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Abstract--Several models have been suggested for the sens~t~zatlon effect, which is the enhancement of 
the TL sensltwlty following irradmUon and thermal anneahng The mare models are reviewed here, as 
well as methods by which the appropriate model for the case under study may be estabhshed Some of 
these methods are demonstrated m relauon w~th a sensitization effect which was recently found m 
Ge-S~O2 Nd opncal fibres Imually the TL emission spectrum consisted of a major blue band and a 
weaker green band The sensitization effect was much stronger for the green band, and for h~gh doses 
~t exceeded the blue one It ~s argued that the sensmzauon ~s compauble w~th the Zlmmerman--Chen model 
which ~s based on the transfer of electromc charge earners and a "competition dunng heating'" 

1. I N T R O D U C T I O N  

THE SENSITIZATION of thermolummescence, also 
termed the pre-dose effect, is the change of  sensltiwty 
of  a sample to a gwen test dose, resulting from ~ts 
exposure to a prior lrradmtlon followed by a thermal 
annealing The effect was first observed by Cameron 
(1964) m LIF and later by Altken's  group m quartz 
[see e g Fleming (1968) and Altken (1979)] This 
group stud~ed m detail the senslt~zatlon of  the ! 10:C 
peak m natural quartz (crystalhne SIO2) and developed 
the pre-dose teehmque for dating pottery based on 
thts effect 

Several models have been suggested for the sens~t~z- 
auon effect in vanous  materials The purpose of  th~s 
work is to rewew the roam models and the techmques 
by which the right model for the case under study 
may be estabhshed Some of these techmques are 
demonstrated m relation to a sensmzat~on effect 
which was recently found m sdica optical fibres 

2. M O D E L S  FOR T H E  S E N S I T I Z A T I O N  

2 1 Z tmmerman ' s  "reservozr" model 

Zlmmerman (1971) suggested that the sensitization 
of  the 110°C peak m quartz, which had been attnbuted 
to the recombmauon of thermally released electrons 
with hole centres, Is due to the occurrence of  a 
"reservoir"  centre, R, m which holes accumulated 
dunng  the irradiation R is characterized by a high 
probablhty for captunng holes, and ~s too deep to 
release holes m the temperature range stud~ed by the 
TL However,  when the crystal ~s heated to ~ 500°C, 
the holes m R are thermally released into the valence 
band, and are eventually trapped m the recombination 
centres More holes are thus available now and a 
subsequent lrradmtion of  the sample by a "test dose" 
reveals an increase of  sensmvtty 

2 2  The Zzmmerman-Chen  m o d e l - - "  competmon-  
during-heating" 

Chen (1979) &scussed the mconslstency of  the 
fact that, on one hand, m Zlmmerman 's  model the 
measured TL depended on the concentration of  holes 
tn the recombination centres, and on the other hand, 
the l l 0 °C  peak was found to be hnear w~th the test 
dose He resolved this by postulating, m addmon to 
the defects assumed by Zlmmerman,  another trap, 
To, which competes for charge carriers during the 
heating stage (see Fig 1) The filhng of  thts trap 
should be hardly dependent on the excitation dose 
whde the t ransmon into it should be more probable 
than both recombination and retrappmg (see also 
Chen and Klrsh (1981), pp 200-203) 

2 3 Ion mtgratton models 

The senstt~zatlon m~ght revolve the m~grat~on of  
~ons which becomes feasible due to the lrradmt~on 
and heating This tomc migration may produce new 
defect complexes which act as traps or recombination 
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FIG 1 Energy levels revolved m the sensitization of TL m 
quartz according to the Zimmerman-Chen model L- -a  
hole luminescence centre, R--a  hole reservoir, T--an elec- 
tron trap, To--another trap which competes for electrons 

during the heating stage 
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centres Halperm et al (1986) found that the Irradi- 
ation of  syntheuc quartz at a low temperature (15-  
77 K) followed by a thermal annealing at 200 K, and 
a second irradiation at the low temperature, caused 
the appearance of  a new TL peak at 190K They 
found that the first irradiation and the subsequent 
heating caused the mlgratmn of  L~ runs along c-axis 
channels from AIOa to SIO4 sites, and formed new 
electron traps According to Yang and McKeever  
(1990) the movement  of  H + ions may be the actual 
cause for the sensitization of  the 110 C peak in quartz, 
rather than the transfer of  holes from a reservoir 

2 ,~ The remoz a / o l  a ~ompetmg trap 

Sensmzauon may also be caused by eliminating the 
trap v*hlch acts as a competi tor-during-heat ing" in 
the Z ,mmerman-Chen  model described above Once 
the competi tor  has been removed all charges released 
from traps v-ill find their way to recombination 
centres and thus the TL per unit dose will increase 
Chen et a/ (1988) e~plalned b~ this model the 
increase ol ~he I10 C peak t'ollov,mg firing to 950 C 

3 METHODS B't ~ 'HICH THE RIGHT 
M O D E L  M ~  BE E S T A B L I S H E D  

Several txpes of  measurements can be performed 
m order to studx the sensmzatlon effect and find out 
which ol the models mlght be appropriate for the 
specific case under stud,, 

(1) The spectral structure ot the TL ,s ,mportant 
information x~,h,ch can ~ast hght on the recombination 
centres and on ~_ompelmon processes (Tov~nsend and 
K,rsh 1989) 

(2) B 3 exaluatmg the kmet,c parameters (act,,.atlon 
energ\ Ircquem_~ ta~.tor and order of reaction) of the 
,.ar,ous TL peaks the traps from wh,ch the charge 
carr,ers are thermallx released can be character,zed or 
e,.en tdent,hed v*~th knov,n defects It ,s ad,,antageous 
to pertorm the klnet,¢_ a n a l \ s , >  on  monochromat ic  
TL ~.ur'~cs rather than on the cur',e of  the total hght 
lntens,t,, Thus concurrent ret.omb, nat,on processes 
v,hlch produce &flerent spectral bands are d,stmgmsh- 
able (K,rsh 1988) 

(3) The ~.urxc ot thc TL mtens,t\  '.s the annealing 
temperature {thermal actp.at,on curve) may cast 
hght on the processes m,.ol\ed An Arrhenlus type 
dependence [I - e x p l -  E / ,  T)] ma) occur whether 
the s~.nsmzauon stems from the transfer of electron,c 
charges or froln umK mot,on In the first case the 
aet,~,ttmn energ 5 F characterizes the depth of  the 
reserxo,r belov* the conductmn or valence band In 
the second case ,t represents the energy required for 
the hopping of  the ~on between two adjacent umt 
cells tn some samples of quartz the sensltlZatmn of 
the 110 C peak v-as found to obey the Arrhemus law 
v*lth act,xatmn energ,es of I "~4-1 55eV (Fleming, 
1979) Yang and McKeever  (1990) found that the 
a c m a t m n  cur~e of th,s peak ~,as sample dependent 
lqalperm et a/ (19861 found for the 190K peak in 

quartz, a peak-shaped activation curve centred at 
220 K 

(4) The dose dependence of  the sample before and 
after the treatment should be checked Chen et al 

(1988) showed that the competi t ion-during-heating 
mechamsm, which may be involved in the sensltlZ- 
anon, may also cause a strong superhnear dose 
dependence Thus, dose dependence which is super- 
linear before the sensitization and linear after it may 
ln&cate that model D is the most probable candidate 

(5) The dependence of  the effect on the pre-dose 
and the test-dose is slgmficant Discussing the pre-dose 
dating, Chen (1979) shorted what one can expect 
for the Z i m m e r m a n ~ h e n  model in cases where the 
reservoir and/or  the centre are close to saturat,on or 
far from saturation (see also Chen and Klrsh (1981) 
pp 304-308) 

(6) If  an exposure to near UV light ehmlnates the 
sensitization it corroborates the electronic-charge- 
carriers models, since It is unhkely that the UV can 
restore the dlstrlbutmn of  mmc defects Zlmmerman 
(1971) found that UV light in the range 250 320 nm 
reduced the sensitivity of  the 110 C peak and could 
bring It to the original value A subsequent heating to 

50ffC (with no further irradlatmn) recovered the 
h,gh sensmvlty Her explanation was that the UV 
light released holes from the recombination centre 
to the valence band, from which they fall preferably 
(at room temperature) back into the reservo, r 

(7) Auxlhary methods such as ESR or optical 
absorption measurements are very useful for the study 
of  the defects formed or destroyed during the sensitiz- 
ation ESR was essential in ,dentlfylng the defects 
involved in the sensitization of  both the 190 K peak 
of  quartz (Jan, e t a l  1986 H a l p e r l n e t a l  1986) and 
the I 1 0 C  peak (McKeever et al 1985 "rang and 
McKeever,  1990) 

4 A TEST C A S E - - T H E  S E N S I T I Z A T I O N  
OF SILICA OPTICAL FIBRES 

As an example for the apphcatlon of some ot the 
techmques mentioned abo~,e v*e shall nov, describe 
the study of  a sensitization effect in optical fibres of  
silica (amorphous SIO:) containing Ge and Nd The 
effect was discovered by Ell,s et al (1989) Some of 
the results were published elsewhere (Ellis et al 1989 
Kirsh et al 1989) and will be summarized here 
briefly 

4 1 Erpemmenta l  

Optical fibres ol a germano-slllcate core (4 mole % 
GeO2) containing 450ppm Nd ~ and an estimated 
2 ppm of  O H -  were used The fibres were Xqrradlated 
at RT and then heated at a rate of  20 K mln-~ up 
to 450 C The TL spectrum was scanned In the range 
300-800 nm by a Bausch and Lomb grating mono- 
chromator  coupled to a stepping motor  The readings 
were corrected for the wavelength sensmvlty of  the 
monochromator  and photomultlpher (EMI 9659QA) 
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FIG 2 "Monochromatic" TL curves recorded at 400 nm (a) 
and 520 nm (b), following a pre-dose of 1 2 kGy and a 

test-dose of 1 2 kGy 

4 2 Results 

4 2 1 Spectral analysts The TL curve consisted 
of two broad peaks at 140 and 410°C, as shown m 
Fig 2 Over all this temperature range the ermsslon 
spectrum was the same Inmally the spectrum con- 
s]sted of a major blue band at 400 nm, and a weaker 
green band centred at about 520 nm, as shown m 
F~g 3(a) The intensity of both bands increased due 
to the combined effect of lrradmtmn at RT, and 
several minutes of thermal anneahng above 320°C 
This is demonstrated m Fig 3(b) For both bands the 
sensmwty to a gwen test-dose grew w~th the mcreasmg 
pre-dose However, the green band grew much faster, 
and for h]gh pre-doses it exceeded the blue one 

4 2 2 Kmettc analysts By applying the mltml-nse 
method and a best-fit programme for kmeuc analysts, 
it was found that the broad TL curve could be de- 
scribed as composed of five overlapping peaks (Klrsh 
et al, 1989) The mare peak which occurred at about 
150°C represented a dlstnbuuon of actavatmn energies 
between 0 94 and 1 35 eV The other peaks occurred 
at 90:C (0 86 eV), 340°C (1 45 eV), 3750C (1 68 eV) 
and 418°C (1 72 eV) All of them were of the second 
order and the frequency factors were between 1 2 and 
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FIG 3 Emission spectra of the TL at 130°C (a) Following 
a test-dose of 1 2 kGy (no pre-dose), (b) following a pre- 
dose of 1 2 kGy and a test-dose of 1 2 kGy The anneahng 

temperature was 450°C 
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FIG 4 The intensity of the 520 nm band as a function of 
the pre-dose, for a test-dose of 18 Gy After a small regmn 
of a constant signal the growth Is hnear In the senes of 
measurements described here the lrradlaUon was by a 
source However, X-irradlatton gave similar results (after 

Elhs et al, 1989) 

6 x 10 ~° s -] The important result ts that both the 400 
and 520 nm bands could be described by the same set 
of act~vatmn energies, indicating that the blue and 
green bands revolve the same system of traps 

4 2 3 Actwatmn curve The intensity of the green 
band was found to depend on the anneahng tempera- 
ture accorchng to an Arrherans law, w~th an acUvat~on 
energy of 0 52 eV (Elhs et al,  1989) 

4 2 4 Dose dependence Elhs et al (1989) found 
that both bands grew with the pre-dose However, the 
green band depended hnearly on the pre-dose, after 
a small range of a constant signal, as shown m Ftg 4 
The growth of the blue band vath the pre-dose was 
sub-hnear There was no difference whether the pre- 
dose was g~ven m one shot, or m parts separated by 
heatmgs The dependence of both bands on the test 
dose was found to be hnear 

5. DISCUSSION 

There zs evidence that above RT the TL m SIO2 
involves electron traps and hole recombmauon 
centres (McKeever, 1984) In the following we shall 
try to match the results descnbed above with the 
Ztmmerman-Chen model, by assuming two recombt- 
natron centres whtch we shall designate LB and LG, 
for the blue and green bands respectwely According 
to tbts model LB ts readily filled with holes dunng the 
trradmon, whde/.~ Is filled mainly dunng the heating 
stage, through the depleuon of a reservoir R, which 
has a htgh probabthty of captunng holes dunng the 
trradlatton 

In recent measurements we found that the blue band 
has a Gaussmn shape when descnbed as a function of 
the photon energy The Gausslan is centred at 3 08 
+ 0 01 eV and its half-width is ~ 0  29 eV (Klrsh et al,  
1991) Guzzl et al (1987) ascribed a similar Gausslan 
emission band at 3 1 eV to the O~- molecular mn (a 
pa~r of a latuce oxygen and an mterstmonai one) 
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which ~s an  intr insic hole centre In S102 Skuja and  
T r u k h m  (1989) disagreed with th~s concluston and  
suggested tha t  the 3 1 band  is related to Ge l m p u n t y  
Measurement s  m our  l abora to ry  (Elhs et a l ,  1989) 
are m favour  of  Guzzt ' s  model,  smce the band  at 
400 nm was the ma jo r  feature m the luminescence of  
a wtde vane ty  of  doped and  undoped  slhca fibres, 
lnd~catmg tha t  the luminescent  centre ts an  lntrlnstc 
defect We therefore suggest to tdentlfy La wtth O~ 

As for L G, in a prevtous work it was suggested that  
this is a hole centre tn which a Nd  ion is mcorpora ted  
(Ktrsh et a l ,  1989) We gave several lustlf icattons for 
tha t  suggestton Firstly, in previous measurements  
only Nd-doped  fibres were found to exhlbt t  this band  
(Elhs et a l ,  1989) Secondly, the valence of  Nd ts 
usually + 3, and  it should form a hole t rap ff it enters  
the latttce subsUtut lonal ly for $1 An  ~mportant  hole 
centre in na tu ra l  quar tz  ts assoctated with A13+, and  
the recombmat ton  of  electrons w~th the A1 ~ +-h  ÷ centre 
produces  an emission band  at 470 nm (McKeever  
et a l ,  1985) One can expect the r ecombina t ion  of  
electrons w~th a sxmtlar N d 3 " - h "  centre to produce  a 
stmllar emission band  

Recent  measurements  (Klrsh et a l ,  1991) gave 
fur ther  suppor t  to this s u p p o s m o n  We found that  
several small peaks, which are super imposed on the 
5 2 0 n m  band.  can be ldennfied wtth hnes m the 
emtsston spect rum of  Nd ~ + These lines are possibly 
due to the exc~tatton of  the Nd ~+ ton as a secondary  
effect of  the e - - h  + r ecombmat lon  

The reservoir, R, and the compet i to r  trap, T~, 

should have high probablh t les  for captur ing holes 
(durmg the l r radmtlon)  and electrons (durmg the 
heat ing)  respecttvely They are p robab ly  ra ther  com- 
mon  Intrinsic defects It ts known that  b roken  $143 
bonds  are readily created by tonlzlng radmt ton  and  
are also present  m as-grown samples, especmlly sthca 
(Stapelbroek et al 1976. Greaves,  1978, Lucovsky, 
1979, 1980) The result ing dangl ing oxygen bonds  
and  empty  S~ orbttals  are potent ta l  hole and electron 
traps,  respecttvely, and are plaustble candtdates  for R 
and  T~ Indeed, a Nd 3+ whtch subst t tutes a SI 4+ ion 
should result m a free oxygen bond  This ts compattble 
wtth the fact tha t  the green band  ts sensmzed more  
strongly than  the blue band,  whtch imphes tha t  R is 
near  L G 

Other  electron traps,  f rom which electrons are 
thermally  released to give the observed TL, may 
include Ge ~+ m various env i ronments  (to account  for 
the d~strtbutlon of  ac t ivat ion energies) as well as 
oxygen vacancies (E '  centres) A l though  Ge is tetra- 
valent,  hke SI, its higher  electron affinity makes  it an  
efficient electron trap (McKeever et a l ,  1985) Oxygen 
vacancies, which appear  in quar tz  only after  particle 
~rradmtlon, have been observed in as-grown slhca 
(Levy, 1960, Nelson and  Crawford,  1960) 

This  model  for the s ensmza tmn  of  TL in G e -  
silica Nd a+ fibres is obviously  a tentat ive one Several 
points,  such as the slgmficance of  the actwat ton energy 
of  0 52 eV, which was found for the dependence  of  

the senslttZatlon on  the anneahng  temperature ,  are 
not  yet clear An  al ternat ive model,  which involves 
the migra t ion  of  ions and  the produc t ion  of  ne~ 
complexes,  may also be considered There ts some 
evtdence that  ongmal ly  only few of  the Nd ions in 
sthca subst t tute  SP + ions whtle most  of  them extst m 
clusters (Aral,  1986) Thus,  the senstt lzatton mtght  
mvolve the diffusion of  Nd TM and their  enter ing into 
St 4+ sttes, where they can act as hole centres 
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