
E = hu = hc/À

f ron whlch dl,/dE -- - hc/Êz

(¡,¡lth usual notatton )

so that ro G Io \r/Jl

or equlvalently, ro o t"{y'(r,)'}
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Thus to obtaln a relåtlve neasure of the lumtnescence

spectrâ ln terns of the number of photons per unlt energy

inùe!:vaI , the raw data were corrected. by applylng a varlable
¡ , 13

f actor of { r /r', }(/ t

(J) lenpqlature Determlnatlon

The thernpcouplè callbraÈlon curve, conslstlng of

values at 10c3 lntervals, was also stored. ln a conputer

programe Before and. after each experlment, the thernocouple

was recallbrated at 1lquld. nltrogen and. roorn tenperatures,

¿rrid ùhe callbratlon curve apploprlateLy rescaled.. Llnear

lnterpolât1on r{as agaln eroployed. to d.eternlne the clystal
temperature from the correspond.lng thernocouple voltage.

the lunlnegcence speotra were corrected., and the.

eolrespondlng tenperatures conputed ln a slngle progrân,

h'rltten for the IBlq 360/65 xrachlne, and. d.escrlbed. ln
Appendlx I.
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CHAPTER V,

EXPERTMENTAL ÐATA AND THEIR INTERPBETAÎION

(A) Introduct lon

In d.escrlblng the excltatlon data, frequent reference

r{111 be nade to the enìlsslon data whlch w1}1 be d.lscussèd.

1åter". At this polnt lt ls sufflclent to nentlon that two

broâd. emlsslon peaks are seen, soloetlnes $tlth a snall peak

between then"

To avold confuslon, the terns and "envelope"

will convey the followlng neanlngs unless speclfled otherwlser-

Band ¡ An experlnental peak to v¡hlch a speclflc

electronlc transltlon has been asslgned"

Rnvelope 3 An experlnental peak that ls the sun of

several bands, or to whlch a speclflc transltlon has not been

asslgned.

Although a totaL of about 25 dlfferent NaI(TI) sanples

were sËud.led 1n all , only 11 were used. to conplle the data

dericrlbed. ln the follorvlng sectlons: J to obtaln the excttatlon

dâta, end 6 to obtaln the enlsslon data. fn order to ¡educe

the varlatlon ln T1+ concentratlon from one sanple to anotherr

the 1l sanples used r,rere cleaved. fron only I dlfferent large

slngie crystals" In the fo1lowlng sectlonsi the quoted sânpIe

nunbers (10 2 and 3) refer to the slngle crystals fron whlch

the sâEp1es r,rere cleaved.. Although the 11' concentratlon wlLl-
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be shol,¡n to dlffer anong the large slng1e crystals, sanples

flonl the sare slngJ.e crystal were found to be of slnllar TI+

content.

(B) Loi,r îemperature Excltatlon Spectra

Flgures V"1 Èo Vo4 show,i excl¿atlon spectra of
N&I(TI ) Sanp1e llt at a tenperature of .9?oK. fhe selected.

enission energles cover the ultravloLet-vl s lble reglon fron
2"75 ev (4500 Ä) to 3.Bt ev (iz,o A), spannlng all the observed.

erûf ss l on bands.

the exclùat1on spectra glvlng rlse to the Iow energy
erûlsslon envelope 1n the vlclnlty of 2.88 eV (&3OO A) are
presented ln Flgures V.1 and i,I ,Z; ' the forner shows spectra
et enlsslon wavelengths wlÈhln the low energy half of the
envelopeo while the lalter shows spectra relatlng to t,he hlgh
energy slde" Two excltatlon envelopes .are seenf the larger'ln
the :neglon betrueen 3.90 eV (3tB0,A) ana 4,36 eV (2g40 A) and

the s¡¡aller between 4.46 eV (2?80,À) and 5.30 eV (Z3ilO A).

'Ihe low energy .excltatlon envelope appears to be conprlsed of
at least tv¡o unresolved. bands. fùs peak helght lncreases ln
Fl8ure V"L as .the emlsslon energy is lncreased. and. decreases

ln Flgure Y.2 as the enlsslon energy ls furthe! lncreêsed"
The lncrease and. subseQuent d.ecrease 1n peak helght was expected.

slnce thc varlous enlsslons scan over the enlsslon enve3.ope.

Àlthough the peak posltlon and u¡ldth appear.not to vary, they
wli1 be consldered. 1n nore d.etalI later.



6?

The hlgh energy excltatlon envelope appears to be

triplet e as evld.enced. by the long should.ers, and. wlll also be

corrsli.ered Later ln nore d.etal1. Its lntenslty varlatlon v¡lth

emisÉlon energy ls nore conplex than that of the Iow energy

excitatlon envelope d.ue to 1ts unresolved composlte bands.

The hlgh ênergy slde of the hlgh energy envelope 1n Figure

V"1 lncîeases wlth lncreaslng emlsslon energy r^rhlLst the rlght
hànd s j.de remelns stead.y, and ln Flgure V"2 tne lovr energy slde

of the envelope d.rops off sonewhat nore rapld.ly than d.oes Èhe

h13h energy slde.

In Flgures V.3 and V.4 are shown the excltatlon spectra

for er¡itsslon over the re.nge 3.26 eV (3800 A) to 1"82 eV

ß25O ^). 
Flgure V"3 shows the spectra for excltaÈlon to the

extrerile hlgh energy slde of the low energy enlsslon envelope,

lro a smâLl band at 3,28 eY (3?80 A), and to the low energy

sld.e of the hlgh energy enlsslon envelope. The two excltatlon:T

envelopes dlscussed ln connectlon wlth Flgures V.1 and. V.2

âre seen to d.ecay progresslvely as the enlsslon steps toward

hlgher energles, wh11st two new envelopes rlse at l.p8 eV

(3L2a A) end 4"68 eV (2650 A).

Exclbaùlon to the hlgh energy etr1ss1Òn envelope 1s

shorÍn 1n Flgure V.4" Atbhough the transntsslon peak (narked

T"P") obscures sonewhat the low energy reglon of the curves,

the two excltatlon envelopes are nuch narrolrer than those

related. to excltetlon to the 1ow energy enlsslon band.. The



flcuja , r(.rIil:,; ¡rf¡ivr\L - !:vÊrr ¡ r0lj!llsl
(.i,..{ I lç, GÈ\fri 2l.l Gr¡0P I ttl 6RÂpc ¿ ¡.t cìÁrq r t¡t

Évtss/!r(tr :,.ii¡v trrlr¡r 2.76 2.82 ¿.aa 2.95ÈYis:/.r( l: rrvi!-:ri':¡ rr¡ 1500 4400 4t00 4zoo
r¿vrtirrlsr {'ì'ir (t 91. 97. 21, 97.
CÄì¿ 9C¡tla rrrT rrfr rr'.}:1,\L¡¡!tr

.-.a¡I

Relative lntensity (arb, units)

J

.)

,)

E *.5 C)l
Ë ql?lõ' ¡ l,Ã'

É Y.l<
t <n l-Ô 'tI

c).{
Þ

c)

3

c
3

=4

:l

¡3-

,{

B9



pLalflr,c tñtfFvÀt - Evf¡y ? pot¡¡t(st
cs,l¡lrì I trt GpÄcH 2 t.t ôR^pH 3 t¡t eiÂÞH ?, (.' 6c¡p,t S ttt

ÈÀiÃôY l!.v.) .l.rt t.o2 t,1o ?.ta 1.26rrlvfL€tcr¡ i¡l ¿2i'o 4loo 4OOO lç;o i"""lolc. (t a7. çt. ,;: ';i:
Iut ñ0t ñoÀ8ALt tEO

Relative lntensity (arb. units)

tñrõ
!¿ ,l l-(o õ | -:jz zl(o
! c.r l* frls
' :.íln:

nlÞt

69



iiiË{dËr; 1sËrrt¡Í*nis*ÈËrR
ff I 3 : .$ g :

Fig. V.3
ErclTATlOî,¡ SP¡CTR/E

Sample Î{urnber I

Channel Î{u¡nber and \¡Ja.reìengih (I)

{



Channel Number and ltlavelength (A)

-{
F

Fig. v.4.
EXCiTATIûN SPICTRf{

Sômplo Î,:umber I



Nol (Tl)

Wove le nglh. (A )

tig. V.5

Absorption S pe clro

E nerg y leV)

f :.ne structure lnd.lcâted 1n the narrow low energy envelope of
Flgu:'e V"J, and. the rnove¡oent of both enveLopes 1n Flgure V"4
suggests r)hat both nay be conprlsed. of no¡e than one unresolved.
band" Hol'ever the snarl peak shtft nay resulÈ noü fron an actual
movement of the excltatlon envelope, but fron an error ln the
reproduclblllty of the wavelength range scanned by the mono_
chro¡ûato?" .As wllI be seen later, both effects are present, but
one nay be dlstlngulshe. fron the other ln certaln clrcunstances"

The naJor features of the above low tenperature excltatlon

ïtol(J 4ol'
I;l_âl<I

I'ì
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dare &åy be lnterpreted. in the llght of the absorption spectra
o'f Nat(î1 ) ùaken by Matsut (t96?) and reproduced. ln F16ure V"J.
The specire of sarnples contalnlng varlous Tl' concentratlons
show the A and B bands characterlstlc of the T1+ ¡nononer

ebsorpùlon, the B band resolved fron the fund.amental absorptlon
edge only at tenperatures equal Èo, or be1ow, thab of 1lqu1d.

nl{rïogen" .á,t the hlgher T1+ concentratlons, absorptlon band.s

due to the dl¡ner centre appear 1n the 1oy¡ energy shoulders of
",,lre A and B bands. These w111 be call"ed. the A' and. B, band.s

respectlvely" the posltlons of the A, B¡ C, A, and B, band. s

( Ìuiatsut , t96? ) are r -

Band .Hos 1t 10n
eVA lenperatufé

l!

A
Â0

B
B'
c

4.26
4.o6
4"96
1r.81
<-r2

29Lo
)v ta
250o
25? 52"' Á

7?
77
77
77
?n

ïn âddltlon to the absorptlon bands 1lsted above, there nay
exist a C' band not seen $n.,.I'tgure:,V; J :since 1t would 1le und.e¡

the fundaruental absorptlon ed.ge.

fn the present excltåt1on d.ata for a tenperature of
g?oKe tlro broad and asymnetrlcal envelopes are seen, together
r,¡i th two narrowe! ones on thelr 1ow energy sldes. Accord.ingly,
the broad 1or,¡ energy asyn'et'i.ca1 excitatlon envelope at 4.14..eV
(2990 A) ls assocrated wrth the A band. of the nonone! cenÈre,
ând the other b¡oad. enver-ope at 4"Bo ev (2JBo A) ls assoclated.



r,rith ùhe B beitd. and. possibly also Ì^rlbh the C band. m. nurÏ,
loic energy excltatlon band at l"p8 eV (3L20 A, 1s assoolated

vrlth tl're A' band. u and the other excliatlon envelope at 4.68 eV

(2650 !,.) wlth the B' band..

The lnternâI strucÈure of the A, exclta|lon band was

èorrf lrl¡ed by slniLar spectra taken on SaIûplé #2, whlch has a
sonervh¿:.t hlgher 11+ eoncenbratlon than Sanple #1 " Flgure V.6

sho¡vs the flne st"uc|ure, and. FlguJres V"?, V.8 and V.9 shovr

the contlnued. lnc?ease 1n peak helght of both d.1mer band. s as

ùhe enérgy of e¡¡lsslon encroaches more and üore lnto the hlgh
energy envelope" Figure V.ó shows the flne structlrte to be

nost prorûinent when boÈh the À an¿ "t' band.s are present" the
shift in peak posltlon of the A' band. nay be d.ue elther to
vârylng hel-Bhts of flne structure eonponents or to a wave-

length error. the vsrlatlon ln shape and. posltlon of the hlgh
energy excltatlon envelope ls qulte obvlous ln Flgures V.6,
V"?, V.B, and V.9, and wll1 be dlscussed at a nore approprlaÈe
tlme" Both Flgures V.8 and V"p show the transnlsslon peak

at the extrene r16ht hand. sld.e.
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Figures V.10 and. V.11 show a selectlon of excl¿atlon

curves of Sample //L toy enlssl-ons that span the entlre 1ov¡

energy einlsslon envelope" Slnce for an excltalton culve the
pealc helght of the 1ow energy envelope ls nuch larger ¿han

thaù of. the hlgh energy one, both cannot convenlently be drav¡n

to the sar:te scale on one gr.aph, thus, part (a) of each. flgure
sho!Ís lrhe hlgh energy envelopes and part (b) tfre 1ow energy

enve1opes, both sets separately nor¡naI1zed so that the largest
peelc fl-lIs the vertlcal dI!ûenslon of each dlagram.

The curves of Flgures V.lOå. and. V.1la show the hlgh
energy excltallon envelope to be at least trlplet, conslstlng
of a eentral- band flanked by a snaller one on elther slde"
As f:he enlsslon steps fron 2.Z6 eV (4500 A) to 3.02 eV (4100 A),
the central peak of the trlplet af flrst rlses and then falls,
r,rh11s¿ the rtght hand. peak remalns at a fa1rly constant height"
For emlssions betr{een 3"02 eV (4100 ¡.) and. 3.18 eV (39OOA)

both ùhe cenN?aL and. rlght hand conponents decrease, and. al:

stlII hlgher energy enlsslons, a nev¡ band. is seen at a'oout

4. j6 eV (2?2O A,) o tn the 1ow energy ta1l of the envelope. The

rlse of thls band ls ¡aalntatned ln Flgure V.12a for enlsslons
ùp to 3.35 eV (3700 .4,), after r¡h1ch lt decreases rapldly as

the energy of enlsslon l.ncreases st1lI further. Slnce this
peak appears on the low energy slde of the &"68 eV (2650 A) B,

bando and well removed fron the A bând. reglon, lt cannot be
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i,rentif f ed rrlth an elect"onlc transltlon w1thln e1the" the

dirûer rr the nonoüer centreo This band w111 be called the I'

In ascend.lng ord.er of energy, the T1+ (or (fft)e)
iorr absorption or excltatlon band.s that lle on the.hlgh energy

sj.Ce of the Bo band are the B, C, c and C bands. Returnlng to
illgilres V"10a and. V"11a, the B' bend posltlon l_les rold.way

bet-;reerr the central and the 1ow energy conponents of the
;aiplet envelopeo Further, ln Flgure V"l2a both the central
ånci the hLgh energy. comporrent s,î:are seen to d.ecay as the Br

bând rises, lnd.lcatlng that they are bånds related. to the
rnônômer centreu That 1sc the central component at 4.80 eV.
(2580 A) of Flgures V.LOa and V"1la 1s assoclated. wlth the
ì3 absoi'ptlon band, whLle Nhe hlgh energy conponent at 5.tZ eV

(2420 A) can be ldentlfted as the C band. The s¡oa1l_ Èa1I on

the hlgh energy sld.e of the B' band. of ¡'lgure V.12a nay ln
f¿c1; be the C' band.

Assurnlng that the d.iner centre results fro¡a tivo T1+

lons in nearest nelghbour catlon posltions, and that the
probablllty of occupatton of alI posltlve 1on sltes by T1'
ions is the sane, then the nu¡ober of dlner centres per unlt
vo lurne ls ¡ -

N¿ o óNr2/N2

(Van Sêtver, 1964), whe?e N* Is the nurnber of mononer centres
per unlt voluxûe, N ls the nunber of aval1ab1e lonlc sltes per

I
.¡

ìj
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unlt volune' and Nro << N. Thus fol a nonorner concentratlon of

1 part per 103 (r.e. wr,/w æ to-3)' the dlner concentrâtlon 1s

approxlnately ó pa¡ts per 106. Although the dlmer/nrononer

populatton ratlo ls of the order of 6 x LO-3, the excltatlon

spectra of Flgure V.12 show the B' and B bandls ' and the A' and

A bands, to be of conparable lntenslty. Thus the effl.clency

of lunlnescence of the dlner centre nust be approxlnately

100 tlnes ùhat of the nononer centÌe.

In Flgu¡e V.10 and. V.11 the A band shape changes

llttle as the enlsslon ene¡gy lncreâses. The polnt of lnflectlonl
êt the A band. peak (4.f4 eV) was observed by Matsul (L9671 and

although no clear explanatlon was glven, the lnflectlon was

lnterpreÈed by the present author 1n the llght of the

experlmental arrangenent used. The technlque was to vlew

the crystal lunlnescence ln a dlrecü1on perpend.lcular to the

ôlrectlon of excltatlon, and. to nount a large square sample

wlth 1t6 face perpend.lcular to the excltlng bean. At hlgh

abêorptlon coefflclents, for exanple ln the A band at 4.14 eV,

the excltlng bean would be absorbed pred.onlnanÈly ln a thln
eurface layer of the crystaL. Thts thln layer woutd te off

. the axls of the analyser nonoch"onator, and. coultl result ln a

AlEtortlon of the excltatlon band. shape.
'The present erperlnental artangenent, uslng a 4Jo

orystal orlentatlon, avolda thls probleni slnoe the source of

lunlnescent enlaslon ls always nounted on the atrls of the
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arlalyseÍ monochronatore The fact that the polnt of lnflectlon
Ls s'r:liI observed. suggests that a dLfferent explanatlon 1s

requlred 
"

At the hlgher excltatlon energles of Flgure V.11b'

the eur'¡es are more be11-shaped. over fhe peaks than are the

curves of Flgure V.1Obo fhls suggests that the envelope

consisùs of tr^ro overlapplng bands, the relatlve lntenslty of

rvhich changes as the enlsslon energy varles. The snall
vê.riâtlon ln the posltlon of the envelope ls apparently

r€rÌ1don, but ls abouù twlee as large as the estlna¿ed

experlnental error of !4 Angstron, and uay also L¡nply lnternal
stïucture of Èhe A band..

Over the enlsslon range where the B and C band.s, of
Flgure V"12a d.ecay and Lhe B' band. rlses e Flgure V.12b shor^rs

slroll¿r drastlc changes ln the shape of the low energy

envelope. The A excltatlon band d.ecays, and ls replaced. aù

sllghtly Ior+er energy by the A' band..

ïn Figure V"13, data shori¡lng the shape of lhe

exclta|lon bands for enlsslons contalned. solely wlthln the

hlgh energy enlsslon reglon are presented. sonev¡hat dlffe¡ently
from the prevlous three flgurese so that the peak roovenents

can be lnvestlgated.. For varlous enlsslon ene¡gles, part (a)

shorvs i;he hlgh energy B' band.; part (b) shows the sane curves

al-l nornallzed. to an ld.entlcal peak helghtt and part (c) shor^rs,

for the sane eülsslons, the 1ow energy A' band.s nornallzed. to
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the sane peak helght" Bo,ch the hlgh and. I o¡^¡ energy excllatlon
bands are symmetrlcal and. do not shol^¡ lnterì1al structure as
¿he enlsslon energy varles. rn ad.d.1t10n, the relatlve d.ls_
praceneht among the curves 1n Flgure v.13b ls the sa¡oe a.s t,'at
ln Figure V"1Jco suggestlng that a systematlc error wlthln the
range !4 Angstrorû ls assoclated. wlth the wavelength seale of
each graph, ln agreenent Írlth the estlnate rnad e rn chapter ïv.
îÌre sma1l should.er at U.gt eV (Z5ZO A) on the hlgh eneÌgy
sid.e of, the B' band tn FLgures V.lJø and V"13b nay be the C,
band, but ls nore llkely.a small resld.ue fron the B band. If
it were the C, band lt 1¡ouLd be expected. to lnc¡ease along wlth
fhe B' band, as the emlsslon energy lnc¡eases.
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(D) Room Te¡ûpelalure ELcltatlon Þpectra

Flgures V.14 and. V.lJ show the

NåI(Tl- ) Sanp1e #1 at roo¡o tenperature.

energles range fron 2,?0 e\l (&600 A) to
coverlng both the enlsslon envelopes.

93

excltaglon spectra of

The selected. eülss lon

3,65 ev (3400 A),

. Excltatlon spectra charâcterlstlc of enlsslons wt!h1n

i:he low energy envelope are shom ln Flgule V.14. Two

unsynmetllcal excltatlon envelopes are seen, the s¡na11er

between 5"1 eV (2439 ¡¡ and. 4"4 eV (2820 A) and. the 1arger

between 4"4 eV (2820 A) and 3.? eV (3350 A). Both envelopes

are consldefably broad e" than thelr 10w tenperatu"e counterparts
prevlously shown ln Flgutes V"1 and. V.2. As the er0lsslon

ene?gy lncreases, the helght of the low energy A excltatlon
band j.n Flgure V.14 rlses narkedly, prlor to a snaller d.ecay.

Its shape does not appear to change drastlcally

. Although the hlgh energy excltatlon envelope of Flgure
V.14 lnd.lcates neliùher resolved. band.s nor pronounced. should.ers,

1t 1s posslble to lnfet lnternal structu¡e fron lts change ln
shape as the e¡¡lsslon energy varles. The hfgh energy sld.e of
the envelope rlses sharply and. then falJ.s only s1lghtly, as d.ld.

the À band. Thus by analogy wlùh the low tenperature d.aËa

the presence of the nonorner B and. C band.s und.er the hlgh energy

envelope ls expectedi The extrene low energy sld.e of the

envelope behaves d.tfferentry ln that after a sharp lnrtlâI rlse
lt falls alnost to lts or.lglnal helght. slnce thls change occurs
to the low energy sld.e of the posltlon of the B,

ì
,i

l
i
i
l
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bando lt is agaln assoolated r^rlth a centre other than those

due to the Tl+ lnpurlÈy.

In Flgure V.1J, as the enlsslon energy lncreases, the
broad Á excltatlon band decreases sllghtl_y, and then renalns
steâdy whllsÈ the narrower Ar band rlses on 1ts low energy
sldeo at 3"90 eV (3180 A).

The broad hlgh energy excltatlon envelope shorss a

sna1l decay of both shoulders as the enlsslon energy lncreases,
together wlth the rtse of the B' band at b.jg eV (2?IO A).

In comparlng the data taken at room terûperature wlth
that taken at Ilquld nltrogen tenperature, the followlng
Polnts are evident ¡ -

(f ) ff¡e 1o¡r tenperature band. posltlons are at hlgher
energles than al'e thelr roon tenperatu"e counterparÈs.

( z ) rrre r^rldths of the band s ( fu1I wldth at half maxl¡nun )

are snaller at Ilquld nltrogen temperature than at roon tenper_
ature.

Band Llq. N2 lenp. Roon Tenp.
Á

B
c
.ß!

Br

o,26
0"3
vcJ
0.14
o,t6

ev
eV

EV
EV

0.3 eV

0.19 eV

A
B

.¡t

B'

4.1& eV (2990 A)
4.80 eV (2580 A)
5,L2 ey (z4zo A)
f"p8 eV (31 z0 A)
4.68 ev (2650 A)

A)

À)
A)

4.12 eV_(30i0

3.90 ev (3180
4,58 ev (z?to
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(3) ûnlssfons that at lovr temperatures are exclted. only

by the dlner bands are at 
"oon 

tenperature exclted by both

d.lmer and. nononer bands. Compâre, for eranple, Flgures V.3

and V"4 wlth Flgure V.1J.
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(E) RÕom Temperature Excltatlon Envelope Shapes

The excltatlon curves of Flgures V.14 an¿I V.15 are

redrar,rn 1n Flgures V.16 and. V.1?. Parts (a) of each flgure

show the high energy envelopes nornallzed so that ùhe largest
peak fllIs the dlagrarn, vrlth the snaÌIer peaks scaled

accordlngly" Parts (b) and (c) of each flgure show the hlgh

and 1ow energy envelopes respectlvelyr each curve nornallzed

to lhe sa¡oe peak helght. Flgures V.1óa and. V.17a show nore

clearly than F1gure V.14 the movenent of the hlgh energy

excltatlon envelope toward s hlgher energy as the eBlsslon

er1ergy vaÌ1es froø 2.?O eV (4600 A) fo 3.26 eV (3800 A). The

vêrlatlon 1n height of the shoulders, suggested. 1n Flgure V.14,

ls conflrned ln Flgure V.16a. Flgure V.16b shows that the

envelope movenent results from an lncreâse ln. the B band and.

a decrease ln ùhe f' band to the low energy slde of the B'

band posltlon at &.JB eV (2710 A). The low energy excltatlon
enveloper however, lncllcates vlrtually no change ln shape

over thls range of enlsslons"

For enlsslons at hlgher energtes, between 3,26 eV

(3800 A) and.3,65 eV (3400 A), the low energy exclüatlon

envelope changes shape qulte drastlcally, as shown agaln ln
Fl8ure V.17c. the A band progresslvely decays, whllst the A'

band rlses on lts low energy slde. For a sln1lår range of

enlsslon energlesr Flgurès V.17a ancl V.17b show Èhe hlgh

energy excltstlon enveLope beconlng lnoreaslngly nârlower



99

and novlng towards lower energles, as the B and. C bands decay

and the B' band. gros¡s.
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(F) TemperatuÌe Depend.e4ce of the Excltatlon Envelope

Figure V.1B shows the excltâtlon spectru¡n that led to
enlsslon at 2"88 eV (4300 A), at varlous lenperatures of NaI(T1 )

Sample #3. As expected, two excltatlon envelopes are seen, at
about 401 ev (3020 A) and 4.? eY (2640 A) respectlvely. Both

nove tor,¡ard. lower energles as the tenperatu¡e ¡lses, ln accord.

r¡¡1th prevlously reported d.atar slBultaneously, ühe peak

helghts of both envelopes lncrease up to about 21JdK and. then

decay once nore.

The detalled. tenperature varlatlon of the fuI} wld.th

at half naxlnun of the low energy A exoltatlon band. of Sanple

#3 ls shown ln Flgure V.19, for enlsslon at 2.88 eV (&3OO A).

This enlsslon energy was chosen slnce the excltatlon speclra

lndtcate that the dlner centre pLays llttLe part ln lts
excltatlon.

The extrapolated band. wtdth at absoLute zero (L (O))

fs 0"33010.005 eV. ,A stralght llne constructed to pass through

the or1gln ls asynptotlc to the experlmental curve, and. lts
slope ls 0.0226!0.00ol+ ev of-å. Thus fron Equatlon :-l:fzg
the vlbratlon frequency ug assoclated. r.{lth the ground. state

ls us = (8.!!þ.9)^tOL2 cycles,/sec, and fron Equatlon III.1?
the mean nunber of vlbratlonaÌ quanta absorbed (sl ls .BOt2O.

Matsì¡l (L96?) perfo¡ned a.slnllar calculatlon for a

NaI(T1 ) sample contalnlng 0.00ó molel of T1' and. obtatned.

wldely dlfferent results as below¡-

],(o) = 0.155 ev
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,s = 4. ?8 x 1012 cycles,/sec.

s=62
To the author's knowled.ge, the experlEental curve from whlch

the above resùlts of Matsul were d.erlved. has not been

publlshedo S1n11ar d.ata reLated to the erûlsslon bands, howeve¡,
suggests that the curve ¡,ras deflned. by only three data polnts.

;

I
¡
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(G) Low Teûperature Enlsslon Spectra 
':.

Flgures V.2O t,o V.24 show the enlsslon spectra of ',

Nar(r] ) sarnple 11 at tenperatures between )Jo anð. pgo Ke1v1n, 
,

and exclted by llght of varlous wavelengùhs. j

the extrene hlgh energy peaks (narked. T.p. ) of Flgure i

1v"20 are not lumlnescent enlsslon enveropes but transnlsslon :

peakso and a¡e due to the llght fron the lrrad.latlon roono-

chrornator belng scattered. vJtthrn, and transnltted. through, the i

sample. the d.eslgn of the crystal nount prevented dlrect i
i

scatter of the lncldent 1lght lnto the analyser nonochroraator. i
.ìBecause of the nonunlfo?B absorptlon of Llght ln the reglon of i

.i4"00 ev (3100 A) by the crystal , the transntsslon peaks 
ì

intenslty 1n that regton d.oes not colnclde wlth the quoted ,¡

excltatlon wavelength.

Excltatlon at energles betv¡een 3.94 eV (3150 A) and. 'j
4.13 eV (3000 A), coverlng both the A, and. A excltatlon band.s,
prod.uces two broad. and. unsynnetrlcal enlsslon envelopes
(Flgure V.20), ùhe broad.er at about 2.gg eV (4300 A) and. the
other at about J.80 eV (32óO A). As the excltatlon energy
steps across the A, band and into the A band, the hlgh energy
enlsslon envelope lncreases lnltlalJ.y and then d.ecreases,

whllst bhe low energy enlsslon envelope lncreases narkedly
ând theh renalns steady.

Flgure V.21 shows that for excltetlons wlthln the A

band, from þ.r3 eV (3OOO A) to t+.)J eV (2950 A), Èhe hlgh
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energy enlsslon envelope ls all but absent, and the

unsynmetrlcal low eneÌgy envetrope decreases.

The behavlour of the hlgh enelgy envelope shown 1n

Flgure Y.22 for excltatlon ln the tange 4.35 eV (2850 A) to
4"?? eV (2600 A) 1s sl¡nllar to that of Flgure V.2O ln th'.¡t Lt
too rlses and then falls. .å,s the excLtatlon energy s¿eps

across the hlgh energy part of the A ban¿i and across the B,

band, the peak helght of the 1ow energy exoisslon envelope at
flrst decreases and ,then increêses stead.lly, wh1lst the peak

posLtlon rooves frorn about 2.82 ev (4400 A) to 2.gg eV (4300 A).
the peak novenent and. the asynnêtry of the envelope together
suggest.the presence of another band 1n the left hand. sld.e of
the low energy enveLope. There is aLso evldence for an

enlsslon band. at about J.Z8 eV (3?gO À), buÈ 1ts lntenslty 1s

lnsufflclent to prod.uce aj.I the broad enlng of the 1ow energy
enlsslon.: envelope.

Flgures V.2J and V.24, for excltatlon tn the range
4"?? ev (2600 A') to J,64 ev (z2oo A) spannlng rhe B and. c

bands, sho¡r the rapld. deoay of the hlgh energy enlsslon, and.

the stead.y decrease of the low energy envelope wlth an apparent
s1lght shlfÈ toward.s hlgher ene"gy ln lts peak posltlon. The,

3,3t eV (3?50 At band. ls not fui.ly resoLved. fron the naln low
energy envelope.

In Flgures y,Z5 to y.Z9.are sho!ùn the enlsalon spectra
for a dlfferent sanpLe (NaI(TI) Sanple #2). Agaln the crystal
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temperature was between 95o anô, 98oK., and the excltatlon was

by 1leht ât the lndlcated wavelengühs.

Although the spectra of the two ssúples agree ln
general oìltllne, the f ollortrlng d.lfferences are noted ¡ -

(f) tfre rattos of the helghts of the hlgh to
l-ow energy enlssi'on envelopes are dlfferent for
ùhe two sanþIes, as nay be seen by conparlng

Flgure V.25 wltin Flgure V.20, Flgures V,Zl anð,

V"28 l'¡lth Flgure y.22, anð. Flgure V.Z9 lvlth
Flgure V.23"

(ff) f¡e hlgh energy emlsslon enveì.opes of
Flguxes V.25. V.2?, ancl V.29 appear to be con-
pr.lsed not of slngle bands, but of several over-
lapplng and. unresolved. band.s. The arrows lndlcate

. .f 
ine struoture peaks that ocour on more than one

graphe

(tff) fne 1ow energy enlsslon envelope for
Sanple #1 1s dlstorted fro¡o the pure Gausslan on

lts hlgh energy slde nore than 1s the correspond.lng

curve for Sanple #2. Thls nay be seen by cornparlng

. Flgure Y,26 wLt:n Flgure V.21 , Flgures V.2f and

v"28 v¡lth Flgure V,22, and. Flgure V.29 wlth Flgure
v,23,

In Flgures Y,2? anð. V.28 the snall e¡alsslon band at
3"31 eV (3?5O A) ls asaln noted.
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The prevlous low tenperature enlsslon data shor4rs that

the,hlgh enexgy enlsslon envelope ls exclted only by Ileht
wlthln the A' and. B' band.s, and. ls thus assoclated. lrLth the
(T1')2 d1¡0er cenüre; The low energy,enlsslon envelope,
however, ls exclted. by l1ght wlùhln the band.s of both the
nononer and dlner centres.

A dlrect co¡oparlson of three sanples used. ls afford.ed.
by Flgure V.30r shovrlng the enlsslon spectrun of each crystal
at 1o¡r tenperatu"e'and exclted. by tlght at þ.6g eV (2650 A)

from the B' band. The three curves are nornallzed at the
peak helght of the low energy envelope, and gtaphlcall_y show

that the lntenslty ¡atlo of the hlgh to 1ow energy envelopes
varles among the sanples. Thls nost probably ls explalned
by the dlff erence 1n d.,1,ner,/nonorûer ratlos, whlch results fron
a varlatlon 1n Tlt conc€ntratlon alrong the three sa¡op1es.

Returnlng to Flgures V,à? ana V.28, the snalL enlsslon band. at
3.31 eV (3750 A) ls agaln seen under excltatlon fron Ëhe f.
band on the 1ow energy slde of the B, excttatlon band. Thus,
ln accord. wlth the excltatlon d.ata, the 3,3L eV band. ls
assoclated wlth en1ssl0n fron a centre unrelated. to the nono'er
or dlner centres.

' van sclver (1960t, ln studylng the lu!ûlnescent and

reflectlon spectra of NaI crystals grovJn under va¡lous
condltlons, observed an enlsslon band. at 3.31 eV (3750 A)

whlch he attrtbuted to a stolchloneÈ¡lo excess of 12. Thls
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enlsslon r,ras exclted at 83oK. by two bands at 4.8J eV (2560 A)

anö- 5,4? eV (22?0 4), both of whlch IIe on the hleh energy

slde of the I' excltat.lon band.. Al-so, the enlsslon was

absent ln crystals doped wlth Tt+ r thus lt seens unllkely
that the 3.31 eV eBlsslon and. f' excltêtlon band. seen ln the

present study are due to a stolchlonetrlc excess of 12.

Another poèslble explanatlon for the 3.3L eV (3?5O A\

enlsslon band, 1s that lt results fro¡n a centre conslstlng of
several T1+ lons ln near nelghbour posltlonst that ls, an

aggregate centre. Such a centre could. explaln an excltatlon
band. on the low energy slde of the B' band., but would requlre
the presence of an add.ltlonal band on the lovr energy sld.e of
the A' band. An "aggregate A excltatlon band,, was not
observed; nelther r{as any enlsslon at 3,31 eV seen when

samples were exclled. at energles below ùhe B, banù.

Further, slnce aggregate centres would occur

predonlnantly at hlgh 11+ ooncentratlons, the pnonounced

3.3L eV band. of Saruple #3 tn ¡lgure V.3O would. requlre that
Sanple /13 lnave a hlgher T1* concentratlon than the other Èwo

sanples. Sì¡ch ls not the case, as seen fro¡o the reLatlve
heLghts of the hlgh energy dlner emlsslon band.s. ft ls
concLuded. that ühe 3,3L eY (3750 A) enlsston band results
from a centre that ls presentJ.y unldentlfled..



F¡GstÈ ¿0 Þtotltrtc ¡ñtFRvÁL - €vEFy 2 potll(st
CRÂPX I ('I GiÂPH Z I+¡ GRÂPH ¡ IXI GRAÞI{ 4 {rI CÂAPH 

' 
(II

Ef¡ss/F¡ctr e\a¡cy tErvlt !.94 4!OO .106 Á.t!
tHlss/Frcll rÁvÊlcrtctH tÀ¡ 3150 ,¡00 3o5o lootì
ÎÉr¡FtRÀrr,tí tcFG. {t 93t 98. e¡. a8t
0Àr¿ sc¡(:D 5UÌ NôÎ Notr{/\tllED

'\

0lz31aâ
..r....r.,..1....r.,,.r....t....t....t....t....t...,t,...t..,.t....t....t....t....t,...t....t,...t,,,.t.,

.. c¿0

Irl

dã

Ë

1.e20 -

1.720

3.:2Õ

1.220

3.1¿q

I
,l

)

)

)

. Relative lntensity (arb. units)

rc

l.O2O -

2.920

Irt
ftlë 6l¡¿l' ol(ozt.
€ øl(3 * l'N,E 9lo

2.C20 -

2,72O -

2.62ô -

lt ! l6t.

t9 tttt.

59 1522.

09 :850.

109 4t 05.

.. r.,., t..., t.... r.,. .t....t...,1,...1.... t,,,. t.... t...: t ..., t..,, t ..,, t .... t.... t,... t.... t.,.. t ..,, t. ,

c)
OJ33
(Þ

c
t,

.=
9.
É
g

,0a
5

,.ê

Þ tt



Channel Number and Wavelength (A)

o\

Fig. Y.Zl
EMISSION SPECTRA

Sample Number I

.E

=
-o

Þ
Ê

E
dt¿

-!g(¡)É

I
I

¡

I

I

I

I



Fig. V.22
. EMISSION SPECTRA

Sample Number I

Channel Number and lVavelength 
.(A)

-{


