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THE ROLE OF L i 2 0 
ON THERMOLUMINESCENCE IN 7 LiF 

Abstract 

LigO was added to pure LiF, and 
single crystals with varying amounts of 
oxygen were grown. The thermolumines-

This investigation was made to study 
the effect of H „ 0 on the thermolumines-
cence (TL) of LiF. Thermoluminescence 
may be defined by the following sequence 
of events: 

1. Energy is absorbed by a crystalline 
solid. 

2. Some of this energy is stored in 
metastable energy states, called 
"traps." 

3. Upon heating, some of this stored 
energy is released as visible or 
ultraviolet light. 

Many materials are thermoluminescent, 
and many investigators " have used TL 
to infer the ionizing radiation dose (energy 
absorbed per unit mass) to these materials. 

One thermoluminescent material now-
being widely used for personnel dosimetry 
is lithium fluoride (LiF). LiF has 
several advantages which lead to its 
acceptance: 

1. It has an effective atomic number 
approximately equal to thac of soft tissue. 

2. Its sensitivity, or TL output per 
unit dose, is (a) independent of dose rate 

11 7 
for rates less than 10 rad/sec; 
(b) independent of dose for doses less 

cent response of these crystals to ioniz
ing radiation indicates that the added 
oxygen functions as a luminescence center 

than 1000 rad; (c) sufficient to be able to 
detect doses of 1 mrad; and (d) sensibly 
independent of storage time after expo
sure (less than 5% signal loss per year 
at room temperature). 

The LiF that is being used for person
nel dosimetry is not "pure" since it has 
been found that the addition of selected 
impurities improves the sensitivity. 

The Harshaw Chemical Company, a 
producer of LiF thermoluminescent 
dosimeters (TLD) has a patent for these 
TLD's cove-ing the addition of some 
specific elements to make a more 
sensitive TLD. 

The LiF TLD phosphors produced by 
the Harshaw Chemical Company contain 
-100-200 ppm Mg and 10-20 ppm T i . 8 

These dosimeters, called TLD-100 
(natural isotopic composition of lithium), 
TLD-600 (-95% 6 Li) , or TLD-700 

'Phosphors (to the Harshaw Chemical 
Co.), British Patent, 1,059,518 (1967). 
Reference to a company of product name 
does not imply approval or recommenda
tion of the product by the University of 
California or the U.S. Atomic Energy 
Commission to the exclusion of others 
that may be suitable. 

Introduction 
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7 1 
(-100% Li) are widely used for 
dosimetric purposes. Considerable 
effort has been expended to determine 
the details of the TL mechanism of 
Harshaw TLD's and LiF doped with these 
same impurities (termed LiF:Mg or 
LiF:Mg, T i ) . 9 " 1 6 

Figure 1 is the "glow curve" that re 
sults wW»n LiF:Mg is heated following 
irradiation. . he glow curve is con
ventionally resolved into the individual 
components, as shown, and each 
component is thought to resalt from a 
single type of metastable trap. 

Figure 2 is an optical absorption 
spectrum ot irradiated LiF:Mg. The 
dashed curves show the resolution into 
single bands, which are associated with 

17 vanous crystal defects as follows : 
«. 380- and 310-nm bands — related to 

Mg impurity. 
• 250 nm — F band (an electron in an 

anion lattice position) produced by the 
irradiation. 

• 200 nm — Impurity band (Ti causes 
1 8 an absorption band here). 

• 22 nm—Z„ band (a Z„ center is an 
F center with one of the nearest Li ions 
replaced by an Mg ion). 

The glow curve shape can be modified 
(by annealing) to emphasize peaks 4 and 
5. These peaks occur at a temperature 
enough above ambient temperature to 
minimize fading. Since most dosimetry 
is done using peaks 4 and 5, most of the 
work un the mechanism of TL in LiF has 
been directed toward that part of the TL 
which involves those peaks. 

The currently accepted mechanism for 
TL in LiF:Mg,Ti is as follows : 

50 100 150 200 250 300 350 
Temperature — °C 

Fig. 1. Glow curve of LiF:Mg exposure— 
300R, heating rate - 3°C/sec. 

Wavelength — nm 
500 400 300 250 200 

Fig. 

3 4 5 6 
Photon energy — eV 

2. Optical absorption spectrum of 
LiF:Mg. 

• ionizinr radiation produces a free 
electron which is trapped in a Mg-related, 
trap and is probably M g M associated 
with a nearby cation vacancy. The 
310-nm absorption band is correlated with 
peaks 4 and 5 of the glow curve. 

• Subsequent heating releases the 
trapped electron to the conduction band. 

• The electron encounters a V, center 
(an F„ molecule) and annihilates one of 
the holes of the V g center, producing a 
Vî  center. 

• Since the V, center is unstable above 
160"K, the second hole is released. 
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• This mobile hole can recombine at a 
luminescence center (involving Ti) to emit 
a photon. 

9 20 21 Several investigators ' ' have 
wondered what role oxygen might have in 
the TL process in LiF. It has been 
shown 2 2 that OH" inhibits TL, probably 
by creating competitive electron trapping 
sites which do not empty during the normal 
TL heating cycle. 

Other forms of oxygen are possible in 
23 a.kali halides. It has been shown that 

0„ is a luminescence center in other 
alkali halides. O" should fit well into the 
LiF crystal sines its ionic radius is 
similar to that of F" (0.132 versus 

24 0.133 nm, respectively). The solubility 
25 of Li„0 in LiF is limited, however, 

by structure modification considerations, 
i.e., the crystal structure of Li„0 changes 
when it is inserted into the LiF lattice. 

Since the starting material for some 
LiF is LiOH and since LiOH is con
verted to LioO at temperatures greater 
than 300°C, an attempt was made to 
discover what effect Li„0 had on the TL 
of LiF. The possibility that the direct 
applicability of results would be lost was 
considered. However, it was decided to 
restrict the study to a L i , 0 , pure LiF 
system, rather than Li„0 ; LiF:Mg, Ti. 
This was done to limii the possibility that 
effects due to L i , 0 which were small 
might be missed in the highly thermolumi
nescent LiF:Mg,Ti. 

It was derided to attempt to grow 
several crystals of LiF with various 
amounts of LUO added to the starting 
material, analyze the oxygen content of 
these crystals, and ree if correlations 
existed between oxygen content, optical 
absorption, and TL. 

Materials and Methods 

CRYSTAL GROWING 

To study the effect of Li„0 on the TL 
7 of LiF, single crystals of LiF were grown 

with LioO added to the starting material. 
The starting material for the various 
crystals was prepared as follows: 

7 
Pure LiF from the Oak Ridge National 

Laboratory (ORNL) was used. This LiF 
was prepared by methods reported else-

n e po oq 
where. * ' These methods result in 
total cationic impurities of approximately 
30 parts per billion and very low oxygen 
(O and OH ) content / The fact that the 

7 
LiF usedwas LiF is not significant in this 
report; it was used because a supply existed. 

After production at ORNL, the LiF 
was flooded with dry helium and sealed 
in a polyethylene screw-topped vial. The 
vial was then sealed in a glass vial with 
dry helium and "vac-sorb" (a dessicant). 

The Li n O was purchased from Research 
Organic /Inorganic Chemical Corporation 
An a wax-sealed glass jar . The Li„0 was 
99% pure. 

All operations with these chemicals, 
as well as many of the operations on the 
single crystals, were conducted in a glove 
box which could either be evacuated (to 
<10" 3 Torr) or backfilled with "UHP" 
(>99.999% pure) helium. A pass-in port 
was affixed which allowed the introduction 



and withdrawal of materials from the glove 
box without contaminating the glove box 
atmosphere. 

The furnace used for growing crystals 
is shown schematically in Fig. 3, The 
crucible was made of high-purity nickel, 
and was connected to a vacuum system 
and a UFP helium supply. The two heat
ing elements were individually control-
-nble. The furnace was driven vertically 
over the crucible. 

The rate was controlled by a speed-
reducing gear box. The rate of travel 
of the furnace for all crystal growing 
operations was 3.8 mm/br. 

To check the temperature gradient, a 
chromel-alume? thermocouple was in
serted through the bottom of th"" furnace 
along the axis. The output of tl.o thermo
couple was then measured with a Leeds 
and Northrup Model 8691 millivolt 
potentiometer. The heating element 
controllers were adjusted to give a 
temperature gradient of 10"C/cm at 842°C 
(the melting point of LiF). 

A ball valve was attached to the crucible 
so that the atmosphere inside the crucible 
CwUld be controlled. 

Before growing any crystals in the 
crucible, it was cleaned as follows: 

1. The interior was "grit-blasted" 
witn 240-mesh SiC. 

2. The tip was inspected with a 
borescope to insure freedom from 
scratches, pits, anc" foreign material. 

3. The crucible was rinsed with 2N 
HC1, distill"H H.O, acetone and methanol, 
in that order. 

4. The empty crucible was placed in 
the furnace, evacuated, and then heated 
to 900°C for 1 hr. 

5. After cooling, the ball valve was 
closed, the crucible was removed from 
the furnace and placed in the glove box. 

After this initial cleaning, the crystals 
for this investigation were grown in suc
cession. Since each crystal was re-noved 
from the crucible without difficulty the 
crucible was not recleaned, but was 
st jred in the glove box except when it was 
being used to grow crystals. 

To prepare the starting material., load 
the crucible and grow the crystal, the 
following procedure was usej (steps 1 

Vacuum system 
connection 

tat ionary crucible 

Guide rails 

- Drive shaft 

-Speed-reducing gear box 

Fig, 3. Furnace for growing single 
crystals. 
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through 3 w e r e done in the glove box 
under an HE a t m o s p h e r e ) : 

7 
1. 1.2 g ff ORNL L i F was c rushed t o 

<80 m e s h . Approx ima te ly 6 m g of L i „ 0 
was added and mixed with the L i F . This 
m i x t u r e was used t o dope s o m e of the 
c r y s t a l s . 

2 . P u r e ORNL, L i F was c r u s h e d to 
<3 m m . Weighed ba tches of thi= m a t e r i a l 
w e r e used to grow the va r ious c r y s t a l s 
(see Tab le 1). 

3 . The s t a r t i n g m a t e r i a l was poured 
into the c r u c i b l e , the bal l valve was 
c losed and the c ruc ib l e was r e m o v e d from 
the glove box. 

4 . T'le c ruc ib l e was p laced in the 
furnace and the l ine to the ball va lve was 
evacua ted . 

5. The ball valve was opened and the 
e n t i r e s y s t e m was then evacuated, 
backfi l led with UHP He, and evacuated 
again. 

6. The h e a t e r s were brought to 600°C 
and held t h e r e for at l e a s t 1 h r at which 
point the c r u c i b l e was back- f i l l ed with 
UHP He to a p r e s s u r e of ~ 0 . 5 / p s i g . 

7 . The h e a t e r s were brought to 
c r y s t a l - g r o w i n g t e m p e r a t u r e and the 
furnace d r ive m o t u r was s t a r t e d . 

8 . When t h e fu rnace had r e a c h e d the 
top of i ts t r a v e l and the c r y s t a l had been 
grown, the t e m p e r a t u r e in the furnace 

T a b l e 1. Composi t ion of s t a r t i n g m a t e r i a l 
for c r y s t a l g rowth . 

Crystal 
designation 

ORNI. 
LiF U F / L i 2 O m u i 

<6> 
L i 2 0 Added O" 

as ppm 
(wt/wt) 

AJ-3 10.1 0 0 0 
A J-4 10.7 0 0.03 1500 
A.l-5 0.65 0.4 — 200 
AJ-G n.'J 0.1 - 50 

was s lowly r educed by m e c h a n i c a l l y 
d r iv ing the c o n t r o l l e r s downward. 

9 . Af ter t h e m e c h a n i c a l rundown of 
the c o n t r o l l e r s (at l e a s t 16 h r e lapsed 
t i m e ) , the power to the furnace was 
t u r n e d off and the furnace was al lowed to 
cool to room t e m p e r a t u r e (at l e a s t 4 h r ) . 

10 . T h e va lve was c losed , the c ruo ib le 
was r e m o v e d from the furnace and r e 
t u r n e d to the glove box . 

Note that a t no t i m e were the s t a r t i n g 
m a t e r i a l s o r the c r y s t a l exposed t o a i r . 
T h i s was to p r e v e n t the r e a c t i o n 

L i 2 0 + H 2 0 ~ 2LiOH 

which h a s an equi l ib r ium cons tan t , K „ , 
24 " 

of 58 a t 25°C. The back r e a c t i o n 

2LiOH - LigO + H z O 

27 o c c u r s a t " r e d " hea t . T h e r e f o r e , 
hea t ing to 600°C for 1 hi ' under vacuum 
should s e r v e to conver t the LiOH p r e s e n t 
to L U O and r e m o v e the w a t e r v a p o r . 

CHEMICAL ANALYSIS 

Ana lys i s of the oxygen content Of the 
c r y s t a l s was done by c o m p a r i s o n a s s a y . 
T h e amount of oxygen p r e s e n t in se l ec t ed 
po r t i ons of the c r y s t a l s A J - 3 th rough 
.AJ-6 was compared with the amount of 
oxygen p r e s e n t in s t a n d a r d s containing 

7 
known amount s of ORNL L i F and Li2C>. 

The s a m p l e s w e r e p r e p a r e d for ana lys i s 
a s follows (all o p e r a t i o n s were done in t h e 
glove box, under a UHP He a t m o s p h e r e ) : 

7 
1. Quant i t ies of ORNL L i F and L L O 

were a c c u r a t e l y weighed us ing a Cahn 
Model 2 500 e l e c t r o b a l a n c e . 
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2. These chemicals were mixed and 
ground for 5 min in a stainless steel 
mixing-grinding vessel, in a dental 
amalgamator. This was enough time to 
reduce the material to <400-mesh particle 
size. 

3. Successive dilutions were prepared 
by mixing weighed fraction.1 of a LiF-LUO 

7 mix with pure LiF, 
4. A standard "zero" was prepared by 

7 
grinding up pure LiF as above. 

5. Samples were taken from each of 
the crystals and ground as above. 

5. Each sample or standard was 
placed in a polyethylene screw top bottle. 
These bottles were then sealed in a glass 
j a r with "Drierite" to trap any moisture 
which might be present. 

Table 2 gives sample identification 
and oxygen concentrations for the 
standards. The amount initially present 
was determined as in the Results section 
under Chemical Analysis. 

The sealed samples were then delivered 
to an analytical chemist who performed 
the analysis using the following reactions: 

H„0 
L i 2 0 + C 0 2 - £ • L i 2 C 0 3 

\ L i 2 C ° 3 + H 3 P ° 4 - L 1 3 P ° 4 

+ | H 2 O + | C O 2 . 

O P T I C A L A B S O R P T I O N 

Since the reaction 

2LiOH + C 0 2 - LigCOg + H 2 0 

31 
wilL occur if LiOH is present, the infra
red transmissions of cleaved portions of 

Table 2. Chemical analysis standards. 

am pi 
No. 

Amount of 
oxygen 

2 added 
(ppm) 

Amount 
initially 
present 
(ppm) 

Total 
oxygen 
(ppm) 

1 1463 3.9 1467 
2 il)7 3,9 411 
3 156 3.9 ICO 
4 14.5 3.9 18.4 
5 0 3.9 3.9 

crystals AJ-e and AJ-4 were measured on 
a Pcrkin-Elmer Model 221 spectropho
tometer to determine the absorption at 
2.S3 ^m, the absorption band of free OH" 
ions in LiF. 

The ultraviolet optical absorption coef
ficients of cleaved sections of each crystal 
grown, as well as a cleaved section of the 
7 
LiF from ORNL, were measured using 

the following equipment* 
• A McPherson Model 218 0.3-m UV 

monocbromator, equipped with a 1200-
line/mm grating. The resolution of the 
mcnochromator with this grating, a 
35-,um entrance slit, and a 150-^m exit 
slit was 0.5 nm at 121.6 ran, The 
monochromator was attached to an oil 
diffusion pump—mechanical pump system 
which kept the absolute pressure in the 

- 5 monochromator below 5X10 Torr 
during all the measurements. 

• A McPherson Model 630 capillary 
discharge light source, connected directly 
to the entrance port of the monochromator. 
The gas supply for the light source was 
commercial hydrogen. The power supply 
was a McPherson Model 740 spectrographic 
light source power supply. Typical power 
levels were 2 to 3 kW. The light source 
was differentially pumped with a 
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meciianica! vacuum pump through a dry-
ice trichlorethylene trap, to allow the 
lamp to be run at useful pressures (near 
1 Torr) without raising the motiochromator 
pressure excessively. 

• A McPherson, Model 651, dual-
position detector housing. This housing 
contained space for mounting a sample 
holder and two positions to mount a 
detector in-line or 90 deg to the exit beam. 
Only the in-line position was used. A 
four-position sample holder wis con
structed so that one of two samples, an 
open port or a blank plate of stainless 
steel, could be rotated into the exit beam. 
The detector was an EMI 6256 photomutti-
t . er type, with sodium salicylate coated 
on the entrance face as a wavelength shifter, 

• An LLL Model LE13849 1M3, 
powered NIM Bin containing: 

A v'elonex, Nimpac Model 500-
3000 V dc, 10 triA, power supply, 

An LLJ. Model LEA72-6018, current-
to-frtquency converter, 

A Power IXsigns Model AEC650 
6 V dc power supply. 

An LL^ Model LEA67-6064 linear 
count-rate meter, 

A Hewlett-^aOard Model 5590A 
sealer- t imer, and 

A H> wlett-Packard Model 680 str ip 
chart recorder. 

Figure 4 is a block diagram of the 
electronics package, 

• A specially constructed flange wa.< 
Kiounted between the monochromator and 
the sample detPctor housing. This flange 
held a quartz window which was insertet 
into the beam for all measurements above 
160 nm to eliminate second-order line 

P M 

LLL N I M B n 

3000 Vdc 
power 
supply 

Current to 
frequency 
converter 

ill Sealer-
timer 

6 Vdc 
power 
supply 

3000 Vdc 
power 
supply 

Current to 
frequency 
converter 

ill Sealer-
timer 

6 Vdc 
power 
supply 

3000 Vdc 
power 
supply 

Current to 
frequency 
converter 

ill Sealer-
timer 

6 Vdc 
power 
supply 

J L_ 

Strip chart 
recorder 

Fig. 4. Spectrophotometer detector and readout electronics. 
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from the s p e c t r u m . The inser t ion of th i s 
window at wavelengths below its funda-

32 men ta l absorp t ion edge (1G0 nm) 
allowed the e s t ima t ion of the s c a t t e r e d 
light in tens i ty . 

The opt ical absorp t ion coefficient data 
were taken as follows: 

1. Headings were taken e v e r y 4 nm 
between 100 and 400 nm. 

2 . Read ings were taken by ro ta t ing the 
v a r i o u s s a m p l e s , b lanks , e t c . , into the 
beam without d i s tu rb ing the wavelength 
se t t i ng of the m o n o c h r o m a t o r . Headings 
w e r e in teg ra ted ove r 1 s ec if the r a t e was 
over 1000 c o u n t s / s e c , o r 10 s ec o t h e r w i s e . 

Fach s a m p l e was exposed to Co 
7 r a y s and its opt ical absorp t ion coefficient 
was r e m e a s u r e d . F o r i r r a d i a t i o n s , the 
s a m p l e s were nes t ed in s t a i n l e s s s t e e l 
wool and s e a l e d in a Va r i an " C o n - F l a t " 
vacuum flange with two blank-off p l a t e s . 
T h e loading of the flange was done in the 
glove box under a VHP He a t m o s p h e r e . 
T h e flange and p l a t e s were s e a l e d with 
coppe r g a s k e t s which al lowed the s a m p l e s 
to be annealed in a cont ro l led a t m o s p h e r e , 
if d e s i r e d . 

The exposure to the outs ide of the con-
t a i n e r w a s 5X 1 0 5 o r iO R. The dose to 
the s a m p l e s was not m e a s u r e d , but was 
ca lcula ted to be 3.3X 1 0 D o r 6.6X 1 0 5 r ad , 
r e spec t ive ly , for the two e x p o s u r e s . 

T L MEASUREMENTS 

Selected por t ions of each c r y s t a l , o r 
a por t ion of the L i F s t a r t i n g m a t e r i a l , 
were c rushed with a m o r t a r and p e s t l e 
s o tha t t hey w e r e be tween 80 and 200 m e s h . 
T h e s a m p l e s were vo lume t r i ca l l y a p p o r 
t ioned into a luminum tubes and the ends 

of the tubes were c r i m p e d off. Each tube 
then contained - 3 0 m g of m a t e r i a l , 
enough for two T L m e a s u r e m e n t s . 

The tubes w e r e then r emoved from 
the giove box and i r r a d i a t e d with Co 
7 r a y s at va r ious d o s e s from 700 to 
10,000 r a d . The s a m p l e s were then 
allowed to si t for a few days to al low the 
decay of any l o w - t e m p e r a t u r e l u m i n e s c e n c e 
that m a y have been induced. 

The T L of a s a m p l e was then r e a d out on 
a spec ia l ly cons t ruc ted pov er r e a d e r . Re
peat r ead ings w e r e m a d e whenever p o s s i b l e . 

F igu re 5 depic ts the T L D powder r e a d e r 
s y s t e m . To r e a d f> s a m p l e with this sy s t em, 
the following s t e p s w e r e p e r f o r m e d : 

(1) A vo lume t r i c a l l y m e a s u r e d amount 
of s a m p l e to be r e a d was p laced on the 
h e a t e r ; (2) a hea t ing r a t e and m a x i m u m 
t e m p e r a t u r e w e r e s e l ec t ed ; and (3) the 
s t a r t button was pushed . 

The s y s t e m p e r f o r m e d the following 
funct ions: 

1. Heated the powder at the d e s i r e d 
r a t e us ing the feedback c i r c u i t r y of the 
t e m p e r a t u r e c o n t r o l l e r ; 

2 . F i l t e r e d the light f rom the s a m p l e 
and h e a t e r through a Corn ing 4-96 band
p a s s f i l ter to a t t enua te the I. R. con t r ibu
t ion from the h e a t e r and any light l e aks 
not in the f i l ter p a s s band; 

3 . Digi t ized the P . M . s igna l through 
the r ecyc l ing in t eg ra to r ; 

4 . De te rmined sampl ing In te rva ls by 
m e a n s of the r eadou t cont ro l ; 

5. M e a s u r e d the in tegra ted T L output 
for a s ingle run by m e a n s of the LE8400 
s c a l e r ; 

6. T h e s e a l e r - t i m e r and the digi tal 
v o l t m e t e r sent t i m e sequent ia l i n f o r m a 
t ion to the compu te r i n t e r f ace . 



The data from a single run were stored 
in the computer as two vectors. One was 
a set of digital voltmeter (temperature) 
readings, the other a set of TL readings. 
This information could be displayed 

graphically on the display scope and out-
putted to either the DEC writer or the 
PC-11 punch. Since further data reduc
tion was desired, the data were put on 
paper punch tape. 

i.EA-603901 
TLD temperature 

conn-oiler 

TLD powder 
1 linear heater 

EMI 9635A 
P .M . tube 

L_ 
Power Designs 

3K-20 
power supply 

Power 
control ler 

LE-13849 1M8 
powered N I M Bin 

"~~l 

Power Designs 
AEC-650 

power supply 

LEA -69-6020-01 
recycl ing integrator 

Hewlett-Packard 
3460A 

dig i ta l voltmeter 

LEA-7!-6063 
readout control 

Hewlett-Packard 
5590A scaler timer 

"1 

LE-8400 
scaler 

1 U 

LEA-71-6062 
computer interface 

Dig i ta l Equip. Co. 
DEC writer 

Digi ta l Equip. Co. 
PDP-11 computer 

Tektronix Type G l 1 
storage-display scope 

Dig i ta l Equip. Co . 
PC-11 

reader-punch 

Fig. 5. TLD powder reader and computer interface. 
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Results 
CHEMICAL ANALYSIS 

The crystals were cleaved (under a 
UHP Ilr atmosphere) into slabs 2-4 mm 
thick. The relative location of th'-- slabs 
from crystal AJ-3 was not known, but 
for the other crystals, the position within 
the crystal was noted and the slabs 
numbered from the tip of the crystal. 
Figure 6 shows an idealized crystal 
schematically; how it cleaved, the direc
tion of growth, and the slab numbering 
system. 

Figure 7 is a graph of the quantity of 
CO, measured by mass spectrometer, 
expressed as counts/mg of sample, as a 
function of nominal oxygen concentration. 
This figure was produced as follows: 

1. A weighted, linear, least-squares 
regression line of the form y = bx was 
fitted to the data from samples 1 
through 4, where y. was the CO, counts 
per milligram of sample, and x. was the 
concentration of oxygen added to the sample. 
The regression line so obtained was used 

Direct ion 
of crystal 

growth 
i 

Fig. 6. An idealized LiF crystal. 

1 10 10" 10" l(T 
Oxygen concentration — ppm 

Fig. 7. Mass spectrometer output versus 
oxygen concentration. 

to calculate the amount of oxygen 
initially present in sample 5, the pure 
7 

LiF. The amount (3.9 ppm) was used 
to correct the oxygen concentration of 
samples 1 through 4 to the total oxygen. 

2. A new least-squares regression 
line was calculated, using the same model 
as before but including sample 5. The 
final regression equation is 

y (CO, countsymg of sample) 
= 1.024 X (ppm oxygen). 

3, The regression coefficient (1.024) 
changed by - 1 % with the correction for 
oxygen initially present and the inclusion 
of sample 5 in the analysis. Consequently, 
the amount of oxygen estimated to be 
present initially differs by <l% for the 
two regression equations. 

Table 3 gives the results of the chem
ical analysis of sections ox the crystals 
grown for this investigation. The first 
sample in this table, the ORNL 7 L i F , is 
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Table 3. Results of chemical analysis. 

Sample 

Measured 
oxygen 

(ppm, wt/wft) 

Estimated 
accuracy 

<ppm at lcr) 

ORNL LiF 3.90 
AJ-3 7.47 
AJ-6-TLp 25.5 
AJ-6-Butt 34.0 
AJ-5-Tip 141.4 
AJ-5-Butt 63.8 
AJ-4-Tip 304 
AJ-4-5 77,6 
AJ-4-Butt 1323 

±0.30 
±0.57 
±1.6 
±2.2 
±7.4 
±3.7 
±16 
±4.1 
±67 

not from a crystal grewn here, out is the 
pure starting material and is identical 
with sample 5 of Table 2. The estimated 
accuracy of the analysis includes the 
estimated e r rors in sample weighings, 
standard preparation, counting e r ro r s in 
the mass spectrometry analysis, and in 
the determination of the regression 
coefficient. The calculation was made 
at the lcr level. 

OPTICAL ABSORPTION 

Infrared 
Figures 8 and 9 show the relative 

transmittance of crystal sections AJ-6-4 
and AJ-4-7, respectively. Note that the 
ordinate in both cases is relative, not 
absolute, transmittance. These figures 
will be used to argue for the absence of 
significant OH" in the crystals. 

Ultraviolet 
It was determined that the "stray" light 

in the Mcpherson 218 spectrometer was 
not negligible. Even after considerable 

Wavelength — micrometers 
2,63 2.78 2.94 3.12 

4000 3800 3600 3400 3200 
Wave number — cm 

Fig. 8. Infrared transmittance of crystal 
section AJ-6-4. 

Wavelength — microns 
2.63 2.78 2.94 3.12 

4000 3800 3600 3400 3200 
Wave number — cm 

Fig. 9. Infrared transmittance of crystal 
section AJ-4-7. 
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effort to reduce its contribution, it was 
found that stray light constituted from a 
high of 50% of the light incident on the 
sample at wavelengths below 120 nm down 
to a minimum 1% of the incident light at 
200 nm. Since it was determined that the 
amount of stray light and its transmittance 
in the LiF samples was not a function of 
the wavelength setting of the monochromator 
but rather depended on entrance and exit 
slit settings and lamp intensity, this 
amount of stray light incident on and 
transmitted by each sample was meas
ured. 

Figures 10 through 14 show the optical 
absorption coefficient of a section of each 
crystal grown, and a sample of the 
starting material . The absorption coef
ficient is determined from the equation. 

I/L = (1 - R) 2 exp (-ax) 

The error bars on Fig. 11 indicate the 
precision of the optical absorption coef
ficient measurement at the i<r level for 
wavelengths near the wavelength for which 

Fig. 10. 

200 300 
Wavelength — nm 

Optical absorption coefficient of 
unirradiated ORNL ' L i F . 

where I ft is the fraction of light of a 
given wavelength transmitted by the 
sample, corrected for stray light and 
background noise; x is the sample thick-
ne t s ; or is the optical absorption coef
ficient (to be calculated); and R is the 
coefficient of reflection determined at 

33 each wavelength by 

"\STT\'' 
and n. is the index of refraction of LiF. 

The index of refraction was calculated 
as a function of wavelength by fitting 
tabulated values of the index with a 
ninth-degree polynomial (below 280 nm) 
or a straight line (280 nm to 400 nm). 

Fig. 

16 

i i i i i 

- T 

A 
-i 
- V i 

12 

i i i i i 

- T 

A 
-i 
- V i 

e 

4 - -V -
1 , 1 , 0 

- -V -
1 , 1 , 

100 200 300 
Wavelength — nm 

400 

U Optical absorption coefficient of 
unirradiated AJ-3-0-2. 
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the er ror estimates were actually cal
culated. The er ror calculations include 
e r ro r s in the measurement of incident 
and transmitted light of the nominal wave
length, incident and transmitted stray 

100 200 300 
Wavelength — nm 

Fig. 12. Optical absorption coefficient of 
unirradiated AJ-6 -2 -1 . 

light, and sample thickness. The fact 
that the e r ro r bars are much iarger at 
large values of the optical absorption 
coefficient is a result of the relatively 
large sti-ay light correction which must be 
applied when the transmission of the 
crystal is low 

Figures 15 through 19 show the change 
in the optical absorption as a result of 
exposure to 5 X 10 R of Co gamma 
radiation. At the la level, the e r ro r 
bars on Fig. 16 show the precision of the 
measurements at wavelengths near the 
wavelength for which the e r ro r bar was 
actually calculated. The comments on 
the size of the e r ro r bars in Fig. 11 also 
apply here . 

THERMOLUMINESCENCE 

The glow curves for samples of ORNL 
LiF and crystal AJ-6 a re shown in 

Figs . 20 and 21. The glow curves of 

100 200 300 
Wavelength — nm 

Fig. 13. Optical absorption coefficient of 
unirradiated AJ-5-2-1 . 

100 200 300 
Wavelength — nm 

400 

Fig. 14. Optical absorption coefficient of 
unirradiated AJ-4-4-1 . 
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? IZ -

200 300 400 
Wovelength — nm 

F i g . J 5. Change in opt ica l abso rp t ion 
coefficient a f te r i r r a d i a t i o n , 
ORNL 7 U F . 

' ' 'A ' 1- ij 

12 l 1 

8 : i is 
- / ! -

4 \ r /** \. 
0 

• V • i , i . ""-i 
100 200 300 400 

Wavelength — nm 

F i g . 16. Change in opt ica l absorp t ion 
coefficient a f t e r i r r ad ia t ion , 
A j - 3 - 0 - 2 . 

100 200 300 400 
Wavelength — nm 

200 300 400 

Wavelength — nm 

F i g . 17. Change in optical a b s o r p t i o n 
coefficient a f te r i r r ad i a t i on , 
A J - 6 - 2 - 1 . 

F ig . 18. Change in opt ical absorp t ion 
coefficient a f te r i r r ad i a t i on , 
A J - 5 - 2 - 1 . 
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samples of ORNL LiF at all exposures 
used were qualitatively like that of 
Fig. 20. The glow curves of all crystals 
grown for this investigation, at all 
exposures, were qualitatively similar to 

Of F ig . 21. 

Co
un

ts
/m

 

... ., ,. ...-,.. 1 
32 -
28 - -
24 — > 
20 

16 A -

12 

8 

4 

0 

.. / — 

10 0 200 
Wavelength 

300 
— nm 

4( )0 

Fig. 19. Change in optical absorption 
coefficient after irradiation, 
AJ-4-4-1 . 

3 0 0 -

o 200 

100 

I i r | I I I | — i — i — r — r 

0L-1—1_ 

Region 
summed 

100 200 300 400 
Temperature — "C 

Fig. 20. Glow curve for ORNL LiF. 

3 0 0 -

I 2 0 0 -

100-

0 100 200 300 400 
Temperature — °C 

Fig. 21. Glow curve for AJ-6. 

Exposure — R 

Fig. 22. Thermolumtnescence of ORNL 
7 L i F . 
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The counts from certain temperature 
regions of these glow curves were 
summed to produce graphs of TL r e 
sponse as a function of 7-ray exposure. 
Glow curves from the crystals grown for 
this investigation were summed over two 
regions, 99°tol69°C, and 169" to 224°C, 
as shown in Fig. 21. The ORNL 7 L i F 
glow curves do not exhibit the well-
separated peaks of the regrown samples. 
Therefore, the ORNL LiF glow curves 
were summed from 7i° to 374°C. The net 

counts in these regions, for the various 
samples, as a function of exposure are 
shown in Figs. 22 through 26. The lines 
through the data points in the figures are 
least-squares regression lines calculated 
using the logarithm of the coordinates of 
each data point 

Except for Fig. 22 which gives data 
for the ORNL 7 L i F material, the response 
of the samples to radiation is adequately 
described by a power function of the form 

Ka bx 

\0' 

10' 

g 1 * 

lo

ir/ 

~i—i—r r n n ~i—i—i i i i IJJ 

+ Integrated counts from 
?09° to 169°C 

o Integrated counts from 
169° ro224°C 

A 

i i ' i ' i . I i i 111111 

10' 

10* 10 J 10H 

Exposure — R 

10' 

10 

10° 
10* 

~ i — i — i i i i i i | 1—i—i i i n , 

+ Integrated counts From 
109° to 169°C 

o Integrated counts from 
169°to224°C 

_l I I / M i l 

Fig. 23. Thermoluminescence of crystal 
AJ-3 . 

Fig. 24. Thermoluminescence of crystal 
AJ-4. 
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10' 

10' 

§ 10< o U 

I 0 5 -

10^ 

—I 1 1 M I N I "1 1 1 > I I I L 

+ Integrated counts from 
109" to I69°C 

o Integrated counts from 
169° to224°C 

A 
/ 

/ 

i 

irr io° i<r 
Exposure — R 

Fig. 25. Thermoluminescence of crystal 
AJ-5 . 

where the average value of b for all the 
regrown samples is'B = 1.25, and the 
range for b is 1.05-1.45. 

Since the fit of the regression line to 
the data represented in Fig. 22 is 
significantly improved by the addition of 
a term in exposure squared, i.e.. 

y = d(x) b <x 2 ) c 

as determined by an F-test at the 99% 
35 confidence level, the data were not 

included in the calculation of b\ 

The data point at 687-R exposure is 
rejectable by Chauvenet's Criterion. 
However, there are no experimental 
reasons to reject the data, and so they 
are included in the calculations of the 
regression coefficients. Because of the 
anomalies, no conclusions will be based 
on the results shown in Fig. 22. 

Figure 27 shows the variation in TL 
sensitivity as a function of oxygen con
centration for three exposure levels. The 
oxygen concentrations for the samples 

10* 

10' 

o u 
10' 

1 0 J -

10" 
10 ' 

- F — i — i I i I 11| 1 r— 

+ Integrated counts from 
109° to J69°C 

O Integrated counts from 
169° to224°C 

- i i ' ' ' ' " ' 
10° 

Exposure — R 

10 

Fig. 26. Thermoluminescence of crystal 
AJ-6. 
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Fig, 27. TL as a function of oxygen 
concentration. 

were assigned a linear interpolation where 
position within the crystal was known, or 
were assigned the value determined for 
the crystal where position was not known 
(sample AJ-3, 7 ppm O). Tm» figure 
demonstrates the role oxygen has on TL 
in LiF. (See Discussion, Thermolumi-
nescence.) 

Discussion 

INFRARED ABSORPTION 

The absorption band associated with 
free OH" ions in the LiF lattice is centered 

-7 -1 ^7 
at 3730 cm and has a width of 40 cm . 
Figure 9 the infrared absorption 
spectrum of crystal section AJ-4-7, 
shows an absorption band centered at 
3700 c m . This crystal section is from 
near the butt end of AJ-4, and is visibly 
cloudy. This would suggest a suspended 
LUO precipitate phase, with an estimated 
oxygen concentration of over 1000 ppm. 

If the entire OH absorption band were 
displaced to 3700 cm" by the precipitate 
phase, the size of the band would indicate 
an OH" concentration of approximately 

37 
100 ppm, or 10% of the total oxygen 
content. The infrared spectrum of 
crystal section AJ-6-4 (Fig, 8) indicates 
that 10% would be the maximum fraction 
of oxygen that coutd exist as OH" since 

a higher fraction would be expected to 
show absorption in the region of 3730 cm 

ULTRAVIOLET ABSORPTION 

It has been calculated that OH~ ions 
should produce an absorption band at 

on 

34 nm. The lack of this absorption 
band in any of the crystal sections meas
ured is taken as additional evidence that 
the oxygen present in these samples is 
not present as OH" to any large extent. 

The attempt to correlate oxygen con
centration with any particular feature in 
the ultraviolet absorption spectrum of 
LiF, either irradiated or unirradiated, 
produced negative results (see Figs 10 to 
19). In the unirradiated samples, one 
can see that regrowing tho LiF with any 
or no added Li„0 produces an increase 
in the far UV absorption (120-150 nm). 
Additionally, the highest concentration 
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sample used (AJ-4-4-1, ~200 ppm oxygen) 
shows increased absorption everywhere 
in the UV. 

The single absorption band produced 
in all crystals by irradiating the samples 

39 is the F-band which is an intrinsic 
defect consisting of an electron at an 
anion vacancy. 

The loss of UV transmission in 
crystals AJ-4-4-1 and AJ-4-2-1 (not 
thown, but similar to AJ-4-4-1 , Fig. 14) 
may indicate the appearance of a pre
cipitate phase which upsets the crystal 
structure of LiF, although the sections 
were not visibly cloudy, as was section 
AJ-4-7 (see Discussion, Infrared 
Absorption). Although the ionic radius 
of O" would make it seem that the 
solubility of LUO in LiF should be high. 
Haven has proposed that the energy 
difference between crystalline LigO and 
Li„0 in an LiF crystal limits the 
solubility. 

Assuming that the loss of transmission 
is an indication of the limit of solubility, 
the solubility of Li„0 in LiF can be est i 
mated at 100-200 ppm (weight fraction) 
since crystal section AJ-5-2-1 (con
centration estimated at ~100 ppm) does 
not show any excess loss of UV t rans
mission. 

THERMOLUMINESCENCE 

Since the glow curves from the ORNL 
starting material are so different from 
the glow curves of all the crystals grown 
here, no comparisons between the two 
will be made. 

A theoretical model relating the 
luminescence efficiency of a substitutionally 

activated inorganic phosphor has been 
40 developed. Assuming that the activators 

are randomly '.'istributed within the 
crystal and that activators must be 
separated by some distance to be capable 
of luminescence, they derive an expres
sion for luminescence efficiency. The 
expression is 

" " C-+ (a/a': (1 - JT 

where rj is luminescence efficiency and 
c is activator mole fraction, CT/CJ' and z 
are adjustable parameters . 

a/'o' is the nonactivator to activator 
capture oross-section ratio and z is related 
to the minimum number of possible sites 
surrounding an activator which may not 
be filled by a second activator without 
quenching the luminescence. 

Figure 28 is a graph of relative TL 
response as a function of oxygen con
centration. The theoretical curve was 
fitted to the data points at 7, 30, and 90 

8. 
0.1 V 

"TTTTTTTr—V* + *fCTIIl| 1 I 1 I I I U 

-£ 0.07 =-

0.0011 ' I ' ' "" I ' ' ' i i '»l ' i i m i 
' 10 100 1000 

Oxygen concentration — ppm 

Fig. 28. Relative TL response as a 
function of oxygen concentration. 
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ppm O. The equation with the numerical 
values for the adjustable parameters is 

e(l - c) 
24000 

c 4 (3.4 X 10 •') (1 - c) 

than the number in I.LF:Mg, and since the 
response of the material here is supralinear 
at the lowest exposure levels (700 R), the 
possible amount of OH" present must be 
limited. 

where n 1 = relative efficiency = Kr). 
The data point at 200 ppm O was not 

considered in the fitting process because 
the optical measurements on samples 
from the same crystal (A.l-4) indicated 
the posF'.bility of a precipitate phase and 
because the assignment of oxygen con
centration for this crystal was exception
ally imprecise. The agreement between 
theory and experiment for inis point must 
be regarded as fortuitous. 

From the above, it seems reasonable 
to assign the role of luminescence 
activator to oxygen. It does not seem 
reasonable to guess that oxygen functions 
as either a productive or competitive 
trapping site because the response as a 
function oi oxygen concentration would be 
either monotonically increasing or de
creasing, respectively, with increasing 
oxygen concentration. 

2? DeWerd and Stoebe " have shown that 
OH" acts as a competitive t rap in l . iF. 
The fact that response as a function of 

125 exposure is supralinear (y = x ' ' ) over 
the range of exposure studied is taken as 
further evidence that little OH" is present 
in these crystals. That is, the TL r e 
sponse of the TLD-100 to radiation is linear 
when the OF" is competing with the TL 
traps for the electrons produced by 
radiation (for exposures <1000 R) and 

1 2 supralinear {y = x ) after the competing 
traps are filled. Since the number of TL 
traps in pure LiF must be much smaller 

CHEMICAL FORM 

Although the oxygen was introduced 
into the lithium fluoride as Li O, it is 
possible that it exists in the lattice as 
some other chemical species. No work 
has been done here to identify the form 
of oxygen in the lattice, so qualitative 
arguments only will be advanced. 

Several pieces of evidence have 
previously been considered which reject 
the possibility of OH as the principal 
species. 

0~ has been introduced into various 
alkali halides and found to act as a 

23 luminescence center. However, the 
crystals were grown in an oxygen-
enriched atmosphere, and in all the 
crystals so grown, an absorption band 
near 250 nm was associated with the 
O,. Since the crystals grown here were 
grown in a pure He atmosphere and no 
absorption band was found at 250 nm, the 
principal oxygen species here is probably 
not OZ. 

The most likely form, then, is O" 
directly from the LLO, but other pos
sibilities, such as O , are not eliminated. 

CONCLUSIONS 

• It is possible to grow crystals of LiF 
with varying oxygen content. 

• The introduction of oxygen into LiF 
by the methods described here does 
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not produce a detectable oxygen 
absorption band in the wavelength 
region from 120 to 400 nm. 

• Thepresence of oxygen inpureLiFdoes 

affect the thermoluninescence of LiF. 
• The most probable role of oxygen in 

the thermoluminescence of LiF is as 
a luminescence center. 
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