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Introduction 

During proton therapy (PT) energetic proton beams deliver a highly conformal 
dose to the primary tumour mass; thereby, reducing unwanted radiation exposure 
to the neighbouring healthy tissue. These unique characteristics provide 
significant therapeutic advantages in comparison to the conventional medical 
linac based photon therapy.  
A significant number of secondary fast neutrons and photons are produced by 
the interaction of the protons the beam shaping and modifying devices i.e. nozzle 
as well as from the irradiated volume itself. These results in an unwanted 
increase in radiation exposure of sensitive organs located outside of the treated 
volume, thereby increasing the risk of second cancer, particularly in children, due 
to: (a) shorter distance between organ at risk (OAR) and primary radiation source 
and (b) higher cell differentiation rate of the OAR tissues than adults. 
We report the usage of twin-TLD (TLD-500 and TLD-700) for in-situ estimation of 
the out-of-field neutron/gamma dose equivalents (DE). The TLD pairs were 
placed on selected organ locations of an anthropomorphic phantom (Fig. 1). A 
simulated 125 cm3 skull base tumour was irradiated with protons to 2 Gy (Fig. 2). 
The results of this study could be used to estimate the neutron and gamma DE 
during PT of paediatric cancer patients. 
 

Fig. 1. The anthropomorphic 
phantom with TLD locations. 

Fig. 2. CT image of the phan-
tom showing organ locations 
and simulated tumour volume. 

 



Materials and Methods 
Commonly used TLD-700 (7LiF:Ti,Mg) dosimeters are highly sensitive to 
gamma rays. On the other hand, the high-temperature region (HTP) of the 
TL-glow curve of TLD-700 is also responsive to fast neutrons, however, 
contaminated with gamma background. Hence, a method to eliminate the 
gamma background of the HTP region using primarily gamma sensitive 
TLD-500 (Al2O3:C) dosimeters has been developed1. A polystyrene plate 
phantom  (20 cm × 20 cm × 30 cm) was bombarded with 170 MeV protons 
to produce high-energy neutrons of similar energy distribution like neutrons 
generated during proton treatment of tumours.  
 

Fig. 3. TLD calibration at PT Cyclotron. 

A Wide Energy Neutron Detection Instrument WENDI 2, capable for 
dose equivalent estimation of neutrons from thermal to 5 GeV 
energies2 was used to cross calibrate the TLD chips (Fig. 3). The 
TLD chips were evaluated using a common TLD reader and 
annealed thereafter. The annealed pairs of TLD-500 and TLD-700 
were attached to the location of Left/Right Eye, Thyroid, Left/Right 
Lungs, Stomach and Gonad of the child phantom (Fig. 1). A 
simulated skull-base tumour (125 cm3) was irradiated with a single 
fraction 2 Gy proton dose (Fig.2). The examples of neutron (a) and 
Co-60 gamma (b) irradiated glow curves are depicted (Fig. 4a, b).  
 

Fig. 4. Neutron (a) and Co-60 gamma irra-
diated (b) TL-glow curves of TLD-500 and 
TLD-700 chips. 



Results and Data Analysis 
The chips were evaluated at a heating rate of 5oCs-1 using a common 
TLD reader1. The gamma background correction factor (kG), gamma (fG) 
and neutron (fN) dose equivalent conversion factors are given as: 
 

kG = TLD700AHTP /TLD500AMP  (1) 
 

fG (mSv/nC) = calibHG/TLD500AMP  (2) 
 

fN (mSv/nC) = calibHN/(TLD700AHTP-kG×TLD500AMP)          (3) 
  

 
 Where, TLD700AHTP  and TLD500AMP    are the high-temperature peak of TLD-700 and main peak of TLD-500 

chips respectively. Furthermore, calibHG and calibHN are the calibration gamma and neutron doses delivered to 
TLD-500 and TLD-700 chips respectively. By substituting the numerical values in equations 1, 2 and 3 the 
gamma (fG) and neutron (fN) dose equivalent calibration factors were evaluated to be 1.68 × 10-5 and 1.22 × 
10-4 mSv/nC respectively. 
 
 

The organ at risk (OAR) specific out-of-field gamma (OrganHG/DP) and neutron (OrganHN/DP) dose equivalent 
per delivered proton dose (DP) were calculated as follows: 
 

OrganHG/DP (mSv/Gy) = fG ×TLD500AMP  (4) 
 

OrganHN/DP (mSv/Gy) = fN ×(TLD700AHTP-kG×TLD500AMP)             (5) 
 
 

TL outputs (high-temp (HTP) and main (MP) peak areas) relevant to OAR locations are summarised (Fig.5).   

Fig.5. TL Outputs relevant to OAR 
locations (Fig. 2). 

 



Summary, Conclusions and References 
The ratio of high and main peak areas (AHTP/AMP) of TLD-700 chips irradiated with neutrons 
(Fig. 4a / lower part) is an indicator of average neutron energy3. The peak area ratios of the 
TLD-700 chips (TL700AHTP/TL700AMP) placed on OAR locations (Fig. 5) and on WENDI 2 
neutron monitor (Fig. 3, Fig. 4) are plotted in Fig. 6. The values are consistent within an error 
margin of ± 30% (shaded area).  
 

This justifies the validity of one point neutron dose equivalent calibration factor (fN) based on 
WENDI 2 (Fig. 3) for the dosimetry of all relevant OAR locations (Fig. 2). 
 

The OAR specific neutron (HN/DP) and gamma (HG/DP) dose equivalents per delivered proton 
dose were estimated explicitly (Equations 4, 5) results are depicted in Fig. 7. 
 

The results of this benchmark measurements could be implemented to study the second 
cancer risk of paediatric patients of various ages (body mass/height), genders and indications 
undergoing proton therapy. 
 
    

Fig. 6. The Glowpeak area ratio of 
TLD-700 chips placed on OAR 
locations and WENDI 2 monitor.   

Fig. 7. Explicitly estimated neutron 
and gamma dose equivalents (OAR) 
are shown as a function of distance 
from reference point P (Eye: Fig. 2). 
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