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SODIUM FLUORIDE T H E R M O L ~ C E N T  PHOSPHOR 
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Abstract 

A mixture of equal quantities of powdered LiF and NaF was doped with 0.2% each of Ti, 
Mg and Mn and heated to obtain a LiF+NaF phosphor. After grinding and sieving, the ther- 
moluminescent phosphor was used to obtain the thermoluminescence characteristics such as 
the glow curve; the dose-response curve, sensitivity, reproducibility and linearity were all es- 
tablished. The main goal was to introduce two new methods for the calculation of trap energy: 
the single-peak-differential and single:peak-integration methods, both modifications of the 
basic method of Randall-Wilkins. The plots used to calculate the trap energy were 
In[(da/dT) 1/(l-a)] vs. 1/Tand ln[In(1-Gt)/(To-T)] vs. 1/T, respectively. These linear plots with 
slopes of (E/k)  gave trap energies of E=0.547 eV and E=0.551 eV, respectively. 
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Introduction 

Many attempts have been made to manufac ture  suitable thermoluminescent  
materials  based on LiF by using different  doping elements  such as Eu, Mg, Ti, A1, 
Mn, etc. [1-5] .  The emission spectrum of  L iF  TLD-100  was detected by 
Fairchild e t  a l .  [6]. 

The rmoluminescence  kinetics was first investigated by Randall  and Wilkins 
in 1945 [7]. The rmoluminescence  phenomena  with very few except ions  are 
found to obey ei ther  first or second-order  kinetics.  It is essential that the glow 
curve is used to determine the kinetics, since the area under  the curve  is consid- 
ered to be proport ional  to the number  o f  thermally emit ted electrons.  An excep-  
tion is the TL data f rom a photomult ipl ier  tube which fulfils the condi t ion that for  
all wavelengths the phototube current is same. The kinetic evaluation using the 
glow curve is unsatisfactory in the fol lowing cases: (i) when the luminescence  
spec t rum changes with temperature,  (ii) when the emiss ion occurs  in a region 
where the phototube sensitivity changes rapidly with wawelength,  and (iii) when 
the emission contains more  than one componen t  and the glow peaks involve con- 
tributions for an undetermined number  of  emission bands. 
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The kinetic parameters of LiF TLD-100 have been extensively investigated. 
Because of the complication of the glow curve, only four prominent peaks were 
concerned in previous works [8-12]. Fairchild et al. [13] used all the peaks of 
LiF TLD-100 to calculate trap energies and frequency factors. They investigated 
photon energies in combination with the glow curve peak, and obtained emitted 
light intensity vs. temperature curves for these photon energies. In the present 
work, since the dose-response curve is linear, it is possible to use all of the glow 
curve peaks in a kinetic evaluation. The trap energy of the first and main peak of 
LiF+NaF crystal is determined by two new methods, assuming first-order kinet- 
ics. These, named the single-peak-differential and single-peak-integration meth- 
ods, are discussed below. 

Experimental 
Ins trumentat ion 

In the present work, a combination of a Harshaw 2001-A thermolumines- 
cence detector and a 2001-B auto-integrating picoammeter was used. The instru- 
ment measures constant or varying low-level current over a wide dynamic range 
where the absolute value and the time integral are of importance. 

Sample preparat ion 

NaF and LiF samples from BDK were mixed in equal proportions. The 
dopants Eu (as Eu203), Ti and Mn (as MnCI4) were introduced in equal amounts 
of 0.2%. The doped mixture was placed a furnace at 600~ and after 10 min the 
furnace temperature was adjusted to 900~ The material was held at that tem- 
perature for about half an hour. The temperature was then lowered to 650~ Af- 
ter 30 min at 650~ the sample was cooled in air to room temperature. The phos- 
phor was then ground, sieved (140-180 mesh) and packed into pyrex capillary 
tubes (5 mm in length, 1 mm in diameter). 

Glow and dose-response curves 

The glow curve of this phosphor is shown in Fig. 1. The x axis denotes the ab- 
solute temperature, and the y axis the amplified total output current of the detec- 
tor in arbitrary units. The dose-response curve of this sample is given in Fig. 2 in 
the dose range 0-100 R of the Co-60 gamma radiation source. For all measure- 
ments, the same material was used. For every value of the exposure dose, the av- 
erage of three measurements was used to obtain the dose-response curve. Thus, 
reproducibility and linearity are achieved. 

It is essential that further investigations be carried out on the phosphor char- 
acteristics. However, the goal of this work was to introduce two different kinetic 
methods to calculate the trap energy value of the phosphor. 
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Fig. 1 Glow curve of  LiF+NaF phosphor 
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Fig. 2 Dose-response curve of LiF+NaF phosphor 

Kinetic methods 

METHOD 1. Single-peak-differential 

Since the method is applied to the single peak of the thermoluminescence 
glow curve, it is named the single-peak-differential method. 

From the Randall-Wilkins [7] thermoluminescence model, light intensity 
was given for the isothermal experiments as 

i = c  dn (1) 
dt 
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where n is the number of  occupied traps at time t and Cis  the proportionality con- 
stant. Integration of  the equation yields 

n I1 

 t=IC n 
0 n o 

(2) 

where no is the initial number of  occupied traps at time zero, The left side of 
Eq. (2) is the area under the glow curve over the time interval of  0 -  t. Hence, 

(3) A1 = C(no - n ) =  Cno - Cn = A - A 2  

where A is the total area under the glow curve, and A~ and A2 are such that 
A = A l + A 2  (Fig. 1). As a results, the area under the glow curve is proportional to 
the occupied trap number at that moment. From Eq. (3), A2=Cn can be derived. 
Differentiation of the equation leads to 

dA2 _ C dn (4) 
dt dt 

The equation 

dn 
- d-T=pn (5) 

was given by the Randall-Wilkins model, where n is the occupied trap number, 
and p is the probability. Combination of the Eqs (3) and (4) yields 

dA2 A2p (6) 
dt 

In Eq. (3), A = A ~ + A 2  is given. A1 and A2 are variables and A is a constant. Differ- 
entiating this eqution yields. 

_ dA2 _ dAl (7) 
dt dt 

For a linear heating rate (i.e. b = d T I d t )  this equation can be modified to 

dA1 
b--~- = (A - A 1)p (8) 

Division by A and defining A1/A = c~ results in the equation 

b dA1 
A dT = ( 1 -  ~x)p (9) 
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dA,/dTcan be replaced by dc~/dT = (I/A) (dA1/dT). Hence, the equation 

da 1 _ P  (10) 
dT (1 - co) b 

can be obtained. Probability p was given by Randall-Wilkins as 

p = Sexp(- ~-~] (11) 

where k is the Boltzman constant, S is the frequency factor, E is the trap energy, 
and T is the absolute temperature of the sample. Therefore, on taking logarithms 
and combining Eqs (10) and (11), we obtain 

In ~-f(1 - c  0 = -  + InS- lnb  (12) 

A plot of ln[(dczt/dT) 1/(1 - c0] vs. 1/Tyields a straight line with slope - E/k and y 
intercept (InS -lnb), from which the frequency factor can be calculated when the 
heating rate is known. 

Calcu la t ion  o f  trap energy  

After the glow curve has been obtained, the total area and partial areas can be 
obtained by using a computer program or any of the conventional methods, and 
the ~ values are easily found by dividing the partial area by the total area. The 
glow curve of the sample LiF+NaF is shown in Fig. 1, the ~ values are listed in 
Table 1 and the ct vs. Tcurve is shown in Fig. 3. The ot vs. Tplot is then fitted to a 

Table 1 Data from (LiF + NaF) thermoluminescent phosphor 

379.39 0.18148 -4.08210 -5.25465 264 

385.78 0.28002 -3.71303 -4.91377 259 

392.17 0.39951 -3.41561 -4.60750 255 

398.56 0.53038 -3.14180 -4.33190 251 

404.95 0.65901 -2.87330 -4.08416 247 

411.34 0.77287 -2.61311 -3.85908 243 

417.73 0.86354 -2.39511 -3.65064 239 

424.12 0.92919 -2.36840 -3.44597 236 
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Fig.  3 cx-T curve of LiF+NaF phosphor 

polynominal .  The best fit curve in the interval 3 7 9 . 3 9 - 4 2 4 . 1 2  K is obtained as 
the third-order equation 

cx(T) = 408.39 - 3 .1171T+ 0.00788808T 2 - 6.6107 lx  10-6T 3 

which is the basis of  the derivative equation from which the do~ldT values can be ob- 
tained. These are listed together with the calculated values of  ln[(dc~./dT)1/(1--~)] in 
Table 1. 
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Fig .  4 ln[ ln(deddT)/ (1-c t ) ]  vs. I / T  plot  of  L iF+NaF  phosphor 
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The plot of ln[(dc~/dT)(1/1--~)] vs. 1/Tis shown in Fig. 4. The linear function 
y=-6358.26 (1/T)+12.7727 is obtained from the best fit program. The slope of 
this line should be equal to -E/k (k=8.61 • 10 -5 eV/K mol). The trap energy value 
is obtained via the linear fitting program. The slope yields a trap energy of 
E=0.551 eV. 

METHOD 2. Single-peak-integration 

The luminescence intensity, I, is known to be proportional to the speed of es- 
cape of the electrons from the traps, and the escaping speed is also proportional 
to both the number of electrons trapped and the probability of escape of electrons 
from the traps. -dn/dt=np is valid. For monoenergetic traps, the probability is 
given by Eq. (11). Thus 

n t 

o o (13) 

Since A2 = Cn andA = Cno, then 

ln-q-g = p(0 - t) 
/,/ 

A 2  
A - p(-t) (14) 

Ifoc =AJA is defined andA2=A-A1 (from Fig. 1) is used, we obtain 

ln(1 - c0 = p(-t) (15) 

Where a linear heating rate is used, T=To+bt and dT=bdT, and as a result t=T-To 
can be substituted into Eq. (15): 

ln(1 - r  = b~(To - T) (16) 

If it is assumed that the reaction is isothermal in a differential temperature or 
time interval, it is possible to find a p value for every temperature and corre- 
sponding value of c~. Accordingly, p values for different temperatures are available. 
If the probability p (from Eq. (5)) is substituted into Eq. (16) and logarithms are 
taken, we get 

E 
ln[ln(1 - c0] = -  ~-~+ InS-  lnb + In(To - T) (17) 
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lnr ln(1-cO] k + lnS  
L (ro-  j=- 7 

When the plot ofln[ln(1-~)/(To-t)] vs. 1/Tis used from the linear fitting pro- 
gram, the trap energy of the peak can be calculated from the slope of the plot, 
which is equal to -Elk.  Frequency factor S can be calculated from the intercept. 

The energy  ca lcu la t ion  

The plot of ln[ln(1 - a)/(To - T)] vs. 1/Tis shown in Fig. 5. The linear function 
y=-6397.78(1/T)+l 1.683 is obtained from the best fit program. The slope yields 
a trap energy of E=0.551 eV. 
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Discussion 

The LiF+NaF (0.e2% Ti, 0.2% Mg and 0.2% Mn) phosphor displays fairly 
good sensitivity, reproducibility and linearity; the only disadvantage is that the 
main peak is located at 125~ which may cause a deposited dose loss at high 
room temperature. 

The kinetic methods introduced here are applied to the same data to show that 
the two separate methods can be applied freely to any single glow curve peak 
without hesitation. The trap energy values obtained with the first and second 
methods are E=0.547 eV and E=0.551 eV, respectively. These methods basically 
depend on the Randall-Wilkins theory, in which re-trapping was not recognized. 
The trap energy values obtained with the two methods are extremely close to 
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each other. This shows that both methods give reproducible results. These meth- 
ods are very useful if the peaks of the glow curve are resolved or the glow curve 
consists of a single peak, since the methods use the total peak. If the adjacent 
peaks are not resolved, the total area calculation may not be certain since effects 
are present between the peak areas (number of traps). Thus, the average area [ 14] 
is used, as to be seen in Fig. 1. 
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