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Abstract
This study invest-is.ted the photo-natation and tht:rmoluminelCfnct properties of

diamonds which were synthesised primarily for dlermolumi.nescenee dosimetry.

For invr.stiaations of tbennally stimulated processes oa:urri.n& in these crystals an

analysis of the thcrmolumm.:scenoe &low spectra and the temperal.Ute dependent

isothenr.al decay spectra was undertaken. Optical activation enersits were derived by

aSBessins the efficiency with which thermolu_1'Unescence ch'lrse trappinl st.let were (ie..

ropl.1lated as • f\.mctiQn of excitation wavclenath. These activ..ttion enerSies. thermal and

optical. wen: then compared to provide an int:rpretation of the mechanism of optical

excitations In addition the properties of deep. thermally inacces,ible charse trappUts

states ~ investipted by a phototnUUfereklCecum thtrmQluminescence techI,_ique.

The Mtl.bUbed favourable characteristics of the ato~ntioned charge trappinc

states mot~v..ted an evaluation of a dosirrletry l)'stem baMd on the radiopnotolUl.'l'Jin-

~"e properties of these diamond.. Rnults ot port-irradiation phosphoraccnce decay

sUiiested a further method whereby S)'nthetic diamond could he used for radiation

dosimetry.
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CHAPTER 1

Introduction

1.1 His\1orkal Background and Motivation for Study
/,y;:-_:-~
~/' '\:\

=~e fJIst SC~~l'i~Uical1yrecorded obs.tl'Vation of thermoluminescence (TL) was made

by Robert Boyle in a report to the Rr,l'yalSociety in 1663. This had reference to the

luminescence observed, in the dark...from a natural diamond to Whi(;ll an external source

of heat was applied, Early observations of thermoluminescence S"C-,:oroed'naturAl' therm-

oluminescenee, i.e. thermolumLlcsccnce cr.lo:ed by natural, background radiation. While

these studies had shown that heat stimulQted the emission of baht, and WlS not its

principal cause, it UI aener~llY agreed that real pro~ress in the u:ldemllndina of the~..~.,/

thermeluminescence process. began in the late nnleteet1th century with th~ reports by

Wiedemann ar.d SchtrJdt (i~95) and later Curie (1905). These coatributiens examined
i;,

the induced thermcluminescent properties of certain materials afi:e~an &pplled exposure

to ionisinl radiation sources.

Rapid development followed with the theoretical formulation of the. thennolum-

inescence process by Randall and Wilkins (1945a) 10which the form of the thermolunlin ..
.~. -

escenee Ilow curv~ was considered when the thermolumincm:nt $I.ll1ple \\'U heated at

a uniform rille. Given the success of this work i.n detailinl the thermolumine~nce

phenomenon, the use of this te<:hnique in radiation dosimetry followed swiftly: moti ..

vated hy the fesearc~:of Daniel!t et aI. durinl the 195Os. The principle behind the UIiC. of

thermoluminescence phenomenon in radia.tion dosimetry is baled on the flC1. that a

number of materials display thermoluminesccm:t: Ilow i!" ensities that are proportional

to the radiltio\ dose absorbed by t.he material. Daniel~ It ai. (1953) found LiF to be a

particularly good material to us~ in r.diat~ondosimetry beaJle onts hip sensitivity to

ionising radiations. This pioneenng work. precipitated intense research into the develop-
!I
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~ ment of thermolu,.'1linetcent detectors. The ensuing work embraced technical innovati()n

as well as new physical inst,htJ i""to the process>

Despite the fact that thermoluminescence wa. fast recorded in diamond, it has not

been until very recently that the use of synthetic diamond has been seriously consiGeted

as 8. practical. viable sensor for radiation dosimetry. Radiation detector'S, of which dia-

mond form the main sensin~ element, have been shown to exhibit many :lttractive fea-

tures (Keddy el aI., 1237). T!ley have \~he adbed advantage of showing a response to x
. . "

and r rays much like that of bioloBical\oft tissue {7,.-7.4) because diamond i:. carbon
\~

(Z'" 6). Naturftl diamonds are disadvana&ed in palticular by their relatively low sensi-

tivities to ionising radiations and the ract that 110 two stoner can. be assumed to be alii.e.

As a result. rigC\rous testin, and selection processes are required JO find ~::.tals with

suitable. similar characteristics. This makes the general apph ..J.tion or natural dwnond

distinctly unattractive when compared to other corfunerciaUy available r3.diation detec ..

"OfS. With the advent of improved synthesis techniques however. synthetic diamonds

may be 'tailor made' to contain controlled impurity concentrations. In particutat\ erys-

tals for thermoluminescence dosimetry (TLD) can be synthesised to exhibit properties

which respond linearly over a range of radiation doses seldom matched by other com-

mercial phosphors. Their 5mall physical size ( ...imml). rMke them ideally suitable foi'

monitoring of radiation fields requirina high spatial reselution, e.g. radiotherapy isodose

prome determinatiol.!. In contrast to the more frequently used TLD In8.tetials, such as

lithium fluoride and lithium borate notably, diamond is neither toxic if ingestl.'t.l nor

hygtoscopi\! and can thus be used in !livowith Sreat confidence.

Despite the significant advantages of using diamond as a thc.rtnolu.minescent detec-

tor a number of problems still penist with the thmnoluminescence technique. In par.

tlcutsr diamond crystal samples, which have no regular geometry. tend to exhibit a

noticeably different Slow response depending upon their placement and orientation on
n

the he~ting element. Of paramount importance to ,;the thermoluminescence technique.
" . Ij..

are tilt $!orage and stability properties of the charge tmppins stlltes as well as the erM
2



fective dote t'3llle over whlch this techrlique may be applied. With tbe Im;- paramasn'tic

nitrolen concentration synthetic die...rnooo.II.tura.~ion effectS let in at telatively low ra-

diation doteS, of the order of to Oy. Also of concern is the fa.ci that charp trappina

states with tll~ppin&depths whir;h Il\~expected to guarantee suitable storaF propert~
it

exhibit a.no~low loss of thermoluruinetcence sianals. To overcome these p~.>olems a

possible advancem.en\: in radiation'dosimetry mi&ht be: a shift from a thermal to an 01>

tk:cl 'lctivation of the detector. Parallel to the mote practical aspects, optical probing

of me sample is advantlsed by the ability to probe tbe dcerer. more stable, trap, whkb

are maCClllmbl!e by the thermol~ technique, ~ the useful t_pcnlture

ranile of the thermoluminescence technique, PhototranJference of the ca.rrien from ~

deeper trap! to the shallower, therm.ill:y more accessible traps i. a technique in which

both opticaUy and tberml.lly Itinlulated lumin~ may be t.lSed to a positive advan-

tase and could shod niht on the Pi\X'CSl(es} whic ....iJ.ve ~ to t}le less than ideal fadi:a.s

~ or the ~se useful thermoluminescencepeR;. of tlwse diamonds. Thia

is the motivation for research into the suitability of the synthetic thmno"~t

tjosinwtry diamonds made by De Deers Diamond Jitcseareh Lah.:>ratory {DRL) fC'll

radiol~~t dosimetry applieltions,

This distes:tation rcpom on.:..

<a) The ilow CUJ'YC and optical excitation spectra. analysis of synr~~TLD ~,
'~',-" .__..)

(b) The rebttiorudlip betwml thermal and optical activation encraies which ~C'teriH

the ciefcct cenlrt~ in these c:liatnon<l.

{c) A compatiJon of thermolumincsceru:e. pbotphores.cenet and radiophotol~l.

eenee radiation d05imetriC properties.



Instrumentation

/;<;

/;;;:;~_.

,l!

2.1 Thermoluminescence MeaSUrements
AU thermoluminescence mealt..ttetnents were pefform.'!d on a TOLEDO 6.54 reader.

coupled tt) a SPEw ReM·8S multichannel analyser. The SPECTRUM·8a ana~ser i•

• microprocwor baae4, stand-alone, ~tyser with 4096 .:i1ann ..1 J,ackatound memory

for buflcr storage. For data acquisition the SPECTR.UM·~,;p~a:naly$er was set tr operate

in the multi ..scalina mode. Usirlg this system the aJow cu.rvj id'the TtD diamonds t .,:1!j
~, ,/ ,""",r

be stored on 5v....floppy disks for later analysis and m.ani,p\.l.tIUOrt.
II

\2 Optical Absorption Measurements
The TLD diamond crystals were all mounted ill a &ft'\'~ul,:nusin& red photopphic

h (

safe..liir.ts. The samples were mounted in an indium tru"k' whilst heine viewed' under ..

microscope. A red filter was sur'"limposed between the sample and the tWllrtetl lamp
) \)

microscope illutnU').cltionwhich was operated at ita lowest settini. All optical absorption

spectra were acqtlired by scannin~ from the Jona wave1enath to the short wavckmith end

of the ('Iptical absorption spectrum, These measurements were performed at room tem-

perature, in the absorbance mode, It 2 run resolutiOrtj: using a Perm· Elmer Lambda 9

deuble beam spectrophotor,i('!ter. A pair of 4,0mm focal1ensm condensina lenses "t"'l"e

placed in the sample beam of the sp-->ctfophotometer. A filter chanae at 379 n.m and a

lamp chanse at 1J 9 nm. which were requt--ed. produced di&continuities in the data. Thex

dl!Continuities were removed using the manufacturers ballcl.ine con'Cctioll software.

4



2..3 Isothermal Decay Measurements
The system which was used for the isothermal decay rneasur~tnt)nt$ is sbown in f~..

\!
ure 2.1. Depicted is D. cross-secticn of a six-port vacuum chamber Ul wh.K:hthe specimen

\\'8$ housed. The diam"nd was housed in a conical chamber (A). which was internally

coated with I paint bawing specific reflective eharaeteristics as follows: Fiiure 2.2 shows

these characteristics of the pt'tnt as a function of the wavelength. The paint was also

chosen to withstand temperatures in excess of 1000('. This requirement was considered

tmponant for hiih temperature isothennal dt';.::ty measurements conducted at t~mper ..

atures in eXI.:eS$of 2OOOC.The light emitted from the diamond was refiected IS a par!ll1el

beam from a concave mirror (B), to pass throu~ the exit, t::onicalchamber aperture (e}.

onto tht photomultiplier tU~ (D), which v.as fixed on It speciaUy~constrUcted flange (E).
'0

A Hamamauu mooeJ R92S phoLomultipIier tube. with I. r.uaximum detection efficiency

in the 4()()..500nm reaion. coupled to a Thorn EMI photon countinl unit was used for

signal detection. The counting unit was interfaced th a persunal. eernputer via the

R~·232·port f'.if automated control and data manipl·!ation. Also depicted in fiaule 2.3.

1.:'e the reflective characteristics of the mirror. which were.chosen to t'tovide good re-

flcctiC'n of the light sianal at, and above. wavelengths of 200 nm,

For the measurement ot the isomcl'ltllt decay spec~re at elevated temperatures.

holder K (fiiUte 2.l) was repJaced with a $peeltlUy constru~:ted sample holder. Depicted

in' fiaure 2.4 ill I. cross-section of the holder showing the holde. head (A), with feed ..

through holes (8) for the leads of the super ..band heatina element (D) and the

thermocouple sensor (1). Both the thermocoJple and the heatin3 element were conneeted

to an external analogue tem~ntt\lX'¢ controller, which maintain"J the temperature to

better than 1%. As the holder head was fabricated from TUFNOL, which has a maxiA

mum temperature tolerance of 130OC. it was thenna.l!l':\insulated from the brass piece

(E). which WiilS machined to fit the heating element, by a cylindrical ceramic portion (F).

The itl;,.:t. "VIEW C', shows the themiocouple sen~or (I), attached at (l) to the brass

block tK}. Also depicted is the sample placeme'lt (0) on the copper plat~ (L).

5
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Accurate temPerature control at the ,ample location was achieved by feedhack control.

The required. sample temperature for each isothermal decay experiment was e:uemaUy

set.

The emllslon spectra from the diamond crystals of }¢w nitrogen centent were

measured

• GUMS phosphorescence dt':ay ~It~citati\.)n with u.pilrticle~ rr~m an .IAm

source and from an uItravioltit1iitlt source.

• durina exdtation with li,l'...-''' '1' the s.rm'lC waveJenathi &$ those used for
\'.. ('

radiopbotoluminesce1lCe do.i.nletrY.

• by the ti.thodo!utni.r.escen"ie technique.

(i) The P~llCe Em.iaioa S.pectnl

For the tneas\U'e1'tllentof the lelvation spectrUm of the diamond crystal dUMa

ph\~sphore5cence. the vacuum chan,ber (hgure 2.1) w.s rotated throuah C)('P WIth respect

to its verticil axis. ~nd use WIS made of th~ remainin, set.of ports of am-port Chambcth

In this c",e (cffi*ure 2.5) a mirror (A) of 50 mm diamete: and of 25 mm f<:tC&llenlth

"',,'its housed at one end of one port. Ind a lens (B) of 250 rom focallenath was mounted

on a flange..which WitS fixed to the opposite port. The menocbremator input (O} was

coupled to the e~t flange of trc vacuum chamber by means of a liiht"tilht ru-ranlement

incorporating a set of bellows (C). so that the signal couId be detected At the

photomlf~tiplier tube (F), which was ,:oul'led to the exit of the monor.hrotnator sUt (E).

The concave mirror·!ens combination aUo\Ved Uabt from the isotropicaUy emiuinl dia·
\..,l)

mend sampte, fixed an the .·;hanlber centre to be reflected as ~! parallel beam toward thc

fO"u5inslens and onto the monochromator sUt 2St) rom Away. aner an initial dosin, of
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the diamond try:'~'l.The monochromator patine was driver. by a ste:ppina motor. carl"

trolled by Personal Computet software. Enabling ~f the ~iili'ed scan. followed tbe set ..

ting of the arpropriate scan paramete"". Ihe scan speeds could be VlUlC ~.from leu than

1 .\ ,-I to 4(X) It. ,- t. esing this system the relaxation spectra wert' mc:asured at hiah
, lono:hromator SCAn speeds,

(il) The Ra.diopbutoWmJrw:scence Spectra

The measurement of the emission spectrum when the diamond crystals were illumi-

nated with excitation light of pre·determined wavelenztht was achieved with the exper ..

imental instrumentation of fi,ure 2.7. Depicted is a vertical cross ...section of an.

arrangement comprising two mter holders (A &. B). a table (C) for sample mounting and

opticfl.l fibre (0) wit!'!. "VIEW E" as sho'Wn in the iuse .., The cover~plate could be flX~

at the threaded holes labelled HI and H2 in the mset.

1wo light sources were used in the fil.diophotoluminescence spectra dctt.fm.inatiOt;s.

A 10 W Deuterium light source mounted in the light box and attached at'F could be
.1

switched on o~~ SOW Merc:uI'YPen-Rt.iy hmp cO\ild be mounted at Iecatien G. Light

r~~meither of tht. sources, pre.se1ett~)\, by the suitable choice of filters. illuminated the

diarr.ond crystah on tbe sample table. enabled tM measurement of the emission spec-

'ifbm Irom the iliamond ~rystal$ via the fibre optic to the nlonochrom.a.tQr input slit, to

be made.

(WI Cathodol~nce Spectra

The roea:o:ureml!llt of the cathod"lumineseence spectra was effected by means of a

(ustom·bui!t systcln comprising a ('old Cathc.de Electron Gun of variable eneriY ~t*

ting~ in the t)..UI keV range, nlounte9 in one of the vacuum chamber ports and a cryostat

probe for sample m\luming. The electron gUll was taken from a model Et..M2BX

luminQ~cope and adapted. for usc with the six"port vacuum <.hamber system. A cited

ad\'anlage of using" cold cathode ,un over the more conventional heated fUawent It.n.

pertains to the positive ions w}uch form part of the cold cathooe dis('harflt. These ions

IJ
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serve t.o neutralise the L. Ad-up of space charge on the sample surface, thrrcob!' decreas-

ing the Coulombic r.:.pulsion of the incident electron beam from the ~ample ~rrface.

The lens-mirror arrangement of f18ure 2.5 was used for the measurement of the

cathodolumine~'ence spectra. For this purpose, the probe depicted in f181lre2.8 W~5

mounted to a specialty constructed flange to replace the probe shown in fiaure 2.5. A

u:servoir (A) consisting of' cylindrical vessel (8) of stainless steel in which the liquid

nitft)gen could be placed, was: used for cooling th\' sample siWZltN at location C. The

copper attachments (0) on which the sample loader iE). also fabricated of copper, could

be fith,1 were solden-.d '1.0 the cylindrical stairuess steel vessel {Il) v.i.th silver solder. The

choice I..lr copper and silver. both of which have high thermal conductivities, in the roles

described. was made to ensure optimal transfer of beat from the sample to tll~ liquid

nitrogen telie1'Voirat the interface labelled F in th~ aiasram. Tne sample loader con ..isted
,,_f

;' .\.

of a copper piate (0) attached to a copper bluck (H) lnd is shown for clarity as "VIEW

A" in the inset of the figure. Both the copper block. and the plate on which the Stlfllple

wu mounted were coated with a layer of soW of a few microns thickness to suppress the

backpound signal which would result from the excitation of copper,

For meaningful measuremC41U At liquid mtrogen temperature. the vacuum chamber

had to be evacuated to a pressure (If 100 millitorr, The O...rini seal which is labelled 1 in

the dia¥1'am..-:Wl.S necessary to nJ.aintam. &ood vacuum. Also shown are the handles (3)

which facilitated the aniwa" onentation of the sample. These handles, which are f!.led

to the rotatahle turret (K) on which the reservoir is soldered, allows t~pt:x1ucible an~ular

:.ettinas to be made, enabtinl reproducible detem.ination'i of the cathodoluminescence

speetra of the diamond crystals. A thermocouple was incorporated in the construction

to measure the equilibrium temperature at the urnpl, poSition.

2.5 Photelumineseence Measurements
The radiophotoluminc'lCence (R.IlL) technique involved the inltial irradiation of the

diamond sensor with t' or ~ radiation, followed by a SUbsequent illumination with

16



t:if
e~citati~~ light of a specific :'andwidth, centred about a liven \\"aveleogth. The intensity
"\ .. \\ ,-;-:~~\of the en1.~ted light. centred about the ~qfitjpal emission wavelenath. was then !'IV"t!~u.red

~ ~
for dose ~~pendenl!e studics usir!J~ experimental arrangement, The fOUOwlna meu ..

\\ - _/

\.
\\

urements ~:ere also performed to provide further insight into th~ physical processes in·

v\)lveJ:

• the optical bleaching of the thermolli.minescence sienals as 3 fanction of tae wave#

length of stimulating light.

.. the optical blCll.china response of the thermoluminescence response as a fU'1.ctionof

the periOtI of illumfrla~n for fiaIll of pre"selected waveJenath.

• the emission spectra durini phosphorescence. cathodolumi."lc~~e and durinl

excitation 'vitl' li&ht of rrc ..uetc11.T''::,..:d wa\elenath.

vpticai bleachina measurements. Itl \\"eUas measurements of the response of the

diamond crystab to J.i8ht in the ncar ultraviolet (32().4C{\ nm) and actinic (200-320 ilm)

ranses, were e«rrie<.J out using a BaUS(h& Loumb high intensity (lSO W) Xencn lip\.

source, which was attl4ched to a iratini~tYpe moncx'hrc'll8to. -rUt for operation in the

350-900 nm i"e,ion. Shorter wavelenath5 were ubtained by exploiti."1Ssecond oroe-r
diffra.ction effects in conjuncdon with the use of s\·itable bandpass flltcrs. Depicted in

figure 2.9 is the spectral emission of the Xenon l~mp supplred t.y the mnnufact,nrer (solid
,~~:~~f

line). For the absoh.\tc calibration <'fthe radiant l'owr:r \:If the Xeaon lamp .~ji1icon diode
It

detector, tra.ceable to an absolute radiometer, was used. The monochro~hator setulilS

were calibr3ted by adjusting the settinls for coi.lciden~ with published values for ~.e
;,!

mercury lines. An uncertainty in the calibration of:!:.3 nm was attributed to the non ..

lineatity of the menechremator, The radiant power output was measured in the 4()()..800

nm wa.velength :egion, in steps 01 50 nm, Figure 2.10 shows th ...experimental arranie-

ment used for the measurements, An order-sorting filter (f) was used to eliminate
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se<.:cf.dorder W8\'clenaths at the exit slit of fhe monochromator. In the 400-ttr.AJ tun

mlS.e uf wavelenatb •• the SCHOTT WG345 ruter was used. whlch transmitted ~~,. of

the )i,.'lt of mcse wav~lenltbs. In the 6SO-800 um waVtlenath region. the SCHOrr

OG510 ftlter was used, wh1ch transmitted 91·/etof the liaht. sivai. The neutral density

ruters (N). were used, in the location shown. to decrease the siana.llevel. thereby inhib-

itin; the (rvtrloading of the photo-diode.

AU the calibrathm measuremer.ts for the Xenon liaht source and monochromator

anembly system were conducted with an entrance slit width se-uina of .5.36mm and an
" n, ~.

elit slit width settin; of 3.00 mm. These were the $etti."l&$ used for the measu.rement or'

the optical bteacruna spt\!tra. The tight emitt~ from the f'xit stit of tbe monochre mator

was collimated to a paralicl beam of 40 nun diameter by the lint lens (LI). whidl nad a

foal lenrh of40 mtn. The fiItcredparaUt>l tiPt frum filters r and N (cft'iaUle 2i10) \"'.as

fOt;U~ by means of the set;cud lens (t;) onto the silleon ph(Jto.dt~ (S}. ~ final

nlue for the ab,qlutc hlht intensity was th~efo~. derived from tht expccssion:

Here R}. is the I1b,ohl~r. radiant power. Rp is the radWlt power mtilS~ at tb~ siqC:Otl

detector, T, i. the ruler transmission factor, T.. is the neutral density ruter tranunission
' .....".

fl.\~torand T, is the ~~s transmiSs1e:n factor.))epieted i.nh~uN!2.9 is the nnutt oftheH
,.

m,~a,urements. What Wl,S evident at the outset was the ob~atior. that the emission

intenSity had deteriorated appre.;:iably from the init:ttl intensity. Despitt! this limitation~

the intensity proved adequate for the measurement of the optical bleachinl of
,

tnennolumints\."ence sigmds by the cho:ce of sUitable illumination exposures, N.o "'tempt

\\1lS"madc tv calibrate the'Xenon lamp In the ultraviolet reliot' absotuv·.ly IS suitab!,

qWlrt'f. lenses were un.valiable.

1he rad:ophNoluminesce'1ce me;asumnenu were taken with a specially desianed
"

system intorporatir,. the six-port vacuum chlmber depicted in fi,Ul"e 2.1. A lens focus.

20



o

:Ea,~



J
t

) !

I

i ~ ~ ~ a I
________ (_~_~_._~mN__ »_,U__~_1 J

22



in. system. shown in fiaurc 2. J 1. was I.«ommodated in the port opposite the conical

chamber. for the radi0poololwninelcence measu.r«ment.. activ.wna liIbt of fWId

lftvcleqth from the wt slit (~) o(the monachtomuOf was directed onto the diamon4

sensor which was mou:nu:d at the centre of the ~hamber (C). The \iia.m()1ldctyIW ftS

mounted uAna a torrleldina system (A). The !isht emitted from the diamond was re·

fleeted from a specially constr\ll:ted concav: mirror (E) with an axial orifi~. and a con-

ical bOUJina chamber (Q) intern,' .:oated with msh reflectivity ~intt to pass tbroqh

a mter (I), mot~te4 on the filter ~ (J). (Into 8 R928 photomulti!'liel tube (L) which

was coupled via the phottoD countml unit to' a Personal Computer. focusinS lema of

quartz ~ chasen to p?'ovide 1000 transmissioD charactennics (cf fiaure 2.12) It, and

above. :!OO nm. The Jiaht seuree wed throuahaut wat a 50 W P.en-R.a.y znercury lamp
,:_;::;-

(0). The photg..ucitAtion wavekn;th was comruter seleettd on the McPhenon model

275 t:V-vitibk ~ monochromator system which was capable of OpeRt\)\i iri'tbe

185·1000 run range. The fOC\t.$in, of the incident li"ht onto the sample was based upon

the manuflct'l.ll'el'l f.pecificafiod mat the !iabt from the mouJduomator exit slit is eli·,
verpnt. of 10 rom mu.imu!n ~ht Iml tbickncn. with It tocal dirutnce of approxi.

mately 20 mm. This dictated the choice of the focal. len.th c!"the first len •. The hole site

of the mirror was chcsen to nlinimiae the solid anale subtended b, the focal point otthe

rNnor. where the sample would resi(\e. while a!lewin; the focused bum throup. The

tOc.lI lenath and fhe distance of the secllnd l.;:nt from the diamond cry.ta! was decided

upon usin, the followina expressEons tar the aeomttric plU'tlT'..eteu.

(2.2)

(2.3)

J -/+x1. (2.4)
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Here! is the diamond to lens diu.nee. d is the preiCribed bum thickness. r, is fbe radius

of curvature of the mirror, 'a is the radius of fOCUJt!d beam at the m.i..""'o'·a~ 1'2 it

the ladilU of focused beam at the diamond crystal position../ is the focal fet~h of the

second lens .n4 x, is the distance from the crystal to the focal point of the lOCond !cnt.

The foal ~ requirf.d was thus ca1eu1ated. Based on such ~lcWati(., lI, a COmt'!ll."\·

ci4Uy ava.ilable lens with specification. nea.rat to th~ ealcubteci value viz. 20 man. was
CllOsenfor the second lens. The liven expreuiOIll were tum inverted to obtain the cor-

rect lens to WDpJe distance.

,ca
2/-'t (2.5)

The flMl aeotnt:trieai .pccifi~tions or dolO mm. T. -19 'I"tJ1:Il../- 20 rom *4d y," 2 mm

were similarly oMainea. ~ sina such " tens $)'.tem., 1M ilou-opically emitted Jiaht from
:!:.,

the TLO·diaroor.d.l4U'nplc c:ould be reflected IS a paraDeI beam into the photomultiptier

tube. The flux oftM parallel beam passm, throuJh the concentric area DctWH1l the exit

dia1'lllrtcr of the ~')nica1 houaina and the diatnot« of tb,: mirror Vv", reflected by the

specially coaled surface into the detector. allowina for rni.nimaI to" of emitted liJht. AU
the pbotolurnlnescence measurements W\m) carried eu, ulin, this ex~tal amnp.

ment.
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CHAPTER 3

Annlysis of Results

AU minimisation procedures for the procurihl of parameter estimates were bas.=d

un the least ..quares opdmlsation principal (Marquardt, 1%3). The ~mcr:a1ite<l ftiahted

Ic::astsquares problem em be elab.,rated on &$ follows. Let
o

.'1Lw, [j~-y:2(<<J)t'
h.l

be the quantity to be minimised. Here N is prescribed by tbe number 0,' data points. w,

is the weiabting factor for each data point. Jill. is the experimentally measured function

v&th,u: and ,If is the theoretically detmnin .d expectation vslue. The latter is a function

of the UJ parameters which oeii'le the theoretical evpectauen, Most commonly w. is
tl

chosen to be unity or ~~,. In the latter il1lta.nce the quantity bem, minimite<i is (."hi.

squared (xJ). These minimisations. in practice. tend to wei&ht the data points loftst m

value to a arelter extent ~aU$« of their ~ dependence. In this study it wu found that

better minimisation! could be achieved by tlkina WI - lie. by weiahtina all lhe data

points. equally. The minimiSf.tion of the sum of the errors squared fur each dat~ point

(SSQ) was achieved by findin, the solutions for the extrtma described by exrressions

3.1. i.e, val~s fur ell for wrueh

(3.ll

is satisfied. This defmes a set of j equations for the '-'j p...ramttCH. In some cue, thuf'

equations are linear and can be solved in dosed fonn. In other cases. nonti.neu let of
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equations have to be solved. In this study the nonlinear equati<ms which resu.red ~

solved by eithu of the Levenbufa' Marquardt or the MINUITS all0rithms descrilx-d in

the foUowini Je\."tion.

3.2 Analy"fs or the Glow Curve Spectra
FCifthe analysis of the aJow curves derived iu this stud}', the methods ofpanial and

complete curve fining were used to derive estimates for the trapping parau1t:ters. Both

methods required computational a.n11ly'is.AU computation Ibr these purposes WIS exe-

cuted in FORTRAN on the IB~ VM/XA malnfrll1'le system. For the nonlinear re-

gression of the measured glow curve ~pe<:tra of the Fe-free synthetic diamond sample.

te '(h~ theoretical fonn far the &low curve aiven by 'Horowitz er al. (1986). the
(;

Levenbura·Marquardt. a1sorithm (Jorre ,t al•• 1980) was used to solve the system of

nonlinear equations presented by dUI problem. The lattcr system is derived and aiven in

Appendix 1. A FORTRA'K program was Written which caUed the external Library

function :\EQNF {(;f I\1S1. MATH LIBRARY) with an initial auess for the required

pa:tameters. The solution vector with the optimised paramt"tet's were returned to the

main ptosrarn when the al¥orithm <=o,nveraed.AppIications of this .lganthal conversed

rapidly when reasonable initial guesses were provided.

For the an.tlysis of the aeneral order expression of May and Partrldae (1964). ap--

plied earlier in a similar form by Halperin et al. (1960). the rcm:tining alow (n(n. be-

yond the temperature T. was derived from the Simpson integration rom.uta. This

involved evaluating:

(3.2)

numerically from the experimental data, Here l is the heatina rate. and t{1) is the ex-

~rimentan}' measured glow tntensity at a teMperature 1'. nus tlUlnerical intearation

procedure proved accurate and reliable for this purpose. For the minimisation part of



~--.- ~~''----------t

Fiprc 3.1:The vaNe of 11(1) .. dwiwd for the ~ 0( t!)I on:SIr ~ b. TM ~

.r~ un<SIr fJw: slow rumr beyo!ld the ttcnpOtann. T.k tvIl~ .. tht quanlity wbieb Is dirt'cdy

~ to 1f(1). (A..ftet Hliperin et III•• 19(0).

T
Temperature

this prosram. .. linear repession of m( ':) ) vs t. on a linear arid of b-value. be-

tweer. 1 and 2, was performed. For each b.vLJue. the correlation cOt!':fficientand SSQ

were written to an output rue for later comparison and manipulation.

The analysis of the Slow spectrum of the fe.free diamond by the t'Mthod of com-

plete curve fitting involved the use of the ~n~UITS search llaorithm. A FORTRA.N

subroutine was written which provided tht: SSQ. derivlKl from the differenc:e in values

obtained from the senera} order expression of May and Paruid,e and the experil'nMWly

tnelilJU!fd data. to the t:xternal MINlIITS tnatn proaram lor minimisation. The intep'&l

r
[ dt cxp{ - E/i.-r.)
.1ft

27



with T.specifYing the initial temperature. was evaluated by a Romberg integration sub-

reuune. lMSJ. lib('aty functions were not uscchexplicitly ttl this minimisation. because

of the extended running times invo!ved in calling these external library funC',;V''!,~.These

library function$. were. however. used as separate p~oarams to compare vlllu~s derived

by tlte~e routines as opposed to the Romberg routine written for the minimisation sub-

routine. The values Jtlrived froU'~the latter routine were abo compared against published

theoretical alow curves. iuch as those provided by Randall and Wilkins (194.5a). in par-

ticular. Both these consistency cheeks proved positive. and save an indication of the high

aceut"". which the Blow curve could toe described theoretlcally~~\

3.3 Analysis of the Isothermal Decay Spectra
The analysis of the isothermal decay spectra mealured. proceeded along two di-

rections dictated. by the theoretical form exhibited by the spectra. In th~$ study, the

behaviour of these spectra feU into two aeneral STOUptnS!, viz. exponential-type decay

And the invtr!e-time t,r 1) dependent relationship. For the Teamsion orthe experimental

datil to an as,umed sum of exponentia.l components. an al&orithm described by Prany
::\

(H.ildebrand. 1959) and refmed },y Simon (1910) to aeceunt for Poisson noise WlS

"utilised. Simon used this method to provide estimates of the exponential factors of

'multi-compartmental s~stems which occur in certain physioloaic studies. Cited advan-

tages of this method at"! tbat no Utitial luesses are needed for the required paran.1 ..~ttrS

and convergence of this a18orith~;,b guaranteed for data containini It PO!uon (i~ .,ih'

uted noise component. This 4lfforded a unique method for boti1 the det ..s-minat~\)"

number of exponential components a! welles the best estinlates of IU<:'h c:omptnent:-.

An application of this method involves the initial assumption of the numbet pf ex-

ponential components. A search for twiee as many components is iniJ:!.ted. From the

components derived, only the real4vaiued solutions are taken i.e the oscillatory solutions

which describe the noise are discarded. A po'jsible shortcomin& of this methcd, in et.n..

eral, regards the mA"imum number of components. dc-nvable because the solt..tions art"



obtained numerically from the roots of an /til< ,.;rd~rpolynomial, If beinS twice the number
"

of required compondhts. The search for SUf:h roots ll\Ul1Crically. involYa polynomial

defiatior ... In practice. this means that the roots of poiynomial~ of order :> l~ derived by

this tt."<:bniqueare prone to be inaccurate and. often the WU'ch does not converge. In the

phosphorescence ,tFl)" a maximum of t~o exponential components were required to

describe the nperimental daia to very luSh con-elttion. ShoW'! in Table 3.1 is a com-

parisca of .the exponential factors recovered using the proaram used thtoujhO!.1t this
"

study, in centrast to those derived by Simon U97()}. The example in closed form is liven

bv;

Data Set

number

True Values

1

~------~------------~~--------.....----~---------------~
~_fi3 ~__~ . ,~.~~_:_:2_1~_~~_:_~__)__ ._:_:~_~_:_~_;_.~_a_::___j

(0.2.0.7.0.94)

(10.2,0

Retcreu<:e Arttcle'$

Values

(0.193.0.616.0.934)

(9.91.1.98,1.10)

(O.117,O.6S5.0.935)

(9.41.2.46.t.08)

Values derived by

custom software
:

(O.204,O.7GitO.940)

( IO.OS,1.93.<l.(87)

(O.113.0. 773.0. 969)

( lO.4l2.04.0.60)< ,....

Data set 1 is derived from the above exple$sivn for y and. hu no noiS( component. Data

sets 2 and 3 bvth hive a component of Poisson distributed noise added to the data set

1. As CAn be seen. the estimates derived by the software used in this study compares

favl'urah;y with published values derived independently and in most cases provided bet-



ter I!stimate$, AU exponential fittir4 prccedun:1 carried ou.t in this scudy were threfom

deriV'ed in this manna-.

For'the parameter e$~tion of the isothermal UecA)' 'peteta shnwina an mvt"rse

time dependence rather tbtln the exponential-type dependence, the MINUrrS fittiq

procedures were once aaa-a used in the fashion described pre1iously. The s~tbroutine for

his tr.inimisation ,unply iTlYoived writina in (he expression to t~ rer,ressed in closed

form.



CHAPTER 4

Theoretkal Background

4.1 BandS~turc
The nost mdi:nemaey results tles~t'~il!g 'the cneriY stales of electrons in crystailine

the band structure. haee been derved from the solution of SchrOdinjet's

equation !"oril periN!ltally \'aryin, potential (.:f Kluel. 1,986).which {:ha!'act~rise$ the

reneet crIsta} lattice. In the perfect ,,:rystal. d:.e potential satIsfies the property of in-

variance under a suitable crystal tran~lttlon. ,md l'Ilodels such as the I<rooiB:-~-t'nney

model, which a!\sume such a p<'ten.ia~ to characterise thf! perfect lattice, reveal that

electrons 'n the perfect cry~taUine $oud.an exist in allowed enerlY stattS (bands) while

other ene!r. values for these electrons constitute forbidden zones (bands).

The o;cupancy of nch electronic e4.no i~dl.'u:rl'x..dby the Fermi·Dirac distribution

ft.}:). in telm~ of the e lers:' E. whkh relates the density of ener8Y states. D(t). to the
\\.-

density of .tvaHal. ~;~un:$.Z( l:). at any ,i-ven temperature, T. measured on the absolute

scale.

(4.1)

(4,2)

In expresaor 4.2. II refcu to the chemical potental of the system and is a function of

the temperature and tht: I'umbcr,of partiCle ...in the system. k is the Boltzmann constant.

A1;absolute zero, 1.t ... fit .....here Et.. is the fermi enerlY level which -provides tne den:uu·

cation l;:\'cl br the (I('('u',ied and unoccupied cnerlY statCll, By defmition. aU.ener~y

srates below l., are occupied whh~all 'hose above £, are empty at absolute zero, Ir.. the

high temperature Jur..it where J:: - \l .. lef. the Fermi-Dirac distribution l'-:duces to <1'1,.

7'.fax\\'eU or R('h..zmann dIstribution.
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(4.3)

for the description of thermally stimulated precesses. e.g. thcmtoluminexencc and,.

phQ$phorc.scencc. the BCI:tlmann distribution is used in .t Jitferent form to equati'>n 4.3.

What must be considered fur the disc"..:lSiotl of the-e processes is the situation inwhich

heat is transferred from il large ~'iervoir to the ! rermclumlnescent pho~phQr. In this

situation it is "t'luired to know the {)robttbmty distribution wiue:, descnb..!s the likelihood

that an electron possesses an ene"gy E':> 0 commensurate \\ith the energy of a. free car-

riel'. at the temperature {nof interest. n' tr.~ addltiunal requirement that no transfer of

charge partictes can take place between the phospher and the heat reservoir is maJe.

then it can be sho'ft'n (ct' Kin;:\} that sue', a distribution is given by:

(4.4)

lhrouahout the discussions or lhernil,n~'$timulat~ precesses in this ~is5ertation the

notumann di,tribution of equat.on 4.4 i~ c:<plicttly used and t3dtly assumed in situ-

ations where the relanve populeticn <'!f stues, due tc a s}lste'n's thermal energy. is con-
J

sidered. Typical situations inclu~e the di$cuSJiora of tht: forms of the thermoluminesc-

ence 810w spectrum as a function of temferature. For the phospho\eseen':t decay from

discrete uappin, 3tate$ with time the ~ri\'lul result in equation 4.5 can be wriucn:

(4.5]

where i(t\ is the phospnore ..cence intenslt~· ,It the time I po;;t·in'a~jation. to h the initial

intensity at the instant tn"dtation ,ea$e~ an'! 't is the <:hJ.facteristic decay constant.

Another fa{tor to be considered in the ir.terprcuuion ofthe thermcluminescenee and

ph(,~phoresct'lce spee ra, refers. to the ,ituat~n in which a closely spaet"d distribution

of tevels is present. In Chapter (, the rc1ativr cneray distribution of st:ttes at rooJ1l tem-

perature is determined experimentatty. ~tl(,;hdistributions. of states have b"'en studied in

Ol."tlll1b\! rl'~tresearche-s. IbndaU and Wtlkins (l94~b). for exanlple. hn~,~tuditd the



theoretic",! implications of exponential. uniform and Gauuiatt distributieus of states <}n

the characteristics of thermoiuminescence al'\d i'iothermal decay spectra. In t:i~case of

the thermetumaiescence spectra such distributions result in a broad. ccmposite glow
';

Speet rum. The most relevant result in the case of the isothermal decay spectra on the

other hand. refers to Ute theoretical form of such spectra. MNre recent an~Iy$lS (;<dedlin,

1961b) show;!d that the theoretical dependence oflumineK'enee decay nom a distrib--

ution of -rates can follow ..n inverse time dependence. Equation 4.6 describes this de-

pendence identici.Uy:

(4.6)

He.e i(l), I and i. are as described ira equation 4.5. The pbenomenolojical parameters h

.tnd m rutve been shown tl) describe u\e physical luminescence decay 5peCUUIn uniquely.

4..2 The Luminescence Eftkiency
Two types of transitions occur between electron states in solids, viz. radiative and

non-radiative tn'lsitions (Seitz. 1938). The sequential aCCWTtPce of these transitions by

a charge carrier is ,*;neraUy termed a phonon auisted transition. In order that

thermoluminescenee be observed in a crystal it is necessary that radiative recombinations

of previously trapped (marge carriers, at luminescence centres. occurs. In addition. a

larac number cf solids exhibit the presence of centre, vtitb whI,b carriers can only re-

combine non-rcldiativel}". These centre~ are sent-rally termed '/cillO' centres', The larger

the concentra~~nn of these centres. the lo\\-ef the thenn.,luminesceMe yield. in the TtD

dlamoll1' used in t.his uwcstiaation n.itroien, which is generally accepted to appear in

~ynthetlc diam~nd ;n ~isper~ed paranUllnetic fOI m, is implicated as a radiationl\!;$S or

killer recombination centre for charge carriers (~am et «11•• 1991). As can be appreciated

from t~li$ study. tht' concentratien of paramagnetic ni!ro,en has a marktxi effect upon



the sensitivity Ot the dlcrmoluminucence response of the Fe-based synthetic diamond

crystals.

For non·raJiativc processes involving Coulombi\: confJ.MTnent. the Iuminesc.ence ef-

ficiency can be explicitly expressed as (McKeever. 1985):

(4.7)

Here c is. ;( ccustant and F- is the l1ctiv..ticn ~erlY for the particular nOl'Hadiative

process which occurs. in the case of therm<'iumi.nescence it has been shown (Wintle.

1975) that the shape of the glow curve can be altered by a temperature dependent

luminescen~ efficiency. This effect can ~ represented by:

(4.8)

where i(n is the glow curve multina from It ('onstant luminescence dnciency, and r(T)

is the glow spectrum re~ultinl from the tem~ature dependent luminescer-ce emciency.
n

:lS given in equation 4.7. for example.



CHAPTERS

Thermoluminescence Anal)'sis of D.iscrt;..e Trapping States

in the Forbidden Band Gap

5·1 Glow Curve Spectroscopy
Much of the etnphasi! in thf,"oreticalwork. in the theemoluminescence technique has

been placed upon the formulatic5~\ of tn~\$ which sive the form of the glow curve for

a phosphor tont.mina 8 single Imp (i'pth in terms of empirical trapping p.II.I'3tneters

(Randall and Wilkins, 19458; Garlick and Gibson. 1948). Given relationships of this

nature, methods have been <levi~r.dto extract the trappina pal'a~tets of interest. For

dosimetry t an estimate at' the trapping parameters. especially the trappinl depth and
!\

frequency nlttor. attords ~ merhod for the determination of the roei'll life of til"
thermoluminescence peak under consideration. From tnt' ttappini parameteu the de,tee

of stability of the pelllk can be considered. Since the work of RandaU and Wilkins

(1945a) whith oroduced the form for th~ thamolutnine~'e:lce Slow curve due to .. fU"st

order liuttic precess, glOW(;urve analysis has lent itJelf t\) partial and complete alow

curve fittin~.from which estImates of the trapping parameters. viz. E. the trap depth. f,

the frequency factor and ~. the initial trapped eharie concentration, can be deterrhi"'led.

This mode! assumes thllt the luminc!K:cnce efliciem:y iJ Wl~tyand that the ,tow curve is

due to 4l dna1e 'recies of trap.

Garlict and Gibsor; (1948) considered the: Gate in which re.trappma is non-ncaUaii'tle

and derived an ex.pression tor the glow spectrum for second order or bimolecular mt~

ehanics, when the luminescence efficiency is also assumed to be unity. 'fne distiuluishina

rca· of this wort is that ali empty traps and recc;mbinatio!l centres were considered

to compete equally for the free eharic <:arriers. The work of Randall and Wilk.~s (S945a)

did nut ae<;nunt (Of the iu.eUhooo that traps emptied thermally could re-trap free urn-



ers, Tht effect of this feature en the shape of the glow curve, is that the !'e&ionon the

rusher temperature side of the memloluminescence peak. shows proportionally more

luminescence. i.e. the peak. broadens. The ·;ffect of re-trlllwina is therefore demonstrated

to delay the thermoluminescence (f'iaure S.l). Such bel, ;our i5 believed to be dominant

in phosphors in which the mean separation between trap1 and recombination cenu-es is

relatively larae. This condition is satisfied when the concentrations of traps and recem-
\\

binatior. centres are relatively smaD (Cf Avouris and Morgan •.1981. for example). so that

the mean free path fot the recombmation process is rclath'ely larae.

:\.fany work.ers have reponed (cf McKeever. 1985) that not an recorded glow curvcs

conform to either of the monomolecular or bimolecular forms given by Ral~daU and
\\
\\

Wilkins and OArlid and Gibson, reSpectively. A further development has betm"the ((Jr-

mulation of expreuions for general order kinetics by May and P.rtridie (1964) i.nd Chen

a al. (1981a) to accot4"lt for the flct that the capture cross-sections of tile electron and
~.,

hole,:~lltrcs for the recombination of ftee ch~ camets need not be identical.
~ r

Equatious 5.1 and 5.2\,1\,en by May and Pat'Ui0ic si~'e the intearal form and the inte-
\\
) 0

gratt'd out form of the Jenera! order expresrion. respectively.

(5.1)

In expression 5.1 .If •. lf(1). is the ttapp~ eh.rac concentration remaininl at temperature

T. b is the order parametc:r which tau tah on Values rangina between to to 2.0. and N

is tht total con<;entration charge tflPPina stites, and I:. is the Boltzma.nn constlnt.

(5Y2)

In .;qc~ulon5.2 $". (3/ ,\1",-1 and. is the heatinl{ late at which the temperature of the
~.

5.lmple is ramped from the initi.,1 temperatur~ 1t t(l the final temperature T.
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In addlU\)n. t"'leshape of the glow curve can be affected by other physical processes

such as tMrtl"Ull and impurity qucn(;hi~. and tunneUina pbenomena which could mani..

fest themsel'les in a number of "',&Y5 {Johnson and Willi.nu. 1952; \Vintle. 197~; FiUard

er at., 1978; Sunta and Sap.t. 1982}.In the approximation 1·....T.. aU the expressions for

the SlOW ..curve $P1:'<:trutn.rtlaroten of the '-inetic order, are amenable to partial curve

oannlysis. In which tht mitial rise portion of tht alow curve is accurateiy rtp~setlted by

an ex.pression of the form

i{1)- COltS/lUll )< exl'( ...£/ It.1) (5.3)

from which an estimate of the .trlPpina depth E is rudily arrived a\ from a plot \)(

bttl(1)1 \'$ tiT, On the other band, the o.nalysis.of the whole a1Clw :ut'\'e reql.tircs t.M

.''1



whole cUtv.: analysis concerns the physica! interpretation ·of~ tlow curve. By use of

en-or m.inimisatiC'-h proc~dure. lt is p<)$$.ible to objectively detennir.e the k.inetics of the

rhermclumiaescenee process by fmdin; the best minimiH.tion of the flfSt. second and

Itncral order e~preuions. In this process other Il~,N parameters (E and.t) can also be

determined which render the stow curve more amenable to physical interp~tation. A

possible shortconf.tna of thtrmoluminescence analysis wben ~1~iljsedin isolation. ai noted

by a numf=oerof researchers (cfMcKeever. 1985). i$ that only three l10w parlfneterl ¢ .n

be detcnnined at most. If the rate equatiOftS for the emptyina and fillina of defect centres

are considered. as done by AdiroYtitch (1963) fo' example, then it becomes apparent that

the dependence of til.: form of the ,low curve on the three parameterJ (E. J. and I;j can

be derived via sirrl'plifyin, assumptions from rate equations involvina the retal trap

concentration. the cOl'lcentration of holc~ in the recombination centres. the transition

eoeffieient for electrons in t .....conduction bana beco.nm. trapped at electron trappiftB

centres. and th.: reeombinatierr transition coefficient for electrons 10 the conduction

band with holes in luminescence centres,

Other uscful methods for ilt')w curve parar.n.eter estimation invol\'c utilisina two or

thz:e points 011 the glow curve which characterise the shape of the curve. A, can be ap-

preciated. from the variation in the shapes of the first and second order alow curves (cf

fiaure S.l). the order of the kint!tic process can appreciably alter (he ,hape of the .low

spectrum. As a result. analytical methods have been derhed which ,he parameter esti-

mates, Palled upon the share of sucl\:,lQW spectra. The tetr.perature of the peak ma~·

murii. as well a~ the low. and ruah-temperature half heights, are the points on the Slow

spectrum most oRen used. SU!Jhmethods allow a reasonably reli~ble estimate of the

glow parameters to oC' at riveu lit. by a techniqee which also takes into acccunt the

kinetic order'of the process and the heatinJ rate used to obtain ~he Slow speara. In thi~

manner &lowcurve parameter estimates can ~. arrived a.t which .re <;ompar\lble to the
\' "--.'

methods of complete curve limn,. Tw(. peak shape mtthods liven in the uterat::-re
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wruch prove userul Ire Jiven b) Chen (1969a) ..ud Horowitz tt (I). (1986). Chen's tech-

nique .i$ based upon the numerical evaluation of ;;he mixed ..orcSerexpretsion. depveJ by

him ~o des.cribe the Slow curve in terms of the semi-empirica! shape parameters defined

by H.lperin and Braner (1960). The technique proposed by Horcwuz a:'ld co-woden

also makes use of. semi-empirical relationship ~sed on L:'\!SC shape fatton for the de-

scription of the &low spectrum of ,omtr.erdal LiF TLDs. in partic1.tia... 80th the~

techmques, as weD &$ the technique of cO·.lq:ietecurve fittin•• were used in tl'J.t research

to derive unique md reliable estimates tor tbe t~JpPini parameters of the glow spectrum

Q~Wned from th-. Fe-rree ,}llthetic <iilmoflo sample.

The I\OW curve uf the Fe-free synt!leti~ diamond was analysed by a number of

techniques in order to lain rellable eltimates for tn, siaN SpectrUm pamneten. Tbi,

&low spectrum wat arrived at by talnpinn the diamond sample1l ,: 16~ ~-l from room

temperatUN' to 4~OC. Sinale Fe-fm diamond <."l)'Stals showed a low SC"'lsitivity to

ionisi1'll nldiatiot'ts. The slow curve analyHd in this experiment was obtftineci from a

collection of such <.11'stals subjected to an initial radiation treatment with the "Sr

t; ...our,ce. The initial rise portion of the: glow curve was rearessed to «luation 05.3. (l"ht

result or this l'egre3sion lave an estimate of 1.38 eV for the Activation eneray. The belt

regression in ternlJ fJr the correlation coefficient took into account a ba'-taround sub-

traction. whi\;h was applied to aive the best tit.

The P'!u !;.~~method of Horowitz ct 41. (1986) WIS usOOas a cot'lsistency check.

SQ thaI. the valut" oft-he energy depth derived from u,t initial nsc .nalyl1. could be con-

finned. This method. which has been applied ror dos~try. usina tiF in ~i4.'Ulat.
':",
II

comprises the appro;Umat~on ~Jfan isolated ab.w p!:ak. Pi by the (OUowinl expre;sions:
(; . ,,'"

(5.44)
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ptX) ow 1m exp( t + W{x - Xo) - exp( W(x - xo»] (5.4b)

f) . ~_;:._;_::::'--::;

TJ'I('.' t"trst expression 5.4& describes t~z tIow curve in terms or the peak height. I...the

temperature at which the peak nlkXimum occurs, T... and the activation enerJY. E. for
'\\". .,/~'

the ~Icw peak. ATis eq:~,.tto T - T.. Vlilere T is the sample temperature and It is the

Boltzmann constant, Ihe equsvalenr expressicn 5Ab gives the explicit dependence of P

on the width parame ..er Wand the independent variable. x; which it: representative cf'the

sample temperature in thi.,. t:te:11.,The temperature at which the peak ma~imtlm occurs

is Biven by x.. The ,cometri(,d factors viz. tI. t and 6, are related to the wid.th parameter

W by Ute following reIati~nships:

~ 0.982v-w-'
fORTRA'N·based Jo(\""are was written to n.nd the trappina \tepth. as described in

Chapter 3 (13.2) .. Shown in fiiure 5.2 is the result oftht nlinimisatiol1 procedure. which

yielded an activation enerlY \)1 1.66 eV. As can be seen from the fit shown in this fllure.

a sisnificant dCVlation of the fitted v•.!ues (the ~ot.d line) from the experimentally deter-

num.'<idata (diamonds). is a characteristic feature. This featu.re it due to th~ non·fmt
i
i

order form of the exper;mf'ntalli melS~ed glow curve. Tl-Ji fact ~cmes ~illtely

appa~nt on the c(\mparison \.,1, . 'ine v.ith th.e shape orth.e second Ohler ilo\'.' CU1'\'e

shown 4"1fiJure 5.t The shape or the glow curve described by equauons $.4 and S;5. on

the (lther hand ,'onforms ..more to ~he first order form for a hypotheti<.al glow CUt'VC. As

can.be seen from the diagram. this factor alone fn\dted in.t len than desirable fit to the

expenmcntal ~ta. It can abo be dorn;luded on the basis of this nt that the' ~ner.y rlepths
.\

derived by the method of Horowitz tt Ill. are prone to live erroneous resuits if the s.hape

of the Slow curve deviates appreei~bly from the )nape. '.if first order ,Iow tunes.

In an effort to improve on the e,timafe of tit;.> 8ctlvation energy. as derived by the

mC'thud of Horowitl and co-workers. partial curve analysis, as developed 01'
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Chen (1969a.b) for general order kinetics. was applied. A aenerat forr.:u.!a for the tiap

depth (1;.) was derived by Chen in terms of the shape par.me'trs:\ Equ.tion S.6 aj\'es a

lesEJenerai fonn written in terms ortbe sbape parameter 4.

(S.6)

Furthermore. values for the shape parameter, ').I".f. denaed to·, Halperin and Braner

(1960). wett."1\wru:ncaUy ..iJt·ed by Chen ilS a funcaon (lfthe order para meier, b. When

the order parameter is determined lit an be determined frorn Chen's published values

of ll, as a function of b. In order to arrive at an enimate. of ihe ener8\' depth from
';:":

equation 5.6 it was therefore ne.:;ersary to fmd a reliable valUe for the order parameter,
n :;

This wu achieved in the followina manner. For this part of [he ~tudy the reneral order

eXpl'tuion. written in terms (if the temperature as the independent variable. WIlS applied

in the method similar to tholt used by Halperin n al. (1960):

(S.7)

Inspection ofthls relationsrup reveals that a plot orin li(T)l~l VI + aiVCS", sttaiPt

line \\ith a sl.)pt (- Elk.) and an intercept ofln(.1fil)..whetl the ccrrect value of b is used.

Software was v.Tiuen wh!\:b regressed the expetimental data on an equally spaced, 1inea~

grid of b·vatues. The best fit ~u cl«ided upon by a least squares fittin~procedure, and

ex.tr3cting abo a maximum correlation coefficient. applied tor each b·\·alue. Fiaurc 5.3
1--""'"

~ho\\.v·the result of the fluin, j.)fo(.;cdureapplied for values of ~ betv.-een t.O Ind 2,Ot i.e.

for fltSt order kinetics (b .. 1). general order lincttcs (1 < b <; 2)and second order kinetici

to .. 2). On the left vettical axis the corr1!lation coefficient x lOO~/o is aiIJ1!n(K). While me

SSQ (t) is shown on the nght vertical axis. v.-!•.~ the "t<let parameter tb} civet;'s me

independent. ordinate. The nunimum SSQ. Which tan be Rad off figure S.3. <X;C"'fS at a
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value for /) of approximately 1.40. The maximum torMation which c;an be detennineci
v

from the figur~. on the I.)tM:-hart,,'. Otcurs at {;.value for b of 1.45. For this stu.iy. both

of these IJ.valuc'\ deri\ttd were used to obum "'ahles of' 1',. from whid. the activation

energy. E. could be derived. Tlbte 5.J sh\lwS ~:ne i·dues deri ..'ed by this ractboo. The
"'",-'

v~dues of f. liued in Table 5.1 WC"rt derived from equation 5.6 wjtll T",. 590 K UM

6 - 21.43 K.. these geom!~ri;:d factors were derivet. . un the (xpenmentaUy .mc:a~ured

glow curve 1.1li,ure 5 2. CriticIsms of thISmethod centre upon the fact *;•• , the estimate

of the energy par JJllCtcr depends solei}' on l& few experonental point~ on tbe i~lcwcurve;

in this CItSC "\n1y t·, ,)d.'\ta poinrs were required. 1rus can lead to appreciable mo" in the

estu:ilIt;on of the {; ~rlYdepth. especiaUy in cases where "tiler pwce$~S which aff«t the

shape of the gh)\\' J!Urvc. e·l. thermal and imr\urity quenchin8 (SJIlta ~d Sapet. 19M2;

McKeever. 1985). may 'be prevaleru. A quoted error in the estimation (Sbenku and

Chen. 1972; KivitJ and Halebt:uk. 1917) places the Ih.curacy of this method at approxi.

rrulte}y 5 %. An error of this order of m4initude givt!Can e~ti:nate of the triP depth of

V}().th.05 eV.

_,------- J\",
mt"oUl t1UfY. ~- I.~O,1.)2 eV

uq eq\kllK'n5.b, cftelllt)

(
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Fin:.l!}i. a method which made usc...of complete &low curve finin, was apptiod in or ..

der to arrive at mimatel of the .trapping parameters. 1&1 this analysis, tnt: lenetll order

expression of May and Partridle. equation S.2. ""'"al U-ffcd for the ~sion or the ex·

perimentaOy meuured dnla. Fer this purpose the MINUITS packaae was u:td, .s de·

scribed in §3~2 of Chapter' 3. Dq,i~ted in GaUR 5.4 is the resultant fit. This minimisation

prClCCdureproVided estimates al fO;'0\\,5: E _1.872 ~V1 .I- -l()l· and b - 1.39. The error

e~timates derived from the M1NUITS minimisation for E. hand s" are liven by

8.0 x 16-' ¢". 2.2. I(}-) 3M 1.0, n;spc-.cUyc!y.!bele errors clearly are neatiaibly $tnaU

It csn also ~ seen fr;Jm the fit in fllute 5.4 that tbe ex~tal data is described

eXt:eUenUy by the theoretically determined fit. rcpreserlt~ by the toud line. The vNue for

the energy depth and the oNer l}lJ'amctCT derived hy this method are ako in ncelkntl

qn"Cmcnt with the Yalues derived earlier by the partial curve analysis of Cbm.

It has already Ueen shown why the J.'Ilethodof Horowitz and cu..workm does not

provide reliable emmatn for the activation enetI)! (E) tNm the ,low curve of tM Fe.-

flW 'Synthetic dIamond. The estimate for E derived by the method of the initial rise ••It)

de\iates Apflmwbl, irom the values detcrmilled by partia! and complete curve analysis.

The theoretial font" 3nd sipifaca.nce of tile luminescence efficiency has been dumbed

?l'tvioudy. It hal o.:n ,bOM, by Wintle i 1(15) that when the lumincJCth!\o~ efficiency

is temperature dependent. th¢ inltiAl ri,t portion cf the alow curve <:an be de!cribed by:

In the limlt whe~ c,. ,;xp- ~Fv/k [)"'1 thf' ¢xpteslion for the lunune",'Cnct" efticimcy

(equation 4.7) red\',.~f'$. t,):

(5.8)

'0 lhtit tte initial rile portion (If the &lowcurve can be v.'rinen as:

i(n..CCIfSllUfl It exp[ - (E - .E",)/ tTJ



This ~\ns that an application of the initial rise tethnique. In a situation wbere the
r;

luuunesceeee .ffic.ieney it temperature dA:pcndent, wiD p!'Ovi<kan fttimat~ of {E - E.,),

rather tbl.n F 'frus effect ba$: been extensively dealt with by Wintle in the analysil of

activatIon em-raies of lunar material to as'-~-:J$the effects of these estimates on the

archeoloaic <latinr of ,~chmaterill •. The v.lues of (E - £...) derived from the initicl rise

portions of the glow curve were f~c to at'.'e a.nomalously t~wvalues for the lifetimes

of such ,tow pea~s.

This effect could provide a pouible explanation for the difference in activation en-

"~&iesderived from ~c thennohuninescence glow spectrUm of the Fe-free synthetic clia-

mend ~y the ~thod of the 'nitial rise \ t .38 eV) And the methods of complete a~d partiaJ
\\_

curve tkirtF 0.90 eV). This difference yields a value of approximately 0.52 .V"'ror E.".
In this interpretation of the experimental re~ults. a luminescence quenchinl mechanism.

with an .","tjvation Cnel1Y of 0.$2 uV ®uld explain the :tperim<."ntaJJymeast)'e<i mulu.

In order to clarify the aCtual nat~ of the qUt:nch.i.n1pr~n postulated for the Fe-free

diamond crystals, further studies beyond the scope of this dissenatiol.. are needed.

Photo-Hall mobility measurements at liquid nieogcn rud liquid hellum temperatURl

could prove uJCfut

5.3 Conclusions
It hI! been demonstrated that complete Ilow curve fittinl Cii.:l prt)vtde parameter

estimate whici. Art phy$i~'U" meaninJful and actur4te te a \-erv hijh dearet. It is abo

evident from the an.1)'.5i.. pre~nted in tlus chapter, that the finin, or Ilow spectra.

wtthout due care ~ml cxercuN to S.ecOUN for phenomen.l sudt ,as thertl\kl and impu·

nt) quenchinJ. can load to erroneous estimates of the trappin, par. meters. This can also

le.td to an errN!COU$ interp~ation of the physical proce$s.!~ occurring in the Jiven

phC'sphor under ton,lde:ation. [wen '" analysis of S\nale. isolat.ed atow pub can. dut

to eecurrenee of such processes, present It non-trivial task. Howtver. i€ can be con-

eluded. on the baSts of the curve fln~name'h~s appted (Chen. 1-;)69a.b;May and
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Partrid.e. 1964) tbat the Jio .. ~. of the Fe-free JYIlt.beticdiamond is due to diJ..

Q't\C charp trappi"2 stales in the forbidden pp of thcJe diamond. with an acU,,4tion

meray of 1.90 eV. In a&.tition. a non~radiatiye process which ruts an ac:tivatio!'l eneqy

of 0.52 eV is postulated to ex.plain the quenchina of luminescence obsc:rved.

In the contut of this dis~tion. I method which has been <ltmo~ted to ~

reliable in providini estimate~ of BC.:U\ation energies for levels in the forbidden ,ap of

$ym.hl"ticdiamond. has been developed viz, the complete curve fittinl te the aenenl er-

der tx.i'ression for the al0w &pectrum. This method is uted in • complementary role with

initial rise AnalyaiJ. tU.in& copizam:e of the quenc:hina ~h.an.i!ms which can occur in

the r~olution ;)f the broad. composite thert'r!olu.minescence spectrum ex.hibite:l by ~

low nitropn ~nc:entration TtD diamond and to estimate them"'; activation enetaia

within the cryttall.



CHAnIR.

Energy Levels in the Forbidden Band Cap of tbe Synthetic TLD

Diamond

6.1 IntroliU(!tioo
Thill: ch"pter presents the experimental measurement of the relative densit~ of enerlY

states in tne rorblJd~ gap of ..':lc synthttic dilmonC: ,cyst.Is tont.inu., pariUlll£Mtic
'\:

nitrQgen concentrations typically lower than 20 ppm. These crystals were spedaU)'

svnth¢siseC tor a sensuive therttkllwrJncscence dosimet:·y response ''ld have a hi&h
luminescence efliaency as compared to synthetic dU.mond crystAls of hip
paramagnetic nitt:>aen concentrations. The tnennolumin«cence glow (unet of 'Whidl

the most <iisti.'lCti"·t' feature i, ~be broad. composite peak structure Ul tht temperature

ranae which varies from roem temper.!tUte to 4SOCC. haa been repurtcd pre'riou~ly.

Bands of enerlY states have been postulated to be responsible for suth
,\

t~lemlOiumln~~" &low $~tra. Examplet of phosphor~ displayina glow lpectra
u
/ ;

"iaracteri~fby ba'1ds of thennolumineKtnce states h.",'C been reporte1 by aun aM

(.jlrlid~ (i950), where the thmnolurn;nesccnce Slow of natural d.amote s.unptes WI"

dis(!u$~ed.and Avouril and MOfaan (1981) tor the case of Zn,SiG.:Mn. Such phQJphon

containina qua~i·continuil of ~t.tel m ~he forbidden band aap have demonstrabl)' larae

ftill \foidths at half the .Io~ maxima (FWHM) and exltit'lit characteri"ic displacement

of the Slow peat. maximum with pre·he-atinl cycles of increasinl maximurr. temren,tUte.

These ch.racteristica. .cannot ne reconciled \\ith the behaviour of isofated glow curves

remltina f"om the presence Off:fst order. seeon.! order or generat order kinetic processes,

exclusively. The analysis of this chapter shows thlt this behniour 11also typtOll of the

Ttl) dianl\)nd crystals. Hav\na CemQDStrated ~; tht! a!ow spe:ctl'Umof these \,4jtJtal.

is mort adc\lUAtely described r.y II distnbution of ch'lrtt~ trlppi", fotatel. qU4ntital.ivt

enimtnt;~ of'the efopirical.1ow par~mctef$lre preStntN by analytical methc,ds discussed
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inChapters) Md S. Also liven i~the relative densitl of thennolu.minelCC1lte states es-

tima(e-i by the fractional aIow tec..'mique{G()bt1:~ht,and Hofmann. 1%6}.

6.2 Results and Discussions (i

6.2.1 ~~~lDAWy.

fnit.Jallj. the hehaviQ~ of ;.he thennolumines.:ence: glow curve v. s studied when

successive pre~healiflg cycles of incre:uing maximum readout tClYlperature! were u$C(l.

The (oUowina elperitnental pro«dure wa$ employed fo ata acquisitIon:

.. The' flO di.lmond was subjected to II 3 Gy t. 'ele dose usin8 a "Sr source. This

dose w.. chosen to ~sure that the resultant thmnolumine,cen~ response obtained

is sutlidc:nt for low statistical errer,

• A rre.cleauina cycle WI!; mm initiated in which the temperature of the diamond

sarropl("was l'Imped at 16lC 5- \ to a pre-dele

step is. varied to obtain each of the curve. ,h<.,

"I maxiMum temperaturt'. This

liaurt' e.t.

.. A Blowcurve readout P"Oc:a!urc. in whi,h the temperattlrt; ofllle TlD dilUnOndwas

tam~d I.t {(.PC,.{ ftom 5~ to 4QQOC. W&!l then initiated.

lit F::·udh·. the blackbody siana! from the diamond and the ~~atina element wert

mea~uTed. nus was aclucved by initiatina a ~ond re.dollt cycle i.dentic~ to the
~!

previous. in which the s.unp!e p!.acemcnt was maintained identic.ny. Subtrat,;tion of

:sudt a spectrum from the tot,l r~Jponse allow.:d correction for bactiround sil~al

centributio»,

For each of the dtanina t\ eles $e%ectedthe sample ;'iVIS !oaded once only. en$uriug ~

identical $JimpJ~ p¢ltitionin8 on the heatina element. This procedure was considered

necC':s'Jaryas mdividual diamond TU)$ $ubi~(td to IdcQticltl radiation tre!tment but
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placed at different positions on the heauna element have been fo"nd to aive rise to iii"
!~

niutant standard deviations in thermoluminescence rcadinIS;:~h~~ in fllUfe 6.1 are Jle

thermoluminescence glow spectra whicb were obtained without and with pre-cluniIlI

cycles and with maximum readout temperatures set at lSOOCr?260'\~. and 310'<:. This

movement of the slow maximum can be explained by either of two situ.tiom. The fust

refers to the case inwhich thennoluminescem:e results from a population of statH which

follows a non-first order kinetic process. For a hypoth"u:&J phosphor in which second.

order recombination i.U1C'tics takes place it has been demonstrated (Levy. 1979) that the

pesiticn of the Slow maximt..~i is ccpet\~ent upon the fractional population oftne charac

trappinl states. The second sitUition, Which in the case of the TLD diamond is more

likely. occurs when the ,low spectnun is due to the superp<.·JitiQ'1of a number of ch~rle

trapping states havin; activation enqics closely spaced in magnitude. From the alow

curve of a TLD diamond which hac not ~ Jubj«t.ed to a pre..hatina cycle, it can be

inferred that the FWH:'vl of this alo ..· spectrum is too tarat to ~?;n:s!XJnd to the situ-

ation inwhich a population of discrete chatac uappin, statH of sinlle-valued aeti'~ation

euero is ;the source (\f the th¢rmoJ~nce spectrUm. A poS$ibility which cannot

be excluded is the likelihood of a closely $paced distribution of chlrat trappin. state.

which c~uld rouow n-a ..ftrst order re;::ombination k.inetics.

A further indication that a more sophi$tif:ated approach in the analysis of the

thtnno1umine!lccnce spectrum .'wl was applied in Chapter 5 is ne(ftWlry~ is liven in

fi,ure 0..2. Depicted here is the attempted fit of the g.lowcurve of the diamond TLD to

d'lt~.eneral order expression of Mal' and Pirtrida*= (1964). The experimentaUy measured
\C,

,low t'urV~:Wa$ derived similarly to the spectra derived in fiaure 6.1 with the excertior,

of the rn4lximum temperature of the pre-clearun, cyete. which was selected at 2SOOC.This

procedure resulted in the empryin, of the ~hallower eharae trappina states a, depleted.

The alow curve {Jaramettu derived from the reareS$ion of the experimentally detenr..ined

,low spectrum yielded; Ii ...2.05 eV. $" .. 11)1'and It .. 2.0 for the the trap depth. arMnC:f,ed

frequel'CY factor ...nd k.inetic order. re:!lpectively, These values (kscribe a ,low curve with

a 1'NIi\unum in the po ition shown ond haVingchargt trappml states with diKrete·valued

~3



at.1.ivation energy. As can be appreciated from a superficial inspe:tion of chis fit. the ex-

perimenally determined alow spectrum is not adequately des<:ribed by the 6t"Omical fit.

This furthet supports the pOltulatt: that portions of the ,low spectrum of the TU.) <Lt-

mend are not amenable to isolated ,low thermoluminescence spectroscopy. Tbe exper-

imentaUy derived. .low curve of fllUfe 6.2 describes approximately 10·11. of the total

thermotumir.esc::ence glow. This pretimiMry analysis demunsU'a:es conclusively tbat a

distribution of closely space!!. overhtppinl states (.ould describe tnis spectrum more ad-

equatdy.

The discusmon of the previous section underscorec the needfer au analysis which

gives a more detailed picture. and h~ce a Oeuer undetstandinB. of the enetJY 'itrUctW'C

of stat~s responsible for the cOmplute thennolu~ glow spe<:tnlm ()f the Sj'n·

thetie TL0 diamond. A survt!y of the literan '"has shown that I. rdilbl~ method for

the measurement of the di!u'1bution or states b... L > -n liven by Gobreeht and Hofmann

(1%6). The relative distribution of Slates derived in WI study was determined by a

technique analolOUl to the method applied by these re$CaTchers. The experimental

method propoMXl by Gobr«ht arId Hofmann centres on the use of teVeral oscillatiOns

of slow CUl'YC reador.1t cycles. In each subsequent oscdltt.tiun the phosphor is ramped to

an ina-easina1y maher temperature and subsequently cooled at a rapid rate to the initial.

room tmlperatW'C. The glow curve for each of thele cyc!~s is then recorded for the

analysis of the ~p depths by the initial rise technique.

In this study initial rise analysis of tnt" fractional &low sf*tnI. tnt.,W'Cd in the

manner to be described belnw. W.l abo applied to obtain cst:matn of the Ictivation
,>

ene,'aies otthe distrihution nf char&e trappina !tates. In order to derive estimates which

could be compartd to these values !he clean aseendin, portiOn! of the alow curve were

analysed by the method firse advo<:ated by 'l';cnolas awl Woods (1%4). !hil melhau

proposes the use of lhe clean a"l.Cendin,pernen of the thermoluminescence ,low curve

in a ~~ssion to the theolot.cal form of a hypothetical sinale, isoLated &JowSpt~lrum.
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In this study the lenerai order expression (equation S.2) used in the anal)si~ of the Fe-

free s~'nthetic dwnond. was utiliRd for this purpose. The experimental procedure

adopted for these rne.tsuremenu war as foUc>ws:

.. The diamond TtD was irradiated to a fS pa:ticte dose nf.3 Gy.

.. The fir~t.ramping cyele was initiated to minutes post-irradiation. In thiS cycle the

diamond TlO was ramped at tK :i-I from,}'oom temperature to 1'"ol"f wber

T~tof' ranees in value in steps of 3~ be"yond room temperature.

.. [oleh of' these ,low spectra was stored for subsequent aniSiysis by fractio~ud atow

ar.alysii.

In a si.!l{de set of measurements. the sample W4.iSloaded once $0 that the. sample position

was identi~l for each s'~ccessive readout cycle. The eX~'trimental difficulties of this

technique are p:imaruy those which lire u!ua1ly encountered v.;th the ..thermolumin-

eseence t(:chnique. These mclude the ensuring of accurate temperature co.lerol and

trar sfer of heat frum the he~fblJ eltmtnt to the phosphor. as well as problems ass~:

atcd with the thennat quenchina of luminescence which could be dominant in tertait

hutinS rt:gUnesof some phosphors. as discussed. in Chloter 5. It is thi~ latter mentioned
\.1

difficulty which promptt'd the use of the analY:.i5 prtsented by N!cholas and Woods

{19M} in thl~ part of this study as an additional step to initi.l rise analysis, in order thJt

.. more complete intct'{'Iretation of the experimental results mny be pro\·ided.

Listed in Table 6. tare 'IIalutt' of the 4ctivlltior:. ~ne<1tie$.E,. a,ld i.,~li·.;ett by thl'!'

aeneral order m~thod and the method or the initial ri,e respectlVely. the inltial trapped

(;har~e cencentraticn, Itt, the orJer oarameter. b. and the amended frcquen<.:yfact?r ill

the cOlwenient term liven by lo' •...s~.derived fr~m the pre\'iously discussed eXprtSSlon

(~uation S.l), From this Tab.,leit can be seen that the analyst, orIhe initial rise portion

of the SAme data Ict ga\'c values for the aCbYation eMfSY Much are itt reilsonablc

agreement with the anaiysis 6ased on the genua} order expresaon tor the ,low curve (or

ss,
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the dcanina c)des havinllower ma.l.imum readOtAiten.reratrJ'Cs. One such e lmple.

uepitted ir fiBure 6.3 aives tl,e IJraphical repr(t:,.(iatlon of data set 3 with t{l~ .espeetive
1/

fitted curve; when <I) the lC'!ner1tt order exprc.ssia.1 wn used and (b) the method of the

initial ri~e \\115 ~pplied, This example is (me in which both Il'tthods (cnenr in the fM.•~
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marion of the activation energy. An examrle, depicted in fiaure 6.4. wL~re a discrepancy

between the values derived by the twO methods is conspicuous. is also gi.,en. It is pos-

tulated that, in an analf;gous manner to the ,glow curve of Chapter a thermal

quenching me.:hanism plays a tote in the que.."'lching·nf luminescence which is observed
p

tn the glow spectrum ,'If tbe Fe-based crystals. The results suggest that the activation

energy for the quenching process occurring in these diamona is approximatel} ~. i6 eV.
•,-~." 1

It can :>e concluded that, given the presence (',"f I thermal qnenching mechanism. the

activation -:nersies derived bv tile method of the initial rise are influenced (cf Chapter

5) by the presence ornon-radiative processes. whereas estimates derived by regression

analysis 10 the g..:neral ~rd~r expression. as given by equation S.2, more adequately de.

scribes the trapping states involved in the radiative portion of the process responsible for

the ~sultant composite thermoluminescence glow spectrum. As the radiophoto%um.inesc~

ence method is unaff'eaed by ther:tnal ({!.lenchingeffect.! <bf McKeever, 1985). the general

order e'xpression rather tItan the initial rise technique is utilised for the determination

of the relative density of state! (Tabt~6.1) for later comparison (Chapter ~) wlth the

optical activation energies ef' these charge trapping states.

Figure 6.5 (a.) gives the sraphi~al representation of the z'elative d<msitvofstates usinS
:,~

the estimates given in Table 6.1. Depicted on the left vertical axis is the l'ange of values

Itt (in a:bitrary units). which is propOltional to the area under the .low curve, car. :u."e

on as a function of the activatlon ener&ies(in tV) derived. The error in 1ft is given by the

vertical error bars in the figure. r:1.esevalues tor th~ ,low (nc) which presC"ibe the

measurement or the relative density of states N(E,.) sav, are not expected be verv aceu-

rate for activation energle. t ~han Q,iO eV, as these states are thermally unst«bfe at

rcore temperature. The experimental procedure describeGi'earlier deliberately aUowed for

the isothermal deca~: of tho: shaUow. unstable states ir~the delay of the fr~ctiori.l clean ..

ing cycles by a period of to minute' pO$t~irradiation.The omissior, ot'the 'unstable stat.:s

was de-emed necessary in this study u the lapse in. time between ~tle acquisition of sub-

sequent fractional ¥low \,oleiC' can result in the lou ofsia".l by phosphorescence deeay.

S9
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thus Lt1froduci.ni in..tc~aci~~ into the method. The exronential deS(.'ription of \pc den-

sity of >itates ¥iven in tigure 6.S (b) was derived by ~reuion at'.a1ysi. which yielded a

correlation coeffiCIent of98~. for ".he mono-exponential description of the experimental

data. 1he following expresnon gives the resul~ ef this fitting prccedure:

Such oistriblltions of states have been postulated by Randall and Wilkins (1945b) and

$tudied theoretically by Goc"ccht and1ivfmann (1966) to describe the tbermoh ..unin('sc·

enee gJew spectra observed from certain phosphors. An interestina property of (his ex-

ponential distributton (figure 6.5 (b» refers to the variation of the order parameter with

activation ~ner8Yt which i$. -depicted in f16m.: 6.6. A trend ift which the order pInlmete~

increases with ac:tivatfu;,~energy cal' hI">seen, Accepted interpret~~' lns (ef Chapter'''=-5')
Jl ~. .~

assoel.ate c;t'der ~rametl ..rs greater tha~ unity wirh. ihe relative concentrations of acti-

vated recombination and trappina centres. In phosphot$ where th<. retative density of

tappin, and recombination centres i!'. small. the mean free path fer the J'adiative re-

comb'nations of tharge carriers is larger, thus resultina in spectra with br~~rt non-flrst
II

order glow spectra. In the example of the TtD diaiti~ndthis trend is ~nected by the fact
\\
\,'

that recombination and f.fftPPir.a ccntm are deactivatfid with each s,,*~quent fractional

claw eycle. l1te result IS thltt the mean free path for fOf;ombination becomes progres-

sively larger with iflcreasmg activatIon CUefi}' for thi~ distribution
"\\

The final characteristic of the thermoluminescence spectrum of the TtD diamond

repcned in this chapter rtfefs, to the variation of activation cneriY vrith the maximum

temperatures (If (he fraction.J alow cycles used. in thi! analysiS. FiaOre 6.7 !4howsan in-

ereese ill the activation energy With an i.'lcrease in, the mnimwn fractional Slow tem..

perawre. This result is also in i.~pin& with the trend displayed by a Jafp class -or
phosphors <McKeever. 1985).

, I
\)
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6.3 ConcIUSi4l11S
The distribution of thermolumi:oe¥<ence suue:. !las berm resolved .'Y the technique

of the tfactiotlal glow. Charge trapping ~',lllteswitl~ ilctivation energies ranainl 4,1value

from O.SOto 2.10' -r:Vhave been shown '\:0 be t'eswnsible fOI the ther:nolumi.nes~nce

spectrum. of the TLD diamond <::rystals.lbese estimates are utilised in the preliminary

study of tht radiopnotcluminescenee properties (to follow). where the rado of opti.:a1 to Ii

thermal activaticn energies are needed to provide in interpret4i!on of .he mechanism

of optical excitations.
\)

."



CHAPTER '7

Phoophoreseence Properties or the Synthetic. TLD

Diamond

7.1 Introduction /1
A smey of the literature to date has showt\ that no analysis of'tl: phcsphorescence

from th:: synthetic diamoTld TLD~ of low paramagnetic nitrogen ecneentraticra has

been reported for application in radiation dosimetry. This chapter presents some of the

isothermal c~y cha'l'8.cteristics of Fe-based synthetic diamond crystal:;. of low nitroaen

concentration. a.s beinS favourable for application in in '1iv() radiation dosimetry. These

$ynthetic diamond samples have been shown (Nlrn et cat., 1991) to have enhan'Ced

thermciumiaeseenee responses due to au increased tumu.ie»cence efficien.;y. 'This in..

creased luminescence dlicietky. resultina from Il relatively smaller ccncentraticn ofk.m.~!'="'.."",~..
'-::~~;;.

centres and a proportionally increased number of available chargl! trappini states. is

exploitea in this stud;; of the pho~phorescence response to var}1na a dO~J and dose

rat·~s.
"

Of equal importance to this diJserta~on is the physical interpl't'tation and the im..

pI'cations of the isctherme! decay $p«tra which have been included in the analysis pre-
t ~ I.'

sented in. sections 7.2 and 1.3 of this chapter. Much effort has been devoted to the

isothermal decay properties t..f phosp~$Jrescent materials by past researchers. In partie-

ulu. the time dependence of the isotht'lrlnal d«&y spectra measured has beer..used as a

tool in the cl«rificatir.m of the pl'ocesses occumns in such phosphors, Examples of such

research can be fuun<l in the studi~s undertaken by Randall and Wilkin$ (194$). Medlin

(1961a.b). Halperin and Chen (l9c)6)~ndAvouris and Morgan (1981), amona others,
'"(;>

A classification of the observed isothermal decay measurements divides the t.;tat~cteri$tic

luminescence decay from phosphors into two. senerat gl·ut!pif!gs. viz. those ~xhibiting

exponential lumlneseence decay characttristics and tbo~~ exhittitina r: I luminescen\~,e
/.
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decay characteristica This study shows that a useful decay mechanism for radir.ticm

dosimetry, which is also a. characteristic of the$c diamond cfystal:;,js the exponential.
7~.

type decay which results flom a first order kinetic process. In this case the depcndc1'ce

of the tuminescence intensity at a given dl!lay time. subsequent to an initial iItadiation

treattu"N, is demonstrated to be li.m~arlydependent on the applied radianon doses and

dose ..rates. The I t luminescence der.ay process has, however. been reponed to occur

under a ",iYen numbe. of phY!1cai situations. Medlin (1961&) attempted to establish as

the source of the r1 dependenee, th~ postulated occurrenee ofa radiative recombination

process following a second order kinetic process. Subsequent analysis and experimental

work (~1edlin. 196Jb) provided greater evidence for the rllum.ine~crm,e decay, from the

particular phosphors investigated, being a res.ult of the first order recombination from a

quasi-continuous distribution of charge trapping stat\':$ with independent luminescence

centres, Recently however, a mechanism for an inverse time dependence for the

luminescence decay, was advanced hy Avouris and Moraan (1981) wherein the type of

luminescence decay wa~ attributed to trapped charic carriers recombinins at available
J,,\

recombination centres by a tu.u.eUma mechanism.

\'vbat i~however clear from the analysi~ (to be presented). is that the :simplest and

InO!t uscfill process to utili ..e for radiation dosimetry t is one inwhich a fll'st order k.inetic '\
/;'_ .....,y"

process, frl')rr,ener8Y states \lavina discrete. smile·valued activationeneraies tsprevalent,

In l.he case of the synthetic diamond such $ul.tes.which arc thermally unstAble at room
'«"'~:::::"':....,,,

temperature and occur in relativ~Iy high densities in\\these crystals. al'~ demonstrated by
l.~>,~

this study to exist, thereby facilitating an easy readout process, The dc(.ay of

luminescence at an elevated temperature ('If 400C was ai!<omeasured from the same dia..
r)

mond,:r')'stat and the characteristic decay rate compa~d tc the 'Ii'uluf:obtained when a

s\milar measurement was perfermed at ambient temperatures. 'nus was done to give an

indi<':8.tionof the Stability of the technique v.ith an accompanied variation in temperature

1nd hence the 1tuitabiJity of thi~ method for dosimetry. Ute main motivation for the

choice of the elevated temperature of 400C for the comparison afthe decay cr"nstants,

lies ill the fact that temperatures in excess of thi$. value are kn;,wl'l to resul, in 1.\ risk. of
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tinuc damale in hunlllns (Thorn ~t aI., 1973). "t core body t~raear", below noc,
loss of cotuciOt~snea can o<:cU'r.It is therefore ex,peeted that applied 'radi.tion proee-

dU1"eS per(0t'l'l'lCd on human subjects vfJ1 always be undertaken at temperatures below

400C and ahoy: )lOC.

The radiophoJphorncence technique. as apptiec1. I.!omprised an initial ifradia\(,iotl,
\,:;.,

the dose of which was to be det.ermined, of the diamond. sensQr with ~ radiation frorlhr

"l.2 Expooeutiai Isothermal Decity Spectra
The meu~nt of the isothennal decay speelra W'a3 ~or.med It room. temper-

ature and devated te:llptratures, with the experimental arrangement deteribed in 12.3.

After an initial exposure of ~he TtD diam.ond to ionisin.& radiation1J, the subMqw:nt

lumir\1:~ decay with time WS.$ measure<l and stored on a Personal Computer for

further analym and data manipulation. Exdtation of luminescence wai Icnieved with

I). Cl and ultraviolet radiation sources. Shown in fiCU1t' 7. i is the luminescence decay

melnlred at rpom temperature after an initial excitation with an )4.fAm alpha particle

source of 14.8 MBq cm-l speelf, .. 1ctivity. The data was acquired at a 1'eiolution of 20

seconds. AUmeasurements were corrected for bacqroltnd nOlle. The solid line passma

throuah :hc data pciints repre~ts the theoretical dest.'liption of ~e;,~mSet.For dia ..
~ J

mond crystals with luminescenJ decay re~n.lltinl from a smale Jpe/,ie;;of charge trappinc
liil

state. followina a flfS! order kinetic process, the luminestence deciy is expect.:d to foUow

the form given in expression 4,5. In the case whtre a number (N) of such cha.rae trI'I.pp!n,

states are present and aU f;)Uo'Wa ftfst order kinetie process. the lUn'd.n~ee is expected

to be a linear superposition of deca}ina statesi'given by;

N

i(t). 2] i,,(to) )(exp( - 1/ 1'It)
It <ii t

(1.1)

(il





The algorithm used to generate the iit offi,,,,re 7.1 has been described in n.l. Twl(;e the
number of components {2M were assumed fer each application of this algoritlun. The

choice of N which minimised the sun:~of the error squared for each da~ point (SSQ)

was tak.en to b"! indicative,p1"the number of phosphorescence components. In this pee-
/.:./c,

cedure, the nUt'noo off'impcnents fer ttle uncorrected dlta (l"" backaround correction),

Waf fiued to an optimum of three cemponents, one of which had a rate COn5timl+..I, and an amplitude which ~8reed eX1cllentlywith the measured background sianal.
r:-~'~·,," /J

The values of the two ,\tht;,~qplJ~~ilen~~'t,!~fethem stared tor ~ubsequent comparison.

The backaround correction "'ta~ applied und the procedure for determininv the optimum
I

fit was repeated. Subsequent ru. which '\U,Jvergedat optimal soluti.ms for two expo-

nential components. were compared to pre\:_;:~$,yalues obtained fot eHl$~,tency.Yabu~
I

fated values of the amplitudes (rdati~!e S~',"Cl1aths) for each componen.t with the

corrcsponiliu.g charactcrl$tic rate (Ie. If't.l carV"e founu in Table 1.1.

/ f
(.----~-----,,-'.'--'-----~

n t,(lt) (a.rblttari units) ~,(S-.I)· t,~
t---of-------l------l?y'

J
I

.:zag.s 0,009

J
I2 ssi.c 0.OS3

Excitati<'~l of Iuminesceace with the a ..so\lrce resulted in the \.omponenu li5t~
)f

above. When exeitaticn was effected \4ith a and UV sources, however, the rapidly de-

c~ying component (Xl) W&$ not detected. The presence of component (k1) with the slower

charactedstic decay rate, was in all the measured spectra I\nd .....'3$ established to be in..

dependent of the type of eXci~,)'.:,'? Similar measurements of the characteristic decay
, r

rates. performed on different diamond erystals, at room temperature, under ultraviolet

and ts exeitaticn, yielded decal} rates of the order of().()13:1:0.002$~t. The accuracy to

which these components could be measured. was affected by such factors as the ~ck.~
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ground noise which had to be corrected fott the resolution with ~i :h the luminescence
, i
\1

intensity was measured as well as the IQlI.U'ginal differences in se:tl$ith: ·'h,i(Zh0Ct'1.U't'Cd
~d

from crystal to cryst3.1.Of significance to the phy:.icil interpretation of the data is the

fact that isothermal ~r:ectra with an exponential-type dependence implies that the decay

rate is independent of the radiation dose. In particular.

(1.2)

so that the character1lSticdecay constant 15 now defmed in terms of the actlvation energy

(E) aud frequency factor (+~)of the ch1lle trapping states under consideration, Here C

is an arbitr ....ry nermalisatlon constant and Itt is the initial trapped charge ccneentration.

For a given diamond crystal at a fUled temperature, the characteristic decay patameters

(1:#3) in equation 1.1 are constant! because the frequency factors ($) and the trappins

depths (E) are dependent on the n1\tu~ of the defects respou~ible for the trappin, states.

The latter are clearly fixed i:l)f a given diamond crystal at a given temperature. The

i(1.)'5 described by expression 72 are therefore directlY proportional to the initial

tl'!!?P«=dchar&e concentrations (He's)and hence the int.ident radiation lose. This pre-

dictec behaviour has been verified by the measurement of :hc luminescence intensity as

a function of the incident t1ldiation ISdose, Depicted in figure ·1.2is the result of these

measuremenu. The linear form provides further evidence for the postulated existence of

a &rst order klnetic process due to diserete charlt trapping states in the forbidden iap

of these diamond. The experimental procedure used to deriv<=tb,b datu involved

irradiating the diamond TLD with the "Sr scurce, Whilealrea<i} mounted in the copper

strin. and then loading the iample in the arransement shown (fi&ure 2.1). The

luminescence yield was then mea$ured at 60 seconds post-irradi:>tjQn. To return the

sample to the virgin s~iltet th: diamund ltD was annealed. while mountec hthe copper

$hip at 400C tor 10 minutes. In this 'way the effc('t of differen<:esin sample geometry

was elirruoated. A~ran be seen, a linear dependence of*e luminescence intensIty on the

.a<liltion dos~ up to 3 Gy was achieved. The saturation effe(t i5 interpreted. l~ .. limitl-
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lion of The total concentration of IUWlow chttrae trapping states r~sponsible for the

measured Iuminescence decay.

The result of a similar experiment iri which the diamond TLD was ~ubjected to ~ '0

(I
dose fattS below 4 cOy S-I, is aiven~ figure 7.3. These measurements were effected by

plctcing the diamond crystal at different d;,nanrcs frcm the "Sr source for 30 ~ondsf

and tller measuring the phosphorescence response at I. faed interval post-irradiation.

The; linear form of this result also att~ts to the HI'S!order nature of the reccmbieation

process.

In order co assess the effect of a change in tempenU:llte upon the change m mapi·
\' \.'

tude of the characterisric decay lifetime of the shallow <"ilarge napping na(~es, these life~

times were measured for a given cryml at room temperature and 4O'C for comJ')arison.

Figure 7.4 &lvesthe mult of this :rnea~urement in which th~same diainond ~stal VIM

aiven different UV radiant exposures at 20C and 4tK. The fitted value&for the decay i)

lifetimes show a diff~nce in value :Jf2 '%. The relative change in the phospho~nce
','I

intensity resulting ftom this 2 % change-in the decay lifetime. can be shown to be of the

fo11o\\;n, form:

(7.3)

A consideration of the first order aPI"l'Oximat.ion in Jr.. li'r (i.e. ifan the "'-'~ comainiug

factors of the form (l/'t)''. with If:> 1 are discarded) reveals the folloWUlB simple forM for
c:;

the maximum relative Ghanie in the pbosphoreilcence intensity due to the correspondina

reIattve change in the (;,liilfactcristic lifetime ( 't):

(7.4)

This means that the chan&e in 2 ~/1l in the decay tate (Ie) aiVC$ a corre'PQndina chMJc

of2 ·/t in the rel.d,~ c~anac in intensity at a aive~ time (t). 'These t:xceUe~t stability

7,3
\\
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.characteriAics ensure a uniform resporae to ~cident 1'adiation at temperaturet in tbe

range of ,.&Ina from room temptoralure to 4C1C.

"'1, ..3 Inverse-time dePendent lsotbermal Decsy Speetfa
trWke phospbQt't'S«tlCf" !lee., I~ra. conducted at room temperature. the

lun·mescenct. decay of the TLD diamond undertaken at fuahet temperatures ( ,. 10(1(:)

does not di<splaya simple exponential dependence When attempted fits of the expel''"

Unental.'}' meu\Wl:d data to a ames of t to to eXpQnentiai components was 11lcide. the

Con elation ~oefficient derived was unacceptably low for each of the respective attempts.

However. fitting procedures which pedormed .a parameter minimisation by the

MI~UITS ~rd\ alJoridun. usitr#~''Wression 4.6. W.i$ found tc prov\de mort reliable
I ./ \1
\; ,

descriptions of tM experimental dih.-: Su~h em 'expression bas been successfUlly appue4

to sitUAtior'l in which the observed luminescence bas been a.,sumed to be due to fust

order uet:ay from a diltr~btltiQ!'oftrappin. statC'i <Medlin, 19~1b).
Shown in fiiU~\ 7.5, 7.6 and "1,7nrc the expcrimcntttUy detertt)jned luminescence

spectra obtamed at samp!e temperaturet of lSCPC. 2O<PC a.nd 2211<:.respectively, These

measurements: were also pertom.ed usi'lg the experi.mental ar~nt of r..ure 2.1-

Table 1.2 t'vntlL."lSthe value, of pktameters obtained from the fitting procedure. The

quantitative interpretation of tllele p&rametm h made dliTIcult by the interference of"

h.:.minesccmce from overiappina chara' traPPin& .>tateJ and tile variation i.'1 the

lumillest:ence spectra. ohserved \I1itb. different UV radiant expo~ure! of particuIa.r dia·
"

mond crystabt at identica.l temperaturces. In cues where the relative distributIon of

charsc tr~ppinJ states vlries over an appreciabie ranae ofenerlY values (Medlin. t%lb),

the fonner effect can be ~eriouJ, ~everthele$J. it can be concluded that the analy~s of

the distribution of charsI!': trappmg $t:s.les of the previous chaQter. and «,vidence of
\..,',1
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inverse-ti.me dependence of ~h~ iumin~t'\ce spectra observed at elevated ter~'lperaru.rea

p~nttd !.tl tbia Chapter provi<k. support for the pos:.ulate that the invC1"e~time de-

pendent ~y is t..'te result of a d.iJtribution oftrappi.n.g levels in thett: syn~'n:k diamond
G •

7.4 Conclusions
Thtl mults presented in this chapter show that 'hallow chal1C t:1'lppina ltata in the

f~rbiddenPI' of llle TtO diame-ndcrystal. can gh'~ rise to crystals with ch.ru'l.Cl.eristic

radiophosphoreecence pre$ootinc favourable dosimer.ey pf()pertie! .bv'!! the tew~ture

raose from 2ffC to 4<K.:. An important requi."f'Jment. which tbete diamond fl.:1fil for

t=-hosphorescenoe dotimetry. is the presence of charge rnpping states havina discrete.

single ..v~Jued activation en.ergiea which are ..l!tothermally unstftbl: at room ttmptraturc.

Lin~rity and .ubility of response (:1:2%.) ~I a flalction of the iuctdent dose rate at

temperatures ranaina in m.a~tude from room temperAtute to the maximum temper ..

ature JUBuinable by the human body. Ind the >~ee.sibmtyof a thin probe with a 1 ~

diamond at one end of An optical fibre. arc features which cOllk\ make thMC tiamond

particularly attractive for application in in 1'ivo and in Silll dosimetry applict\tiona; an

evaluation of which is l)eyond the .eope oftros dissertation.



Radiophotoluminescence Preperties of Synthetic TLD Diamond

8.1 IntrodlK'oon
For thi$ part of the study the RPL propertlt!J of the diamond crystals, were investi-

gated. The radiophotcluminescence technique, as applied. comprises an initial

irra~~,,()n of the diamond sensor with 4 or IS radiation. The sensor is then exposed to

light of pre-selected bandpass \\1\' :len&th. The intensity of the resulting emitted light.

centred about the principal emission wavelength. is then measured as the RPL response.

The work reported in this. chapter focuses on the variation of the radiophoto-
(')

Iuminescence siaMl with time and with the irradiation dose. in particular. In order to

gain an understanJina of the kinetics of radiop\lotoiuminescenee. the optical eXc!i.8.tion

properties of these diamond ceystals were initialiy probe,' the preliminary part of the

study. In this way co&ni:t<:.tnceof the superposition of the effects. of optical stimulation

upon the RPt"sisnal were accounted lor.

8.2 Preliminary Measl\rem~ntsand Discussions
8.2. t The Ortkal BleadUnJ Mfuurtn1ents

Itt. Bausch & Lcumb high intensity Xenot'l liSht source with a.n attached

monecleematcr assembly unit (§ 2,5) for operauon in the 35()..90()nm wavelength region

was used to effect aU opti\~a! bleaching measurements. The term bleaching is Ul'tder5tood

to mean the process of depopulation of aU traps throughout the discussions of the

measurements. For the pre.heattl'li cycle the sample was ,r,lmped. at: a rate of 160{~S-l

from room temperature to It maximum readout temperature of 28t1OC

For the measurements. the diamond crystal was given a.) Gy.tl particle dose. then

illuminated ane,' a time delay of two minutes pon.inadiationt for a period of thre~'
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rrunutes with lisht of p~:.J:1ected wavelength. A .ubsequent thermolumin,!$ce:~ce read·
i

out proceSI which involved rampUli the tetI~~ture of the diamondon.D ./\11-60(; r1'~ . ~
from room temperature to a l'NtXimu.."ll ~ut t(\~pera~ of 4SOUCwas initit~tedafter

\\

a further ®lay Ol two minutes post-illumination. ~~ of a fixed time cycle allowed
":::0

a ecrrecuen for the losl of thermoluminescence siJlial. due to the liberation of chqe

carriers by thenna.l means. to be made. 'I be differmce between the integral thennolum-

ineK~nce slow with the sample not having been illuminated, and defmed here as I...and

when the sample was illuminated with light of pre-selected waveiel'lCth. denoted I..ft.
taken to 'be the optlQll b'ucruna response of the specttnen at !hat wavelenjth ().). This

procedure "ras carried out at a number ofwavelenaths with results at depicted in figures.

8.1 and 8.2 which show the optical bJeachina spectrum of the thennoluminescene~ &low

curve obtained without (figure 8.l) and With pre-heatina (fiau.re 8.2). The petctI;.t\P
.:--.,

bleachina \q~ derived usma the following rel.tio~~~p which exptelSt:1 the optical

bleaching responR I().) in temu of 1.. and I. ASwell.s a lamp comction factor, LAt (see

12.5) used to account for the non-uniform spectral response of the Xenon la.mp.

(8.1)

'The:\e meuuremenu save an indication of the till'ettivC1lenwith which liaht of a ¥iven

WtlV'elenath depopulat~ the thermally acreslible eharae trapping states in theM diamond

crystals. The optical bleachin& spectra of the figure. 8.t and 8.2 also n'nect the com-

~site nature \)r the the1T"'oluminescen~ spe<.trum. As am be teen the rapon._ 1$ de-
.r:

picted in fllure 8. t exbibits no disti.nli~peaks. Figure 8.2 on the other h.1nd shows the
f, -:»

result of pre-cleanina. which has the' effect of shiftina the bleaching band eel,. to the

shorter wavelenaths, The approx.imate excitation eneriY at whlch this band. edae 0CC\ttS
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is 3.0 eV. The result of the'''J tne&Sumnentl 5hew that radiophot;olum.inetcenoe is in

princi~J ,cruevable bv the use of haht of sufficiently hi~ inter, cty. The p1"e..(:1aned

thermoluminescence alow carve NU been found. by the &W;slS of Chaptet 6, tu be the

mull of alo\\' trOm a distribution of chillsc trappin, sates havinl thermal activation

ene~ (E.......t) in the 1.6 eV ·2.1 eV range. with a uominant contribution from tralppin,

level, having a n.ean activation ener,!" of lpt'lf(Jx;matcly 2.0±(),1 eV. in addition. the

optical cx.ciuuion proceu for a Jiven trap dqlth. i~exp«ted to have a tharac:tcilstic:

fHlndwidth due to the vibrational desree of freedom "r the complex (idefoct centre:) liv.

ina nile t" that defect level. The ratio of f..-JE__, fer the <.:h~rgettappin, It.tea re-

sponsible for the pre-cleaned alew curve is appro):.in.1ately I.S. Ratios of this nature have

been dettnnined by Nal1dn ~l aI. (1963) in an ana!0loUI m<*JU\l."1'for n&tural diarnondJ

of ,Type I. Values flJinainl from I.S to 2.5 have been cited. The fllW't of 1.$ det~

in this\~tudy suaests that the mechaniw •• depkt¢d in fiaure 8.3. and apphcabie to

StokC!-type ~bospbors, is also aPr!i..:ablc to t1\(Je diamond cryltal.at ambient temper ..

atures.

Ul n.0ptbI ~ ~ R.upout It 315_

TakinS copiunce of the lar,e optical bicacbina mponse of the pre-deaned

thermol~'C spe<:tnJm at 37~ run. the optic.ll bleachina mronM at ll'Ui wave-

letlJth at a function of the radiant exposure wa. studied. fipre 3.4 summari* tM re·

.utt of thi. inveSitiaation. These rnealluremcnts provided further eJueidation of the

mcchamllm by which the opticti bte.chih' of states occurs. Here " model d{'~cribedby

Chen II (1/. (1970) and applied by hr.eli ~lat. (1971) for the d.eKription of the acitation

of themloluminelc..:nce in K8r. proved ull'fitl. in these studies the population of

thermolumints«nee ~tate"t in terms of the absorption of U,ht. in an arbitrary solid. eon·

lainin. I uniform density of c:hal'p uarpin. s~tn and .recombinafjon amt.m. WlIt

\:onsidem:f. AC'~ordinJ to ,uen & mode], the rehttivc 0rtkal btea~hini lflpon.e i{x). at



E.¢!TEO STATE

I'ipra '.J: Thto ~.uonaf diqram .... 1M ... ii~ NwtoIIa optical .. 4 thermal 1!Cd.

t qt.'ot\ ~t'0( • ~ __ deC1__ td_cen1H__ . , _

rd.tinly iarae vllt •..;, of the optiatl absorpuon cOf'fficient. It(~).is 1letetmined by the

foUOWU\ire1l'ltion.rup:

(8.2)

o ~

where x IS the rlldian: exposure, u is II proportionality constant and L b the sample

thickness, At low n.dian\: exposures, the response is expected to ~ linear in the rIM
approximation. and may be exprc$~d in the foUoy"ni COnveNent form:

(8.j)

as
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Altbouah the ~tia1 distribution of det~ centres intbae diamond IN.Ynot be uniform.

this model is believed to be I. ,aod fU'st Approxi.-nation to the trUe situ.atillr1 in thae

crystals. The assumption of a reiati'idy high optical absotption coetlkier.t in the den·

vation of the theoretical J11(Hid WI! ~ fulfilled by the' c:hoia: of 315 run .. the optical

btca.chini wl\'elenph. A, can be apprec:ut.t.ed from the inspection ot the optical

abt'Jrbance lpXtnun of theM diamond (cf Appcmlix H). the optical abtorption coeffi·
1\

eiem im;realci in ~tude on movinl to the shorter wavden&tht in t!1e ultraviOlet re-

lion of the spec- ",um. This fClul( of L'K optit.:a1bleachin& rut:&.ure~!.t with Iadiant

exposu.re u·WUlttated Ul fiaun 8.4 shows an initial lioar ~on with. ..he tC'1ldeney for

lIlturation to set in at relnively low values of radiant ex.posure. These effects can be

accounted for by tho relatively mort effective path. iqth of ultraviolet lia."I.t in the

cryltll. Such • dcpen4cncc of the meuurementa 1_qualitatively Iimilar to the fonn Qe,.

scribed by equation 8.2. From upmsion 83 it "n be apprtCiated that the radiant ex·

posure mpoese iJ dtpmdent on :be sample :th.icJr.ncu (1.). in the case of the 3fIlt.betic

diamond l.."Y)'st.t, used in thi' study this efl"e<;teouJd be nea1ccted from crystal fo crystal.

as the dil'l\fllUions'of the cryltalS US(I(f in this study were conltant to within a small

standard deviation. The physical siplflCance of theH mcasuremonb b that the stimu·

latina lisht pbotoc" liberAte chuJe c:;;.nien whicb. b1JcaUJt of the predom.inantly tint

order nature of tl1~ thermolwnineteence procell. tht'r' recombine at luminuoe.nce centre1

(d Chapt.« 6). H therefore ~xpeeted that. an RPL rcsponae t(\ excitation lipt can be

measured .Iue tf) the radiative recombination oflibcrated cbarae eamers It b.winesce~

centrel. 'tN' formed tbl motivation for tM tneaSW'CJ:l1tmtof the RPL refPO~ of the»
thermally accessible charae ttappina stites within the diamond c;cystal .~ a functton of

a and l' doses. Tuins 1rpizance of the optial ~ response as ...JUnction or

waveJenath (fiIUI'Q 8.1 and 8.2) tM 404:1 run Mercury line was ch"sen all an appropriate

and easily available souree of uci«ltiOQ w~'/e1enath with .ufficient intensity.
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8.2.3 The Intri.u:k; ~ E.~poavc R.espottse at 250 Jlbll

The radiant er..pcsure response of the TLD diamond to ultraviolet li$ht was ttudie<l

to detcrrrli'lc the onset of banc transitions in the diamond crystal not previously sub-

jected to radiation treatment. This was done in or~er to exclude the superpositJon of

such effects from the RPL me~sumllents. It was found G~t liiht Q~.250 run resulted in

filling of thermoluminescence states in prcpcrtlen ro the l'adlo:nt exposure. The radiant

exposure response mealJu'rements (fi..ures 8.5 ~nd 8.6) were ~c!\ie ...ed by expioitina the
(\

second order dilfraction component at the 500 nm .eltin, of the F.'lusch ct.. toumb

monochromator in conjunction witil the USc of a J52:t.tO na.' bandpass fiI'.C't. For th~1

pan of the study the diamond was subjected to iUuminatiuns of varying intm,&ls, fol-

lowed by 3 measurement of the intearaI thermoluminescence response. Depicted in tia-

ures 8.5 ano 8.6 are the raruant exposure responses obtained from the intearaJ glow

tl'I.e3sumnent etrected without and with the pre·c1ea.1ina cycle deKribed earlier. Thh

beh:tviour is beli:ved to be consirtertt with the interpretuion that Jiaht of 25() nm is e...

pabJe \)f ionisin, hole r;~ntm ab<'we ihe valence band. l"Csultina in the fUJinl .of

thenno!uminefcence stattS. ni, dTect is also thought t('l be responsible for the ohmved

'~xl#nsio1t' of the fund,m.ental optical absorpti:m band ed,e of the. (cf Ap!'C1ldix In
and other 'Type i diamond (Kaiser and Rond. 1959). Further evidence lor this postulat~,

rather than tll~ postulate that the flliina ()f \hermoluminescence SUI.tCS is due' to trlnli ..

lHm.. from the valence band edle directly to tneFlY levels responsible for the

thermofummeseenee spectrum IS provided by the fact that tht' entire spe<;ttwn ranain,

from room temperature to 4500C is cxcitlJd. If the thermolurmnescencc spectrum wu

selectivery excited. the latter postulate would be more feasible. Ir it is al!tumtd that the

opticl.\1 activanon cneray for ( ..~ ftllin& of thennoit.m)intKence states is commensurate

with the ener,y of a Jiaht phoren of a [>proximat.:ly 250 run. the differenc."Cin the intrinsic

t.:ner,y liP for dlamond (5.48 eV) and thi' optical activation eneriY provides an estim.,te

of O,!i3 e\' tor the posihon of the hole (entre above the v.llen« band. EMrl), levels of



this nature eouid possibly explain the qumcbing oflwninuc:euce observed ard ~

in Chapter 6 for thac 4'nthetic ~QJ crystai ••

The lirlearity ofresponM oftht:te diamond to ultta ..vtolet radiant exposures SU88~t$

a practical application of this phenomenon for use as u1tra..violet do~imetm. in which ~')

&Jl interest bas been shown (Mehta and Squpta. 1918; Laltsbmanan ~14l., 1911) for

biomedica' research ... well ..a penow dosimetry. For pho.pho~ such a, LiF use orthe

F..centre bas been made for ultra-violet dosimetry. The phorphor is 'xtlUili$eJ' by apr..

plyina a IatJe initial l" dose. fJJina the both shallow and deep charla tApping states. The

shallow trap' are aubtequently bleached by Anormal thamolumi.n~ readout cycle,

so that all but the deepest tt1lp5 ~ emptied. A. a dusimetcr the radiant exposure re..

'YOnit': to ultraviolet liIht. which i.a denlonttr&ted to empty the deep uappin, statel.

thereby tl"alUftrrirl1 the cNu-p to shallower uappina statOl whicb are accessible by the

thcrmo1umi.nacenc::e technique, is measured. A nonnal thennol~ readout can

then provide a mqS~t of the radiation dose .
..;;;;,;

The Application of the diamond TLO as an ultra· violet dosimeter apreart to be

more promiaina when It is contkiered that a ,sensitisatioQ Ploc::eaS is not ll.:eessazy,

thereby eli.mil1atina a step in the readout prOO'dure. Of primary importance to the RPL

study. is that apecial care had to })e taken to ensure tn.t the diamond sample. are not

exposed to nabt of wa'Ve1fmlths shorter than or f'qu.! to 250 n.m; In this manner the

sUpen>OsitiOtlof the effects from liibt of these wavelqtns with the RPL-sisnal eouk!

be eliminattd.

8.2.4 Pb<;~~ M~ •• m.
In order to veritY the ex.i.tenct of d"p. thmnaUy inacc;e,...~blechal'lo trapp1n1 states

the phototransference characteristi~ of the TLD diamonds were studied. For this part

of the $tudy the Ttl) diamond which had been annealed ••~ doMd and underaone a
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normal thermol~ readout cycle, .as IUbJequently illtllllinated with Jiabt of

pre..<fetermilleDwavelenl'h from the Xenon lamp before the·· fmal ther:mo~ce
1/

/I

r:a<lout process wa¥ initiated. Positive raults were obtained 'Nhen • monochromator

setting of <""'; run was used in o~ to mai.e use of the overlappina sec Jnd order com-

ponent I,.t 300:1:10 run The second order cOf.X1ponenthad to be used ., only

monochromator seUinS5 in the 350-900 run range were a~eJ4Sible. Figure 3.1depicts the

intengty of the thennolu1llinescence'sienal exei..ed for .• fixed radiant exp<)1Ul'ewith ti&ht
of 300 run. after the diamond sensor had been Biven the range of 8 dole! shoW'll.This

behaviour cives an indication of the photofrlnsCerencc and bleaching pro~ of the

4eep (...,'rae traPPini stat" situated in the forbidden blmd gap of these diamond. The

phototran.rtrcn~ fJf charge carriers is evi<len<.:edby the fAct that thermally acccaible

peaks, prmCltWy ~ can t'C thermally excited. tn addition, repeated illumination.a

()f the TLD app!'eciably decreased the thermolumiui"!scencesipaL Sucll p~~ of deep

cla~tletr&ppina lI'aw provioda the poSsibility tor the ro--lI.~t of radiation dotes.

eJpeciaUy in inttanees wh~re a second :.<lout is required to Confum or !"epUdiate initial

melfouremtnts. This formed the motivation for the stwly of the RPL.Mkl as a f\mction

of radiAttiondose due to excitation with the 296 nrn Mercury line.

~ 11te EWtlrslcmS~

In oroM' that a fUlta~ choice of radiophotolwninescence emaaion responae nve-
length to liaht of 404 nm and 296 run could be made, the '~uiQn spectra under

ex..:itafjon from thole Mercury Jines, were tneASUledin the experi.tnenta! atnlljC.ment ,of
i\ ""

fiaute 2.1. As an additional ~ui.m'nent two fUrther mgsurem.enu or'·h;~ ''?n
'\

!lp«trA were undcrtabn. The cathodalumintsctnQ'J spectrA of the a~ond ct,lsia~~~ere
,e\1

,
teruperatum in an attempt to excite aU pemble radiative transitions wbidt c::a.n'0<X:\.lr
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in these synthetic diamond crystals. For these mp~ts the probe illustrated in

ti,Ute 2.8 was wed for the hOuAll8 of the diamond which. could tht-..n be subjected to

electron t;.tam ~ersies ranp'l in valu~. from 5 keV to 18 keY. The phosrhoresc~
/- 1

emission spectrum w.as ai!o determined in the arr3.ugemeni'depicted in ftpre 2.5, for

comparison.

In ~U e~~;-rtm~~,ptttra measurements dr' final data was derived 0) folding in the
((

pnolonlultipuectUbc response and the relative absorbance respon~c of these diamond in

the relevant wavel~&th reaion. A typical abso!bance spectrum utilised is aiven in Ap-

pendix II. nus response was folded i'l to lI.ccount for setf"3.oserption afthe stimulated

light by the diamond crystal w~i'h is nott~negli&ible in the ultra-violet end of the spec.

trum, The phYSIcal form of tile emission spectra derived wa.l found to be independent

or the mode of exci.ation or tem~ture in the case where cathodoluminescence was

performed at ambiemt and liquid nitro,en temperatures. Depicted ih fi.ure 8.8 a a re-

spons!': typifYina the emission spectrum Wldei either of the udiophotoluminesc:cnce.

Qlhodoluminetcence and phosphorescence excitation modes. nu, mult shows a spoe-
,.

truro having l\ broad range of err.issioll wavelengths ran~g in tr3gnitudt from 400 nn~

to 580 nm with a M.U.imum response at approximatcly 510 nm, This spectrum is mniIat
r:

to the band A cathod'Jium.inescente reported fer Type Ib synthetic diamond crystals

(Collins. 1974). The $uQCsted explanation or this spectrum is that It h due to dono'"

acceptor pair !<,.,om.!» U',,'!Oltat luminescence centres.
,',

:...;\
"\,\
',\

TWIll cognizance of the results of the preliminary study. aU ndiophotolu.n..

inescence responses resuHins frnm c:tcitation wave10naths of 404 run and 296 am were

measured with the bandpass ruler closest to the ma~um response in tht emission
'.,

spectrum viz. S26%lO nm, These tespor.les are termed R\)L-404 and RPL.2%, tapCe.

tively, tJ'Iroughout these di~"Ur.sionr.
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'The tesUtu of the 404.'7 nm phot(utimulat~ emission of the ctystait, after :r and a
pr\!·expo$ure~is depir.ted. in figures 8.9 and ~.m. 'fhe r.x.pe1'imentalprocedure adopted

for ob~aining thest results is as follows:

"., The diamond TLD WlS irradiated by either of the *'Co or the "Sr sources. to the reo

quired radiation dose.

• The cry~t,\I.,va$\ben mocnred in the expenmeatal arrangement of figure 2.U.

• The radiophoreluminescence yield was then mca$l!rt!ti after a dday of to minutes

post-irradiation, This involved me:lSunng the response at .;i",,, 4 om. due to

excitation with the 404., nm Mercury line. which was '1cle<"tedby an appropriate

stuma of the monochromator.

In order to exclucle second order diffract\on ~omponent! a 320 run high pl.U cut-air ruler

was superimp<Jscdat the elit menochrcmator slit. TIle introduction of a fixed 10'minute

po~t·irr.'diation time del.y was implemented for aU RPL measurements to (lbviatc any

time deperoJent effect, such as c:htrge transfer processes. Thls procedure is justified by

the rnusurements of the fading and build-up properties of the RPt·sigmd undertaken

in the la.tter part of this !;tudy. Prior to the measurement of the RPL dosimetric re-

spenses of a given diamond crystal to vMyini B and :r radiations. a truaau.rement of the

backaround $I,.\al was made. For this. precautions were tak.elt to ensure that the

mounting of the unimdi~tcd Jiamond crystal was identical to that used for subsequent

RPI ...dose respon)t measurements. The signal measu~ when the uninadiated diliUnond

crystal wat illuminated with "he p\'C.s.tlectedwavl!len(th was then takeu ~obe the back ..
\

grou::\d ,igneS. The principal comyonent of this bQckground s;p,d is ,ecribed to the

uansmission ora $.'nlUfraction of the excitation tlldiatior. that was scattered off the di-

amund .and planchet. throuah the ~dpus filter and on to the photomultiplier (\lb-,
:::\

The remaming contribution was sourced to intrinsic electronic noise.
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In the experiments invo!vina the Uq of a custom built -Co facility (Kerr ~l ai., 1915)

for ;' irradiations. the dOM rates ,tOO dOHS delivered to the samples \m'e VI.1ied by
-

chanaini the S8.n"lplete IOurcy, distance and the exposure time ...rnpectivcly. EJtposufe
\\

rates ranlina m value ftam 2 '1\ smn-· to 2200 R. min- I tould be achieved ~Ull the

j)'stc;n. An absolute calibration of the IOur~ exposure rate a•• function of the distance

from the source centre, wine a f.rmer Secondari Standard dosemeter, is given in Ap-

pendix lB.

The relative responses of the diamonds to l and ISradiatlon doses as depicted in
,.',

(lIWCI a~9 and S.lO are very similar In fonn. LUiearity in mronsa from 0.3 to 10 Oy
<-_l

with laturltion effect. settina in at doses greater than 10 Oy are typical features. nus

response is pri.m&ri1y due to the depopulation of the thermally ac.ussibte charJe trappin.

states. The same .. tura.tion effect at &$-~x.inutte1y 10 OJ' was obMrved wh.cl • normll

thmnolumine~ readout pTOCIW wu ntm~f. An uncertainty of approximately 10

0/. in the dOH determination it dispJAyed explicitly on the fi&wa sad was derived by
~\

avcraaina a numher of vllues forCJthtRPL",ipal. '.

In the second photo!Umutated JtOOy an excitation W'a\'elcnath of 296 I'm was '\lHd.

Tilt corre.pondin& em.ission was apin ~.ured in the .526:1:10nm region. Th. exper..

imental proce<.tureadopted for t,be, ...mea#urelncnl$ is .$ (uUowt!

• The dUmond .crystal wa, irradiated at tbe -Co facility t(\ rush a" doltS at an e:tpo·

S~ rate of 2200 R min'" J.

'l The thermally aCt:essil;ll,ctw'p trappina statea were thm b~ched by perro:mina.a

thermolu.r,~ce readout cydt wrua. involved r.mpin, the t~~t.ure of the

diamond TtD from room temperature t~ 4500C at 160C1-1.
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• The 526 run R.PL yield obtained. after a <kta, of 10 minutes pon-irradiation, 'With

the 296 nm Mercury line was then measured.

A measurement of UK.'bacqround sip1 contribution was also carried out for subse-

quent correction. The result or theR measurements is depicted in flame 8.1I. It it clear

from the filure that a minimum detectable dose or illS! l.\~Jer hJOGy was achieved. Use

of such a system allowed accurate assessment of radiation doses in the kGy ranI'. 'l.vim

saturation effects only t~cominl retevant at approximately':)Slk.Gy.

In order to lain fu.rt.'ler in$iaht into the 11"Ie(;nanism of radiophotoluminescen(;e. as

~ll as the usefulness Orlml technique in radiation dosir.netry. two fUrther se~sofm.eas·

urements were undertaken. Thee were re'Jj)t'!Ctively.

• The bachina response of the RPL-404 and RPL·2% tisna1& as a fUnction of the

illummation dose,

The>n~qinl and build-up characteristics fot the RPL-*l4 and R~L.2% are ~Vtn in fia~
Utes. 8.12 and 8.13, respectively. Each of t~ measurements we're pcrforxned on the

same difmond tryJtal at tIN: ti.rnes fQUowina the initial radiation as indicatod. T~ re-

sults snuw 1be very stable "orait' chuacte:risticl of the iLO diamond. A reiativtly fut

build-up period in the rust 10 hOWl- fU)~t·irradiation. followed by a period in which the

m:IUUred valuer are constant within a cnvU marlin, is a characteristic o(filun 8.12. In

the ease of the deep cha,ae trappi~ statca. fllUrt 8.13 ¥ho shoWl a J1'Idual increase in

the meas~r't*:d RPL·sipal. An inc•ease in sip!l of approximately to ". in 24 hours is a
li

typical feature of such weasurtment. ',r't later times the rcspon~, is (Cnllet to within

S%s, Such initial build-ups in"iht ,r· '" "lanas bas been ob.~~d in ~um-activated

lithium fluo.-ide(L~Vita et aI.• 1916) and silver-activated glass (Schull'nan II «I., 1953)
'j . ):,\
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and app1)t!'1 to be a typieai featUN of RPL time measuremenu. Solid ltate kinetic

modelJ which have been postulated to interpret such behaviour (Volel and B=er, 1965) I,

propose a pmod in whi<.h cbarp transfer proo:slel art: dom.in.a.nt facton iufluencma the
D

obmved bebaviour:~~ initial build-up phaSf' AI depicted in both fiaw'es 8.12 and S.U

suuest that a similar mechanism.. as proposed in CWTel1t models for other phosphors.

occurs in the Tr..O c!iaml')nd. This supports the preliminary rntasum:nent5 ofthc relative

density of stattS performc': in Chapter 6 which Suagdted wt charge transfer processes,

oy a tWUlltllina JlX!Chanisrt:. bet~ defect (entres are Quitt: feasible.

The result of bleaching illumination by liaht of 404.7 nm \~nd296 run on the mal·

nitude of the RPL-404 u.d RPL·: ,6 was allO IlSSelM1i. t,epicted in haure 8.14;s the Ii·
'\ (-"\

mulu.neous ~t of the remnant RPL~sianal with ~t~3~~;~~Cj

tamp iltumim.tion (.). A reduction of the ~PL.siana1 by approxunate1y 35 6/. was ob-

tained after a period of 30 minuta illumination. The. reJnlts undetline the conditions

under which t1:le RPL·5iFal may be ~ for lam readout procedures. Also show.}

on the same II't ofu"/~.~!,omplementary ftmction oCthc m'nnant RPL.sipal 'liz. the

retative hle.dunl efficiency. 1'bt= bleachini effiCiency iI taken to pc:

wl~ RPL.-. if the normalii«l rrmnant RPL-fipal. This u~ult. dq.)icted \'Iy the tn-

antles in tM fllW'C. i. in man) l>' -crs similar to the btu.cbU'll re.ponse of f1iufe 8.4.

11;1 particular, a relativety earl} saturation in the t»".cr .\& efficiency is ob~ervlxl. A sim- ....

U.t interpretation may therefore apply t.o the b~ch·inI response of liE;ure 8.14. cea-

ceminl the fffective path lenath of the ex.citAtion liaht in the. diamond c:yst.l.

lO~



Jthal been shown that. due t? deep I"bar¥e tntppina ltates in the band PI' of tile

syt.\thetic diamond crystal, such crystals demonstrate characteristic radiophoto.

luminescence mpontes. These responses iru:lude a t.ime mpontt with optical excita:tion,

initiated post-ii'radiation. ('onsistent with the form of opti\:llJ bleachina spectra measU1,'¢

by thermOIUmi.n~~. The radiopnotolt&minescence vtudy of the diamcnd crystals

post-t ir.adiation a.i ~veaJed an enhL'lced hi&h dose d{\sUnetric response. Compared\ .. :l

to the 10 Oy ~um DlUSW'Ibie dote achievable by the thermolum.ioescence tech-

nique, al opprs.a to 20 tOy acb.Mvab1c by the nutiophotolumincKenct' technique. a

va~ improvement in the dosimetric cap.lbility of the techfliqJe <'aJ.be cifolimcd for do~

mcaroreme:ntl In this r&nIc.
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Concluskms

9.t Summary Df CooclasioDS

This study ~l> hiablighted some cf the.$olid state pNperties of the synthetic TLD

diamond which make th~se crystals suitable for application as dosimeters in ultraviolet,

f and ~ radiation fields. MU<.:hof the research effon was devoted to piopenie¥ rclauDS

to the phosphorescen« decay 5Pf'CU'1 and the characteristic ftptical excitation .ctra
of these cry~ta1s. f)

The investigation of the solid state dosimetric. propenic..:l of diamond crystals ha\'ina

characteristic thermoluminescence spectra was initiated in Chapter 5. This study yielded

aCCUl'I.te and consiatenl. values for empiril.al partllmetel'l such as tb~;the~llctivatiol'l
'/.::-\;

enellY. with tht associated frequency factor and i.in~!~c order parameter fq""the Fe·free

synthetic diamond crystals. The estimates of ~le activatton energy derived by initial}1se

ar.aiysi. and acneral order fuL. curve analysis were founJ. to differ inmagnitude and thel!'

differen(.:eswere ascribed to the cecurrence (If .. them1l1 q"enchint pr<x:cu.

The r:solution of the compoliite &low spectrum of the TLD di..mond was aceom~

phshed in Chapter 6. lakin, coptilance of' the analysis of ClUlpter $, The prirl~~ re-

sults of this analytis concern the relative density of states for thermally stimulated
(j

proce$~s. Thermal activation energies ranJina in value ff9M a.s t') 2.1 'i:V wwt derived

by the technique of lenera! order curve ftttina. Tho density of ~he state. hlvi.n.a aucn

aC'tivation eneraies was found to foUow an exponential dopendmlce in the ranae of values

from 0.1 to 1.S tV. Initial rise analysis un~~taken, confUTnedthe pre.senct ofa thermal
r"quenchinkAnecllan;sm for activation eneraics IAlttcr than 1.2 \"'v for th~ et)"JUlls.

';1

TheSe estimates wert used in the comparison of optical and ~~'ictivlt;on ~

Result~ which fUrtheI corroborate moe obtained in Cbapter 6 refer to the

isothermal d~ay spectra measuroJ It elevlted tt"""\petatJlfCS. These rneasurement('(i
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'W"~1=hprobe the ,recombin.ation kiaeti¢! of the intCl'mediale charge trappina ,tates a.nd

are the 'l1bi~t of Chapter 7, lb..;.,.. t~t the :heo~tiCi.i form".of tht:se spcctrlt~ viz. pre-

portiona! to r:', is c('!fuistent with deG'ly(r"m a distribution of levets. Also mc:luded in

this section is the study .)f tbe i.in('tic ~arametet' deseribihg the decay of lum.ine~.:e','~

from shallow trapping states which a,,': ,(ltnnall~iunstable'l!t a01bient temperatures, The
II

well-defmed exponential-type dec~y in conJ\m~~ion\'\'Viththe faveiw.able temperature de-

pendence of these kinetic parameters suggested a dosimetric Kp. -cation rcr these crys-

ta1~ in the phosphorescence mode .

•~n ill-depth study of these diamond under OpUC3! ~xcitation undertaken in Chaottr

8 yieldedreswts which sunested th~lmo~"licy ~ub$C<luend"Vemployed in the radiophoto-

luminescence study. ImportAJ~t results of thi~ section include the determination of the

optical bleaching spectra as a function of radLtion wavelenath which shOW that the

thermally accessible charge trappina states. can be depopulated by !isht in the l1V-visible

ranac. An interprttation of the phYSIcalprocess of optical bleaching bu also been pro-

vided in the detmr.ination of the blc,ching .e,.~nse as a functior~ of illumination ex-

posure at 375 nm. The theoretical toml describina the recombination of charlt carriers.

prevlou!lly.liberated by optical m ....ns, 1000lly at luminesc.'en<:e centreJ (.as is the case in
\)

first order proccJ!\el) was ~monstrated to he qualitatively sirniiar to the measured re-

sponse. The establiJhment of phctotransferenee of charae to them~ily accessible charge

trappina states in these diamond provided a further mean.: ..H probing th~ prfJpetties of· \

deeper. themlliIy ~naccessibb: charsc trappins stat~!.A ~inearresponse describing chari\e

c;;:triers tr~n$rerred opti<:aUy and mea~u!'td by thermoluminescence 11.. a function of IS
~;'

ndiation dose, was athieved wheAt an excitaticn. wavcl'r,j~th of 296 nm was used. This

m.,t\vated a detailed ,tady of these dety charae tllPpin, statl"~ by the

rat.iophotoluminescer..;t,: technique. Aticll1ary to this p.trt of the st.udy is the ratio of
?

amend .:rys' als falQntc the cl.ss of St ')ke..·ty~ phosvhors .
.~...
.~~~\\



l'r,c; main result of Chapt<r 8 relates to the dOle m~nJC' of .be tynt4eUc dWnonG

(eystal: !O Tadiation dele when the readout was effected by optical ttteC.1S. The

radtophotolutni.M.M:ence dost respl)nse measurement ..mJert ..ken •.1an ex",itltion wan...
"length (,f ..Jo4 Ml ewbitl, a mpon~ to I :tild a dose which is 00'~&tin the dose AUae

less than lUG~' and is similar to the Uiermoluminescence dose ttSponSCl. T!\Cradiophoto.

f J~ ine .cence dose T.esp()n$c obtamcd when QP~~-f $timulation af 296.rtrn wa. tlTected

sh ~wt:(ia ma tLed enhancement in ,be maximum dOli!measurabJe In this Mode. " rim·
.;tilt, cose- 'Jp to ~I)kGy were J:f.(aarl.l'measured, The- illuminat« n ble .. ,hinJ response~)
of h~ e Cil,i 2,e .rapptnJ states also displayed I dependent: on the radiant exposure

wh,ch was H;:, similar to those undertaken for th.:thermaUy IcC't"~~ible(har,e ttappin,

nm, therefore sUlltsttnl a ~inut.r~tl~rusm for 0"ical excitation ,and

mbltquet,t radiative recombinatinn.

invcsti,lbons mits.ted for the fulftlment of thiS d;"enatiu'\ Ind which apl*'r

promisina for fittuft research include the devclClpnmu of a dnsin (ric syJte~ based Oil

the rldiop:10Sph~'.tes(::\t propertic~ I;fthe synthetic di.mend. Su(h .it sYStemwQ1.-1din·

.:o."oratc .. small diamond u'}'Jtal attache<' to a thin optical fibr~ for ~~s~nt of

rad-auon fietds ilt situ ilnu iIf vivo. The tumincJ.-"eO('cfrom the diamonj can ·oc either

mttw,m:d Gite1..'tly or 'StoTedfor n:bSCJluC'lt COmpul.tiol'" anaWsis,

The ,omp"~!~on of the !n~'Uurement of the abltolute respon>e ~fthc diamond crystal

under Hl~ra"iolet ("xpo\ure to wlvclen,ths shorter than 2:kl nm could SUt~I~lt useful
j!t: .

tield's, of spplicaticn. Th." latter-menticned ~sp«t i~ presl.1"ibeti by the, max.inum Ibso·

h~~.:'exeoscre w}uch rc!tutts in J4tJt,ration of tbe th~rMall\' _u,celSlhle cl.lt'.e Lappin,
\~,\,

states. :~ ponihl(' !e..tur~' whicn could be 'J:"1"d to extend the fanlf ~f d,sUn.·tric ex-

posures of *hesc crystals. refers to the use tS the phototrlr, .rence phene 'Kn.)n. By

prinUnJt Hl\:; ..h~mot1d (;r]stal with a l.lrit l' pre-expcsure dose ~r.d $\.Ib~ut-n;1y ef1pty·

ins the thcrmnUy acC'e$Sihle ~~Irgetrappm. state~ by a nJrmal thermolurru!le!l<;tn~



, . 0
rAGOut, the remainina activ~tf:d deep cbarce trappina states eouid be utilis."'<l for ..~

do~. R.a4iut cxpo&tn from incident Ji&ht in the 300mn 'ft~ naioa cmdd

then be mefttured by the phototrusftnnce of deep char. carriersto the .ha.Dcmr.

mermaU) a~sibk charI": trappina Itata. Such a :nc&sUm'Mnt would be baRd on tnt

fmal respo1lll ~ved by means of a n?rmai tbmnGlumir.escence rea40ut process.
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Appaallx I

-:::::-

curve, afttr Horowitz ~f til. (!~86).are liven by:

"
~ ~. (.T~-XctH I - up (MI(zi- .\O)D pi • 0 (i.2)....,
k .. t

IfI.s. W(cXP{IJ'(.Tk-Xo)} -1)r • o
k.l

AUthe variables above are as def'tned !n the tell.t of Cha~tr S. This defiMt •• t ofthret

non·lmear equatiOtUm t.hrft unDown". Yil. 1....W md 4. whicb can be IOlv"" by tE.t

LevtnhUll· Marquardt aliorlthm. aiven tht; data set (x.; l'l.).
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