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ABSTRACT

In this study, the electron spectrum effect on the TLD-100 dosimeter response to a 6 MV photon beam in
different media like water, aluminum, polystyrene, iron, copper, and lead using Monte Carlo and Burlin cavity
theory was evaluated. To calculate and compare the dose to medium to dose to cavity correction factors (f), the
electronic equilibrium spectrum produced by the 6 MV photon beam and its maximum electron energy in
different media were used. The electronic equilibrium spectra were obtained using Beamdp Monte Carlo
Simulation. Using two different methods, the cavity theory was applied to obtain the response of the TLD-100
to 6 MV photon beam in the media considered. In the first method, the average mass collision stopping power
ratios and the average mass effective attenuation coefficients were calculated using the electron spectrum of 6
MV. In the second method, these parameters were calculated based on the maximum energy value of 6 MV.
The maximum difference between the f values obtained using the two methods was about 10 % for lead, while
it was less than 2.5 % for other media. Consequently, the differences between f factors calculated using these
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Introduction

Thermoluminescence dosimeters (TLDs) are one of the
most effective materials used to measure the absorbed dose
in many fields such as medicine and industry. TLD-100 (LiF:
MgTi) chip dosimeters are preferred because of their near
tissue equivalence effective number, wide linear response
range, and low signal fading [1,2]. Also, they have a very small
size for point dose measurements. Moreover, TLD-100 can
even be used for in vivo measurement of dose in proton or
intraoperative electron radiation therapy [3,4]. TLD-100
detectors are constructed of a different material than the
medium. This creates a cavity where the TLDs are used to
measure a dose. The general cavity theory is used the
relationship between the absorbed dose and the dose in the
medium (Dmeq) and the average absorbed dose in the cavity
(Deav) [5].

Monte Carlo (MC) simulations report dose-to-medium.
MC simulations give more realistic results, an important
reason why MC is suggested to be the gold standard.
Especially, in or near heterogeneities, it has been used to get
an accurate estimation of absorbed dose [6-8]. In the
literature, the general cavity theory was examined using MC
for LiF, Li,B407, CaSQ,, CaF,, and dosimeters inside perspex,
water, aluminum, copper, and lead after ®°Co gamma rays
and megavoltage photon beams exposures [9,10]. In these
studies, it has been shown that the mass collision stopping-
power ratio and the mass energy-absorption coefficient ratio
of the water to the phantom material change more rapidly
with energy in materials with high atomic numbers. The
electron spectrum effect was examined on LiF for %°Co

two methods were insignificant except for lead.

Keywords: MC, LiF: MgTi, Cavity theory, Lead.

gamma-rays in the same media that is presented in this
paper using electronic equilibrium spectra and its maximum
energy [10]. However, in these studies, it was not specified
how the TLD-100 dose-response was affected by the electron
spectrum obtained from a 6 MV photon beam, which is
frequently used in clinics.

In clinical applications, the TLD-100 dosimeter is
commonly irradiated with the 6 MV photon beam.
Therefore, evaluating the effect of the electron spectrum on
the TLD-100 dosimeter response is necessary for the 6 MV
photon beam. The main aim of the following study is to
observe the electron spectrum effect on the TLD-100
response to media considered using effective mass
attenuation coefficient and mass collision stopping power
from electron spectrum and maximum energy of the 6 MV
photon beam. In summary, the effect of electron spectrum
on TLD-100 response was investigated in different densities
by using MC simulation and Burlin cavity theory.

Materials and Methods

Monte Carlo

The Monte Carlo EGSnrc package was used for all
simulations. EGSnrc/Beamnrc was used to generate phase
space data, which are on the surface of slabs. The spectral
distribution simulation tool in the BeamDp from phase space
data was used to calculate spectrum weighted mass stopping
power ratios. The phantom set-ups were created using
BEAMNrc, having TLD-100 inserted into the six different
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materials as shown in Fig.1. The TLD-100 chip was simulated in
different depths as shown in Table 1. The placements of the TLD-
100 chip were calculated using water equivalent depths and
ensured that the depths were beyond the maximum depth dose
(dmax)-

10x10 cm”
Cr = TLD-100

4
Y

30 cm

Figure 1. The phantom set-up with TLD-100 chip dosimeter. A
refers to the depth of the TLD-100 chip, which was
embedded in the aforementioned materials. B refers
beyond the depth of the TLD-100 chip dosimeter. A and B
were changed according to Table 1

The field size was 10x10 cm? and the source-axis
distance (SAD) was set to 100 cm. The phantom material
was chosen 30 cm cube of material. H20700ICRU,
AL700ICRU, POLYSTY700ICRU, CU700ICRU, FE700ICRU,
and PB700ICRU were assigned to water, aluminum,
polystyrene, copper, iron, and lead. The density of TLD-
100 is 2.64 gcm3. It consists of Li (26.70%), F (73.28%),
with Mg (0.001%) and Ti (0.025%) dopant [11]. Pegs4,
which is used to create material in the EGSnrc package,
was also used to construct TLD-100.

Table 1: Material depth where the TLD-100 chip was
placed for considered media.

Phantom Density Depth Beyond the depth of
Materials (g/cm3)  (cm) TLD-100 chip (cm)
Water 1.00 10 5
Polystyrene 1.06 9.43 4.72
Aluminum 2.7 3.71 1.85

Iron 7.87 1.27 0.64
Copper 8.96 1.12 0.56

Lead 11.35 0.88 0.44

For the particles’ transport model, AE, AP, ECUT, and
PCUT were characterized. AP and AE are the threshold
energy for the production of photons and secondary
electrons, respectively. ECUT and PCUT are used as cut-off
energies for electron and photon transport, respectively.
The parameters ECUT and AE were terminated at 0.7 MeV.
The parameter AP and PCUT were set to 0.01 MeV. The
parameter ESTEPE, which is fractional energy loss per
electron step, was 2.5%. The parameters ESAVE is electron
range rejection technique was set to 2 MeV and the
parameter SBS, which is selective bremsstrahlung

splitting, were Nmin=10, Nma=100. SBS and ESAVE
parameters were chosen for increasing simulation speed.
A total 107 histories were simulated and statistical
uncertainty was less than 1%.

Cavity Theory

Tmax-based calculation

Detectors (cavity) are used to measure dose in a
medium. Generally, detector and medium have different
atomic numbers and densities. The relationship between
the Dmed and the D¢,y is given by Burlin’s general cavity
theory as follows:[12]

cav
f =g = ds/pg + (1 -d)(*) (M

Dmed med

where f is known as the dose to the cavity to dose to the

medium conversion factor. The parameter f varies with

energy and radiation type. And also it varies with the size
Hen

cav
and composition of the cavity in the medium. (—) is
med

the ratio of average mass-energy absorption coefficients
of the cavity to the medium and s/pf%; is the ratio of the
mean mass collisional stopping power of the cavity to that
of the medium. The parameter d is the weighting factor. It

is related to cavity size and it is given by;
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where, @ and @,, represent the electron fluence in
medium with and without CPE (charged particle
equilibrium), respectively. 1-d is defined as the dose
component resulting from photon interactions in the
cavity. It is the ratio of the electron fluence created by the
photons in the cavity to that created under electronic
equilibrium [10]. / represents the distance between a
point in the cavity and the wall. The mean cord length, in
other words, the average path length of electrons across
the cavity is given by g; often determined as;

9= “)

V represents the cavity volume. The surface area of the
cavity is given by S. Different sizes of TLD-100 dosimeters
are used in clinical applications. The size of
0.32x0.32x0.09 cm3 is frequently used in clinics. When the
g parameter is calculated for these dimensions according
to Eqn.4, the result is approximately 0.3[13]. In literature,
the g parameter has been calculated for different TLD chip
sizes using different equations [9,14]. This value ranges
from 0.1 to 1 for the TLD-100 chip. To compare the results
with the literature, the g value was chosen as 0.1, 0.3, 0.5,
and 1.
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[ represents the effective mass attenuation coefficient
of the electrons. The electrons here are those that
penetrate the cavity material originating from the wall. In
the literature, different calculations have been made for
There are many formulas proposed for calculating the
value of £ (see Table 2) from the maximum energy (Tmax)
of the electron spectrum from a head-on Compton
collision of a photon with energy hv or the extrapolated
range (R) of Tmax [15].

2(hv)?
2hv+0.511 MeV

Thax = (5)
Eqn. 5 is for monochromatic energy photon beams. For a 6
MYV photon beam, the mean energy of the photons (/0mean)
is approximately 1/3 of the kinetic energy of the incoming
electrons [16]. In this study, AUmean is chosen as 2 MeV.
From Eqn. 5, Tax is 1.77 MeV.

Table 2: Equations for calculating . The subscript
number refers author of the study.

Author Formula
Evans[17] i 17
vans =
! (’I"'rna.x)l'l4
, 18-6
Loevinger[18] B2 = Te —0.036)137
Burlin[12] = 16
arin b= ——0-036)1%
Chan and Burlin[19] e(=PR) = 0.01
Janssens[20] e(=PsR) = 0.04
14
Paliwal and Almond[21] Be = ——
(Tmax) :

I cav
ffactor (Eqn.1) was calculated using the (%)

med

, the

s/pssy, . and the parameter d. The parameter d is
cav

obtained from f and g (Eqn.2). R and (llen) are
P /med

calculated from the hUmean Value [22] using NIST (National
Institute of Standards and Technology) [23,24]. s/p%; is
calculated from average equilibrium-spectrum electron

energies (%) [25]. The parameter T, is given by:

Taw of

hvmean = ﬁ (6)

where g/ represents the energy transfer cross-section
for Compton interaction. o€ is the Klein-Nishina cross-
section per electron [26]. To obtain ¢f and o°¢, the
literature was used [15]. In this part, the calculated f
factors were named as fg1, fp2, fp3, fpas fps: fge for
Evans[17], Loevinger [18], Burlin [12], Chan and Burlin
[19], Janssens [20] and Paliwal and Almond [21]
equations, respectively.

Spectrum weighted calculation

Generally, the parameter S is assumed that the same
for medium and cavity since it is the maximum energy of
the spectrum which determines the S value. It is supposed
that the electron spectra have the same maximum photon

energy in the medium and cavity [10]. However, the
medium and the cavity have different materials. And the
electron spectra are not identical. Therefore, Silva [10]
suggests the following equations:

f = dQiiea + ' (en/ P)iica )
— —ﬂav
d = : ;avg - (8)
" _eBav
d :1_1ﬁe‘avgg (9)

Pav and f represent the averaged values of the electron
mass attenuation coefficients for the medium and cavity,
respectively. The electron spectra were analyzed to
calculate s/ps%,, Pa and Bav. The B values for each
energy were obtained from Janssens [20] equation. The 8
and s/p were multiplied by the spectrum value
corresponding to each energy to obtain the average
effective mass attenuation coefficient and average mass
collision stopping power, respectively. From full-
spectrum, 0.04 MeV - Tmax ((from eqgn.5) = ~1.77 MeV)
energy range was chosen to calculate these parameters.
(Uen/p)o, was calculated from homean. The value of
fianssens was calculated using Eqn. 7, 8, and 9.

Results and Discussion

In this study, to observe the electron spectrum effect
on TLD-100 response in water, polystyrene, aluminium,
iron, copper, and lead, the effective mass attenuation
coefficient and mass collision stopping power were
calculated using two different methods. Firstly, these
parameters were calculated using the electron spectrum
of the 6 MV photon beam in the aforementioned media.
The electron spectra were obtained using BEAMnrc MC
simulation with 0.1 % statistical error. Fig. 2 shows the
electron energy versus spectrum from 0.01 to 6 MeV.
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Figure 2. Planar electron spectral distribution of 6 MV photon
beam in aluminum, copper, lead, iron, polystyrene, and
water.
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In the second method, the effective mass attenuation coefficient and mass collision stopping power were calculated
from NIST [24] table using Tmax ((from eqgn.5) =~1.77 MeV) value. The electron ranges and mass collision stopping power
have a 1 % relative error.

Table 3 presents the s/p obtained using spectrum weighted and NIST. It also presents mass energy-absorption
coefficients.

Table 3: The(uen/p)ss; and s/pssy, for TLD-100 chip dosimeter in the media studied, considering both the spectrum
weighted and NIST

Medium (S/P)Material (S/P)Materiat  (Men/P)Material
(from spectrum) (NIST) (NIST)
Water 0.808+1% 0.807 0.833
Polystyrene 0.827+t1% 0.828 0.861
Aluminum 1.028+1% 1.029 0.959
Iron 1.156+1% 1.154 0.988
Copper 1.195+1% 1.196 1.006
Lead 1.548+1% 1.552 0.921

As seen in Table 3, the difference between the s/pI:2~100 from NIST and spectrum weighted approximation was no

more than 0.3% for all media. The values of § were calculated using Table 1 and the results are shown in Table 4.

Table 4: Calculated g values, using Table 1, for the media considered.

B (em?g?) TLD-100 Water Aluminum Iron Copper Lead Polystyrene
B 8.867 8.867 8.867 8.867 8.867 9.397 8.867
B> 8.750 8.750 8.750 8.750 8.750 9.397 8.750
Bs 7.404 7.404 7.404 7.404 7.404 7.964 7.404
By 4.345 5.418 4.304 3.903 3.775 3.361 5.233
Bs 3.037 3.787 3.008 2.728 2.638 2.350 3.658
Bs 7.513 7.513 7.513 7.513 7.513 7.943 7.513

As seen in Table 4, the f values varied among themselves in the same material. While the fi-3 and S values did not
change with material density except lead, fsand fs changed. f.v and f’.y were calculated using the spectrum of 6 MV
photon beam. Table 5 displays £ and £’ values using spectrum weighted approximation for the TLD-100 chip which
was in the considered media.

Table 5: The S,y and S’y values were obtained using spectrum weighted approximation for the TLD-100 chip which
was in the considered media.

Medium Bav and p’av (cm %g.4) Pav (cm 2g?)
Water 16.819 13.612
Polystyrene 16.554 13.314
Aluminum 13.607 14.488
Iron 12.771 15.494
Copper 12.569 15.519
Lead 10.369 16.557

As seen in Table 5, while the value of f,, was more than f’,, in water and polystyrene, it was the opposite for
aluminum, iron, copper, and lead, and the maximum difference between the two parameters was seen in lead.

d and 1-d were calculated using Table 4 and Eqn.2-3 to obtain fa1, fa2, f3, fpa, fes fee. d” and d” were calculated
using Table 5 and Eqn.8-9 for f27*¢™, Table 6 shows the d and 1-d values are considered media for g values from 0.1 to
1gem2,
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Table 6: d and 1-d for different g (0.1, 0.3, 0.5, 1 g/cm™) values using Eqns. 2-3 in considered media.

g(g/cm?)

Medium | 0.1 0.3 0.5 1.0

d 1-d d 1-d d 1-d d 1-d
Water 0.83 0.17 0.60 0.40 0.45 0.55 0.26 0.74
Polystyrene 0.84 0.16 0.61 0.39 0.46 0.54 0.27 0.73
Aluminum 0.86 0.14 0.66 0.34 0.52 0.48 0.32 0.68
Iron 0.88 0.13 0.68 0.32 0.55 0.45 0.34 0.66
Copper 0.88 0.12 0.69 031 0.56 0.44 0.35 0.65
Lead 0.90 0.10 0.74 0.26 0.62 0.38 0.42 0.58

Table 7 shows the d"and d” for different g (0.1, 0.3, 0.5, 1 g/cm) values using Eqn. 8-9 in media considered
Table 7: d" and d” for different g (0.1, 0.3, 0.5, 1 g/cm™) values using Eqns. 8-9 in considered media.

g(g/cm?)

Medium | 0.1 0.3 0.5 1.0

7 rz 7 rz 7 rz 7 rz
Water 0.49 0.45 0.20 0.76 0.12 0.85 0.06 0.93
Polystyrene 0.49 0.45 0.20 0.75 0.12 0.85 0.06 0.93
Aluminum 0.55 0.47 0.24 0.77 0.15 0.86 0.07 0.93
Iron 0.57 0.49 0.26 0.79 0.16 0.87 0.08 0.94
Copper 0.57 0.49 0.26 0.79 0.16 0.87 0.08 0.94
Lead 0.62 0.51 031 0.80 0.19 0.88 0.10 0.94

As seen in Table 6 and 7, the d and d” decreases while the 1-d and d” increases as the cavity gets larger. Values in
both tables are also affected by the density of the media. The parameters have maximum values in lead.
Fig. 3 shows that the f values for the TLD-100 chip in considered media as a function of g.

1.0 1.0
2) b)
@ £ .
fos|l ® g * 2 los - :
||
?g water ?g polystyrene
" lc) ’ d)g
i
B
f1o| # 8
1.0 ﬁ ﬁ 5 1.0
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0.8 0.8
1.2 1.6
e)g f)
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&
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oS " X
1.0 ]
copper lead
0'%.0 0.2 0.4 0.6 0.8 1.0 0'%‘0 0.2 0.4 06, 08 1.0
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Figure 3. fvalues for TLD-100 chip dosimeter in a) water, b) polystyrene, c) aluminium, d) iron, e) copper, f) lead, as
a function of g. Black square, hollow triangle, diamond, star, circle, cross, and plus for ™, fay, faa, fas, foa Tas, S
respectively.
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The estimated relative errors in this study are p.,/p
(2%), s/p (1%), and R (1%) [24]. This relative error is less
than 3% in the calculated f values. As seen in Fig. 3, when
the density of the medium increased, the f values
increased. The f values were affected by the density of the
medium. The f values were very close to each other in the
same media except lead despite the f values being very
different from each other. The standard deviation
between f values was less than 2.5% except lead for
different g (0.1, 0.3, 0.5 and 1 g/cm?) values. It was 5.6%,
9%, 9%, 6.2% for 0.1, 0.3, 0.5 and 1 g/cm?, respectively. In
the literature, the difference between f values for ®Co
gamma-rays is not more than 5% in lead.

Conclusion

In this study, the Burlin General Cavity Theory was
applied to obtain the response of the TLD-100 chip to 6
MV in different media using two different methods. Trax-
based calculations and the electron spectrum weighted
were used to calculate the response of the TLD-100 chip.
At 6 MV, the maximum difference between the f values
obtained using the two methods was about 10 % for lead,
while it was less than 2.5 % for other media. The results
indicated that the differences between f factors
calculated using these two methods were insignificant
except for lead. When the energy was increased from ¢°Co
to 6 MV photon beam, the difference between f values
calculated from the two methods increased for lead
material. It was shown that the f values increased as the
density of the medium increased.
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