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Abstract This study aimed to investigate effects of the

thermoluminescent dosimeter (TLD) size and type on the

absorbed dose value by using of Monte Carlo calculations.

The options in creating conditions to establish the kerma

approximation were also studied. The Monte Carlo

N-Particle (MCNPX 2.4.0) transport code was used to

design simulations. Results of this work indicate that if

common mineral materials of TLDs are replaced by air and

a huge volume is applied for the TLD, the accurate

assessment of absorbed doses is possible while the photon

energy fluence in the TLD cell is convoluted with mass

energy absorption coefficients of the real TLD material. In

this method the simulation run-time is strongly decreased.
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Introduction

Recently, the risk of radiation exposure rises due to

increasing use of radiation for a variety of applications.

Therefore, finding information about doses received by

human body in the different situations, it is crucial.

Thermoluminescent dosimeters (TLDs) are the best

instruments to measure the dose and are widely used for

radiation detection in the fields of environmental, medical,

industrial and personal applications [1–4]. TLDs can be,

and commonly are, used for the absorbed dose measure-

ments performed with the aim to investigate cases where

dose prediction is difficult and not as part of a routine

verification procedure. Among these cases are, for exam-

ple, new radiotherapies which have been developed for

patient treatment during the past decades (e,g. radioim-

muno- and boron neutron capture therapies) [5–8]. TLDs

have been made from different materials for use in several

applications [9, 10]. The main advantages of TLDs are (1)

wide useful dose range, (2) small physical size, (3) reus-

ability and therefore, (4) economy, (5) no need for high

voltage or cables [11].

Due to the reliance of Monte Carlo codes to do dosimetry

calculations nowadays TLDs have been also entered in this

method [4, 12, 13]. By using Monte Carlo codes and also

anthropomorphic phantoms, for the special applications,

and then to do dosimetry calculations can be estimated the

dose even before persons are placed in specific situations

[14, 15]. The basic point for employing a Monte Carlo code

is their ability to provide the accurate estimations within

tolerable run-time. Some advantages of TLDs in measure-

ment such small size, mostly 3 9 3 9 0.89 mm3, are

problematic in Monte Carlo simulations. Because in this

case, simulations are extremely time-consuming in order to

achieve a reasonable statistical accuracy.

The aim of this study was to find a way to carry out

simple calculations while have adequate accurate by using

TLDs. Calculations are performed for photons in the

energies of 0.08, 0.3, 1 and 10 MeV by Monte Carlo

N-Particle (MCNPX) code. Lithium fluoride (LiF), calcium

fluoride (CaF2) and calcium sulfate (CaSO4) TLDs were

used for calculations. The effect of kerma approximation

on obtained doses by TLDs was investigated. TLDs were

then wrapped and investigated at different covers. Also LiF

TLD was placed on the front- and back surfaces of the

K. Karimi-Shahri � L. Rafat-Motavalli �
H. Miri-Hakimabad (&)

Physics Department, School of Sciences,

Ferdowsi University of Mashhad, 91775-1436 Mashhad, Iran

e-mail: mirihakim@ferdowsi.um.ac.ir

123

J Radioanal Nucl Chem (2013) 298:813–819

DOI 10.1007/s10967-013-2580-1

Downloaded from http://www.elearnica.ir



ICRP reference voxel phantom to consider the kerma

approximation.

Materials and methods

The real volumes of TLDs are very tiny. Therefore, it

seems that if the TLD volume is increased, the statistical

error and consequently the simulation run-time will be

decreased. In other hands, the volume of TLDs should be

tiny so that the radiation field is not changed when TLDs

are placed on the selected sample. Even the large volume

of TLD as an example in personal dosimetry will lead to

that it act as a shield for body. A reasonable idea may be

found to solve this problem. In present study, investigations

using different TLD types and sizes with different MCNPX

code tallies were done. Air as a TLD material was also

utilized because it has the suitable characteristics; however

it is not used in practical applications.

Thermoluminescent dosimeter (TLD)

TLD detectors made from LiF, CaF2 and CaSO4 were

chosen for this study. Several photon energies (0.08, 0.3, 1

and 10 MeV) were selected to cover the typical range of

photon energies in medical applications [16, 17]. TLDs

were surrounded by the different wrapping materials:

polymethyl methacrylate (PMMA: C5O2H8), aluminum

(Al), polyethylene (CH2) and polytetrafluoroethylene

(Teflon: C2F4) in order to establish the kerma approxima-

tion. A suitable thickness of the wrapping was calculated

for each TLD in certain energies. The effect of thickness,

area and volume was investigated on the estimated dose.

All changes were done as a homolog.

Calculation procedure

The MCNPX 2.4.0 transport code [18] was used for all

calculations. The evaluated nuclear data came from the

ENDF/B-VI cross-section library. Four types of MCNPX

tallies can be used to estimate the absorbed dose in TLDs.

The F6 tally which provides a track length estimate of

photon energy deposition in a cell by using kerma

approximation in the units of MeV g-1 was used. The ?F6

tally which gives electron absorbed dose in a cell of same

unit with F6 tally was also employed. The *F8 which

estimates the amount of total deposited energies in the unit

of MeV was also applied. The *F4 tally was used to obtain

a track length estimate of photon energy fluence in the cell

in MeV cm-2 units. Results of this tally should be gathered

with dose factor to calculate the collision kerma (Kc).

Therefore, the acquired energy spectra in the TLD cell

were determined by dE card and mass energy absorption

(MEA) coefficients (lenq
-1) for type of TLDs was identi-

fied by dF card. MEA coefficients came from ICRU [19]. A

comparison between these coefficients for the TLD mate-

rials used is shown in Fig. 1.

To simulate a broad parallel photon beam, a disk with

suitable radius emitting photons in the surface normal

vector direction was defined. The statistical errors for all

calculations in this study were less than 0.5 %. The cal-

culations here reported for one source photon.

In the part of calculations, male ICRP reference voxel

phantom was used. The male phantom is 176 cm in height

and 73 kg in weight and the voxel resolution is 2.137

mm 9 2.137 mm 9 0.8 mm [20]. The phantom includes

the all organs and tissues. Additional information about this

phantom can be found elsewhere [21, 22]. TLDs are posi-

tioned on the chest and back of phantom. Anterior–posterior

(AP) and posterior–anterior (PA) irradiation geometries

were considered.

Results

Figure 2a–d shows that the absorbed dose increases by the

increasing energy. The TLD type also affects the dose

values. As an example, obtained doses by LiF TLD are 7

and 6 times lower than from their corresponding values in

CaF2 and CaSO4 TLDs, respectively at 0.08 MeV. These

discrepancies are greatly decreased so that the estimated

data by LiF TLD are about two times less than obtained

values by CaF2 and CaSO4 TLDs in 0.3–10 MeV.

Figure 2 also presents the effect of TLD thickness on

dose values under assumption of the electron equilibrium

Fig. 1 Comparison of mass energy absorption coefficients for lithium

florid (LiF), calcium florid (CaF2) and calcium sulfate (CaSO4)

plotted against photon energy
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in several selected photon energies; 0.08 MeV (Fig. 2a),

0.3 MeV (Fig. 2b), 1 MeV (Fig. 2c) and 10 MeV (Fig. 2d)

using LiF, CaF2 and CaSO4 TLDs. With increasing thick-

ness of TLD, from 0.5 to 1.4 cm, the photon absorbed dose

decreases about 18 %, 6 % and 13 % for LiF, CaF2 and

CaSO4 TLDs, respectively at 0.08 MeV (Fig. 2a). This

decrease continues and arrives to 7 %, 6 % and 6 %,

respectively in listed TLDs for 0.3 MeV (Fig. 2b). It is

clear from Fig. 2c, d that changing of dose is very slow for

1 and 10 MeV and evaluations of the absorbed dose almost

remain constant at 10 MeV (2.7 %, 1.4 % and 1.96 % for

listed TLDs above). But if the TLD thickness is retained

constant and its area is increased, the absorbed dose starts

to enlarge. This process is absolutely observed at low

energies. The maximum of dose verifications with the area

increasing have been indicated in Table 1 for different

energies.

In order to investigate the effect of different tallies

which able to estimate the dose in the MCNPX code,

results of ?F6, *F8, F6, *F4 tallies were considered.

Figure 3 is a selected graph depicts results for LiF TLD in

0.08 and 1 MeV. In energy of 0.08 MeV, outputs of F6 and

*F4 tallies with kerma approximation are completely

matched with that of ?F6 and *F8 divided by the mass of

each TLD. But by increasing photon energies to 1 MeV,

results with kerma approximation (F6 and *F4 tallies) are

accordance with each other and they are approximately

10 % larger than that of values which have been obtained

without kerma approximation (?F6 and *F8 tallies). These

differences increase with increasing energy. A similar trend

is observed for all TLDs.

Values obtained by considering kerma approximation

will be close to those estimated without kerma approxi-

mation, if the TLD is surrounded by the different wrapping

materials. The role of these TLD walls has been indicated

in Table 2. In this table, thicknesses of the wrapping and its

corresponding volume at which outputs of F6 tally is

consisted with results of ?F6 tally, for several energies

have been listed. As can be seen with energy increment,

required volumes of the wrapping are also increased.

Fig. 2 Absorbed dose per unit fluence in different thicknesses are compared for several energies in the some TLDs
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Another way at which results with and without kerma

approximation are consistent with each other, is to place

the huge volume in front of TLD. Personal dosimetry was

selected for investigation of this subject. One LiF TLD was

placed on the chest and the other TLD on the back of male

ICRP reference voxel phantom. Figure 4a, b show the

response of these TLDs to 25 photon energies ranging

from 0.01 to 10 MeV in AP and PA irradiation geometries,

respectively. Obtained values from the kerma approxima-

tion (F6) and also results without considering the kerma

approximation (?F6) were matched together for the back

and the front TLD in AP and PA irradiation conditions,

respectively. The estimated absorbed dose by ?F6 tally is

decreased when TLDs are directly exposed for photon

energies above 500 keV, such as front TLD in AP irradi-

ation geometry.

We want to find a way at which the dose calculation

may be possible for TLD without restriction on the

wrapping, type and also the position of TLDs. In the pre-

vious suggested way the position of the TLD was limited.

As mentioned before, it seems that replacing air instead

mineral materials of LiF, CaF2 and CaSo4 is the suitable

suggestion to overcome this problem.

Fig. 3 Comparisons are made between the different type of MCNPX

tallies which able to estimate the absorbed dose in LiF TLD for 0.08

and 1 MeV
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2Table 1 The maximum of dose verifications with the area increasing

for different energies

TLD types Energy (MeV)

0.08 0.3 1 10

LiF (%) 17 8 3 \1

CaF2 (%) 21 11 5 \1

CaSO4 (%) 19 9 4 \1
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Figure 5 exhibits the results of *F4 tally for air and LiF

TLDs which have been convoluted with MEA coefficients of

LiF in different volumes of the TLD for 0.08, 0.3, 1 and

10 MeV. The initial volume of TLDs was selected to be

0.004 cm3 then the volume was increased about 8,000 times

rather than the initial volume. It is observable in Fig. 5 that

very good agreement is seen between results of air and LiF

TLDs in very small volume for all energies. But by increasing

volume, the absorbed dose obtained from the LiF TLD is

reduced however the acquired dose using the air TLD remains

constant. The effect of the thickness and the area on absorbed

doses is similar to effect of changing the volume for air TLDs.

Similar results are obtained for other TLDs used in this study.

Discussion

Effects of TLD size and type

The probability of particle interaction is high at low energies,

thus lead to enhancing the probability of particle capture.

However the amount of deposited energy by particles is little

and the probability of particle interaction in 1 and 10 MeV is

lower than that of 0.08 and 0.3 MeV but the amount of

absorbed energies from each interaction is great. For this

reason, by increasing energy the absorbed dose is increased.

Estimated doses by the LiF TLD are less than obtained

evaluations from the CaF2 and CaSO4 TLDs in all energies

due to the difference in MEA coefficients. Figure 1 illus-

trates that LiF MEA coefficients are less in compare with two

other TLDs data in low energies. In 1 MeV, there is a slight

difference between coefficients of listed TLDs. The differ-

ence between estimated doses by TLDs is exactly same order

with differences between MEA coefficients associated with

each TLD. Looking for in detail at MEA coefficients speci-

fies the reason of these discrepancies. For example, in

0.08 MeV which coefficients of CaF2 are greater than CaSO4

data, photon energies are deposited by photoelectric

absorption and Compton scattering. The contribution of

Compton for CaF2 and CaSO4 is same in 0.08 MeV but

photoelectric absorptions for these materials are different

(photoelectric absorptions is 0.09 and 0.07 cm2 g-1 for CaF2

and CaSO4, respectively). Therefore, MEA coefficients for

CaF2 are greater than CaSO4 data.

There is a question as to why doses decrease when the

TLD thickness is increased in 0.08 and 0.3 MeV. At low

energies (0.08 and 0.3 MeV) the probability of interaction

is great thus all of particles are absorbed in a small

Fig. 4 Comparisons are between LiF TLD responses that are placed on the front and back surfaces of male ICRP reference voxel phantom in AP

(a) and PA (b) irradiation geometries

Fig. 5 The estimation of absorbed doses by air and LiF TLDs that the

output of *F4 is convoluted with LiF mass energy absorption

coefficients for two TLDs

J Radioanal Nucl Chem (2013) 298:813–819 817

123



thickness. By enhancing of the TLD thickness, the number

of absorbed particles does not change although, the TLD

volume increases. Therefore, the absorbed dose decreases

in the TLD. At 1 and 10 MeV by thickness increment,

number of absorbed particles also enlarges, so that this

increase is relative with volume increasing of the TLD.

Accordingly, the thickness changing have not influence on

absorbed dose values in these energies.

By increasing the TLD area, number of absorbed par-

ticles also increases at low energies that could be due to

similar effect of buildup. The particle range increases at

high energies thus the increasing area effect could be

ignored for these energies.

Kerma approximation

One of the applications of TLDs is to assess the radiation

dose received by individual. Since the electron equilibrium

exists in the human body, it should be also established in the

TLD to create the same conditions. Obviously, in order to

consider the electron equilibrium, TLDs were surrounded by

the different wrapping materials. Obtained volumes for the

TLD wall from various materials is explainable by mass

energy attenuation coefficients. Whereas, these coefficients

for Teflon are greater than polyethylene, PMMA and Al, the

required volume of Teflon for the electron equilibrium cre-

ation in the TLD is smaller than listed materials. If a huge

volume is placed in front of TLD, the wrapping is not

required to establish the electron equilibrium. This idea is

well supported by Fig. 4a, b. For the back TLD that body is

placed in front of it in AP irradiation geometry and also for

the front TLD in PA, the electron equilibrium exists without

wrapping.

The effect of different tallies

To take into account how calculation of tallies in MCNPX

code, we found that the output of ?F6 and *F8 divided by the

TLD mass estimate electron absorbed doses while F6 and

*F4 tallies assess the kerma. Therefore, it is evident that

results of kerma must be consistent with electron absorbed

dose values for 0.08 MeV because the kerma approximation

is valid for energies lower than 500 keV. But for 1 MeV at

which the kerma approximation is invalid, results of the

electron absorbed dose are less than kerma values.

The unique characteristic of air is the low density (about

1 mg cm-3). Hence the absorption rarely occurs in it

because the probability of photon interactions by Compton

scattering, photoelectric absorption and pair production is

very low. Therefore, air in compare with mineral materials

which is commonly used in the TLD such as LiF, CaF2 and

CaSO4, does not change the incident flux. From Fig. 5 one

can deduce that:

uairjvolume�1 ¼ uTLDjvolume�1;

uairjvolume�1 ¼ uairjdesired volume:

This result is contained the interesting and worthy

information because by placing the huge volume of the air

TLD, the electron equilibrium establishes without using of

the wrapping. Subsequently, simulation run-time decreases

when the huge volume is applied. Therefore, absorbed

doses can be estimated precisely by air TLD which have

been made from the huge volume. Then *F4 and MEA

coefficients of the desired materials in the real TLD must

be applied as the MCNPX output. This result has been

recently used by Kim et al. [23]. It is also interesting to

note that by using *F4 tally the simulation run-time is

about 10 times less than when F6 tally is applied to achieve

a reasonable statistical accuracy.

Conclusion

The results of this study indicate that changing the thick-

ness, area and volume of the TLD affects the estimated

values of the absorbed dose. Also in common conditions,

the TLD should be surrounded by the different wrapping

materials with specified volumes or the bulky volume is

located in front of TLD to establish the kerma approxi-

mation. But other results of the present work revealed that

if the air TLD is used even with the huge volume, and then

photon energy fluence in the TLD is convoluted with MEA

coefficients of the real TLD material can be precisely

estimated values of the absorbed dose at all energies.
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