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ABSTRACT

A track structure model has been applied to calculate the relative
thermoluminescent efficiency of TLD- 100 irradiated with energetic heavy ions. In
earlier work we proposed that the response of TLD- 100 to 7 - ray arises from a
combination of 1- hit and 2- hit trap structures. The supralinear (2- hit) response is
now known to diminish with a decrease in the energy of incident electrons. Since the
delta rayé of slow particles are of low energy, diminishing with a reduction in ion
speed, we calculate the response to slow heavy ions by track theory as due to the
1- hit targets alone and obtain good agreement between theory and experiment. The
branching of the experimental curves is principally caused by the kinematic limit in
delta ray production for ions approaching the end of their range, an effect which is
called “thidown” when seen in the tracks of heavy ions approaching the end of their
range in electron sensitive nuclear emulsion.
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I . INTRODUCTION

The thermoluminescent (TL) response of Lithium Fluoride to radiations with
different LET's has been studied by many authors. Most of the studies, however, focus
upon the variation of the supralinearity of the dose response relationship with
changes in the radiation quality"?. The supralinear response of TLD- 100 (LiF)
diminishes with the energy of the incident radiations. It vanishes entirely for
electrons of less than 3 keV. At the same time the low dose linear response of this
material remains essentially independent -of the energy of incident photons or
electrons. Larsson and Katz® proposed earlier that the response of TLD- 100 to 7 -~
ray could be described as due to a combination of 1- hit and 2- hit trap structures.
The former requirs the passage of a single electron; while the latter requirs the
passage of electron pairs. The same logical structure is used here, but we would
presently add that the 1- hit response is energy independent, while the 2- hit
response depends strongly on the energy spectrum of incident electrons.

In our application of track theory to the effects of stopping heavy ions, we note
that delta ray energy is nominally limited kinematically to f ? MeV, where f is the -
ratio of the speed of the incident ion to the speed of light, while the average delta ray

energy is very much lower, the number of delta electrons varying inversely with the
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square of the electron energy. For ions of energy about 5 MeV/u the limiting delta ray
energy is about 10 keV, while at 10 MeV/u the limiting delta ray energy is about 22
keV. A precise formula for the energy spectrum of delta rays from energetic protons
between 5 keV and 5 MeV in arbitrary gases is given by Rudd",

In the present calculation we are interested in the response of TLD- 100 to
stopping ions whose initial energy is below 10 MeV/u and are principally concerned
with ions of lower initial energy. Because of the low average energy of delta rays from
these ions we neglect the contribution to TLD response from supralinear (2- hit) traps
and make our calculation as if only the linear (1- hit) traps are involved in the
response of these stopping ions. /

II. THE TRACK STRUCTURE THEORY IN LiF
1. Radiosensitivity parameters for TLD—100

In general, the TL yield after uniform gamma irradiation to a dose D can be
represented as.
TL(D) =R-P(C=1, DIE)+ (1- R) P(C=2, D|E) 1)
The first item stands for the 1- hit component having a fraction R and the second the
2-- hit component. The activation probabilities P(C,D) are given from the cumulative
Poisson distribution as , o '
P(C=1,D) = 1- exp (- D/E) 2,
and P (C=2, D) = 1- (1+ D/E,) exp (- D/E>) - (3)
Examples of the best fitting valuse of E,, E, and R to the data of several different
experiments with TLD- 100 (5,6,7,8) are given in Table 1.
‘ ‘ Table 1
Radiosensitivity parameters for TLD—100, from the data of several authors

Author E; (Gy) ExGy) R

Cameron, 1967 10 24 0.015
Montret, 1980 10 150 0.008
Zimmerman, 1971 10 ‘ 250 0.003
Wingate, 1967 10 300 ~ 0.005

Fig.1 shows the fit of calculations from these parameters to the data of
Montret— Brugerolle. Similar fits are obtained for the other data, using the
appropriate parameters. In all cases the relative contribution of 1-. hit component, R,
is very small. While the characteristic dose E, for the 2— hit component varies with
the materials used by different investigators, the characteristic dose for the 1- hit
component, E;, remains constant at 10 Gy. This is the dose of 7 — ray at which there
s an a\;erage of 1- hit per 1- hit target. l _ ‘

In track theory we make use of a second parameter, a,, the radius of the sensitive

target. From Suntharalingam and Cameron, the concentration of the Mg** impurity in
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TLD- 100 is about 100 ppm. That is the

Mg?** impurities are separated, on the

Points: Montret’s data
I Line:Theory

average, by a distance of about 22 lattice 108

constants, or about 85nm. We assume the b
. 10" F 7LD- 100
target radius to be 40 nm, and the energy i
deposited within this distance can migrate 0t |
1- hit: E, = 10Gy, 0.8%

to the impurity site and cause the 2- hit: E;= 150Gy, 99.2%

100 |
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excitation which ultimately results in the A I
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Dose (Gy)
2. The track stl-'ucture model Figl P ¢ric fit (line) to the data
In a 1- hit detector for an atom of of Montret for the response of
radius g, with a radial distance ¢ from its TLD—100 to y —rxay

centre the path of an ion effective charge
Z* and speed B c, the probability of activation is
Pit) =1-exp [- E(Z* ,- - -,¢, a)]/E )
The action cross section, ¢ , can be calculated by integrating P(t) over the entire
range of the delta— rays,
o =[an2n tP(t)dt (5)
Where t,. is the maximum range of the delta— rays in the medium and {,.,= 10" "m in
this work. '
The probability that an action.is generated by the beam in a 1- hit detector is
P=i-exp(-0 F) = 1- exp(— 0 D/L) (6)
where F'is the ion fluence and L the stopping power, and D= FL.
The radiosensitivity, K, of the 1- hit trai) structure of the detector to 7 - rays is

K, = 1/E, . (7N
and the radiosensitivity to heavy ions is
K =0 |L (3
We define the relative TL efficiency as,
RTLE = K|/K. = ¢ E,|/L ©)]

3. Radial dose distribution in LiF

In the calculations of the cross- section, a new formula was used to describe the
dose distribution in LiF. It was based on an expression for the radial dose distribution
in water, with appropriate corrections against the atomic number and density of the
medium. The new expression is normalized to yield the stopping power of protons in
LiF to within 109%,.

Fig.2 shows the radial distribution of average dose E in a short cylindrical target
of radius 40 nm. Its axis is parallel to the proton path with a distance of ¢. The
protons travel at § =0.05, 0.1 and 0.5, in Lithium Fluoride (TLD- 100). E for H, He,
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Ne and Kr ions at § =0.1 in TLD- 100 is shown in Fig.3. These are the typical dose

distributions to obtain, by applying Eqs.4 and 5, the cross sections for track segment
bombardment.
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Fig2 Calculated values of the average Fig.3 See caption to Fig.2. E vs. t for

dose E divided by the square of the ions of atomic number 1, 2, 10,
effective charge, in a target cylinder 36 moving at relative speed § =0.1.
of radius 40nm whose axis is If a horizontal line is drawn

parallel to the ion’s path, for ions at 10 Gy one can approximate a track
of effective charge Z* passing through *width” for each ion from the

LiF at relative speeds of § =0.05, intersection of this line and

0.1 and 0.5, as a function of the radial the plotted curves.

distance of the axis of the cylinder

from the ion’s path

4. Relative thermoluminescent efficiency

In general, the thermoluminescent efficiency, RTLE, of heavy ions in TLD- 100 is
calculdted from Eq.9 for thin detectors. .

Montret— Brugerolle evaluated® the relative TL efficiencies of He, Ne and Kr ions
in thick detectors by comparing the light yields of the heavy ions to that of y — ray at
low doses (below the supralinearity region which occurs above 10 Gy for TLD- 100).
In our approach, we average the response over the path length to find

GR= [}o dr= [%o /LdT (10)

where Ti, the initial kinetic energy of the ions, and R, the ranges.

We represent the average radiosensitivity K for stopping particles as,

K = RIT =5 |L (11)
where we implicitly define average value of LET as
L=TJR : (12)

Thus, the relative TL efficiency can be calculated as



- No.3 Luo Daling et al.: Thindown in lithium fluoride 151

RTLE =7 EJL (13)

. RESULTS AND DISCUSSION

In Fig.4 we compare our calculated values of RTLE, shown as interrupted lines, to
the measured values of Montret. The agreement of theory with experiment is
gfatifying, and lends some support to the concept of 1- hit and 2- hit targets as
responsible for the supralinear response of TLD- 100 to 7 - ray. In that figure we also
show the calculated values of Fain, Montret and Sahraoui" in which no separation
was made of the 1- hit and 2- hit response ci’xaracteristics._ Instead, they applied the
entire dose- response function after gamma irradiation to their calculation of the
radial dose distribution, without taking target size into account. Their calculated

efficiencies differ from the experimental findings by as much as factor of 2.
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Fig4 The relative response of TLD—100 to Fig.5 The calculated action cross section vs

stopping He, Ne, and Kr ions as LET for ions of atomic number 1, 2, 10,
measured by Montret— Brugerolle (+) as and 36 in TLD—100. The "hooks” at
calculated by Fain, Montret, and *high LET arise from thindown.
Sahraoui ((]), (called Montret’s calculation), They do not arise from the Bragg”’

and as calculated in the present peak in energy deposition

work (interrupted lines)

In Fig.5 we show our calculated cross sections of four ions species in TLD- 100.
These action cross all exceed the cross sectional area of the target (5X 10 ' cm?), so all
cross sections lie in the track width regime. This is consistent with the concept of
thindown. Only when tracks lie in the track width regime, when the appearance of the
track resembles a “ hairy rope” rather than a string of randomly placed beads (the
grain count regime), it is possible for the cross section to diminish with an increase in
LET. We see the effect here as a hook shaped plot of cross section vs LET, in the high
LET region of the plotted curves, at the right. Similar effects have been observed for '
Nal(T1) scintillators", biological cells™® and nuclear emulsions"™. A theoretical

analysis of particle tracks in nuclear emulsions was given by Katz and Kobetich".
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A plot of cross sections vs LET displays the same branching with the atomic
number of the bombarding ion as a plot of relative efficiency vs LET as defined in
Eq.13. When o is plotted against the relative speed # the action cross- sections
decrease in a systematic way with a decrease in f , and there is no branching with Z
in the limit of low B , as shown in Fig.6. Here we see clearly that the effect is the one
that depends on the ion speed rather than its LET. The difficulty raised by the plots of
relative efficiency vs LET arise from the a— priori assumption that TLD effeets arise
from energy deposition along the ion’s path. Here we see that such an assumption
fails. The effects observed are largely due to delta rays, and are best interpreted
through the concept of an action cross section rather than through the energy

deposition in small target volumes along the ion’s path.

1077 T to Fig.6 Calculated action cross sections vs.
TLD- 100 ; 36 for ions of atomic number 1,2,10,36
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