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We evaluated the performance of various detectors for small-field dosimetry with field sizes 
defined by a high-definition (HD) multileaf collimator (MLC) system. For small-field dosimetry, 
diodes referred to as “RAZOR detectors,” MOSFET detectors, and Gafchromic EBT3 films were 
used in this study. For field sizes less than 1×1 cm2, percent depth doses (PDDs) and lateral profiles 
were measured by diodes, MOSFET detectors, and films, and absolute dosimetry measurements 
were conducted with MOSFET detectors. For comparison purposes, the same measurements 
were carried out with a field size of 10×10 cm2. The dose distributions were calculated by the 
treatment planning system Eclipse. A comparison of the measurements with calculations yielded 
the percentage differences. With field sizes less than 1×1 cm2, it was shown that most of the 
percentage difference values were within 5% for 6-MV and 15-MV photon beams with the use of 
diodes. The measured lateral profiles were well matched with those calculated by Eclipse as the 
field sizes increased. Except for the depths of 0.5 cm and 20 cm, there was agreement in terms of 
the absolute dosimetry within 10% when MOSFET detectors were used. There was good 
agreement between the calculations and measurements conducted using diodes and EBT films. 
Both diode detectors and EBT3 films were found to be appropriate options for relative 
measurements of PDDs and for lateral profiles.
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Introduction

Following the advances in radiotherapy techniques, ste-

reotactic radiosurgery (SRS), stereotactic body radiation 

therapy (SBRT), intensity modulated radiation therapy 

(IMRT), and volumetric modulated arc therapy (VMAT) 

are broadly used as techniques with advantages in maxi-

mizing the probability of local control and minimizing the 

incidence of normal tissue complications.1-3) These radio-

therapy techniques use small fields with sizes less than 3×3 

cm2 to generate the optimal fluences that can deliver the 

prescription doses to target, while sparing the surround-

ing normal tissues.4,5) With the developments of the high-

definition (HD) multi-leaf collimator (MLC) system and 

m3 high-resolution micro-MLC system (BrainLAB AG, 

Feldkirchen, Germany), the minimum beamlet sizes less 

than 0.30×0.30 cm2 can be used. Thus, the use of small field 

sizes is becoming increasingly important in radiotherapy 

and there is increased interest in the small-field dosimetry 

of photon beams.6) 

Small-field dosimetry in the subcentimeter range used 

in modern radiotherapy techniques is challenging owing 

to several uncertainties, including steep-dose gradients, 

detector sizes, lack of charged particle equilibrium, and 

the partial occlusion of radiation sources.7) Furthermore, 

the volume averaging effect and perturbation of dosimetric 

detectors are well-known issues for small-field dosimetry 

owing to a) high atomic number materials and b) the finite 
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size of the active volume of the detectors.7) Among several 

detectors, diode and diamond detectors have been rec-

ommended for small-field dosimetry because they have 

small active volumes.8,9) Several studies have conducted 

small-field dosimetry measurements with these detectors. 

Accordingly, it has been demonstrated that the measured 

results from these detectors agreed with calculations using 

Monte Carlo simulations.10,11) Godson et al. have reported 

that unshielded diodes were optimal for the measurement 

of photon beams in small fields, showing that deviations 

between measurements and calculations were less than 

2%.7) In addition to these detectors, a metal oxide semicon-

ductor field effect transistor (MOSFET) detector has been 

extensively used for in vivo dosimetry, as well as for small-

field dosimetry.12) MOSFET detectors have been evaluated 

for use in small fields. Accordingly, it has been demonstrat-

ed that considerable agreements were observed among 

the central axis depth-dose curves obtained with MOSFET 

detectors.12) To perform the 2D measurements in small 

fields, films were found to be an appropriate option with 

high-resolution and low-energy dependence advantages.13) 

A number of studies have assessed the measured profiles 

compared to the calculated profiles, thus eliciting good 

agreements between them.13-15) 

In this study, we evaluated the performance of various 

detectors for small-field dosimetry when field sizes were 

defined by HD MLC systems with the smallest widths 

of 0.25 cm. For field sizes smaller than 1×1 cm2, percent 

depth doses (PDDs) and lateral profiles were measured by 

diodes, MOSFET detectors, and films, while absolute do-

simetry studies were conducted with MOSFET detectors. 

For comparison purposes, the same measurements were 

carried out with field sizes equal to 10×10 cm2.

Materials and Methods

1. Various detectors and calibrations

For small-field dosimetry, diodes, MOSFET detectors, 

and films, were used in this study. The diode, referred to 

as “RAZOR detector” (IBA dosimetry GmbH, Schwarzen-

bruck, Germany), has an active volume of 0.6 mm in diam-

eter and 20 µm in height. It is made of an n-type implant 

in p-type silicon substrate and operates in a photovoltaic 

mode with no bias voltage. When the detector was exposed 

by a radiation, electron-hole pairs were generated in sili-

con. Electrons were spread by the built-in electric field of 

the depleted region, and the electrons generated inside the 

depleted region gave rise to the signal. The diode detectors 

were calibrated by the manufacturing company according 

to its own calibration protocol. 

A mobile MOSFET system (Best Medical Canada, Ot-

tawa, Canada) in conjunction with a set of high-sensitivity 

microMOSFETs (TN-1002RDM) has a sensitive detector 

dimension of 0.1×0.1 cm2, and a layer thickness of 50 µm. 

For small-field dosimetry, the MOSFET detectors were po-

sitioned with their smallest dimension aligned along the 

beam axis. Before measurements, the MOSFET detectors 

were fully characterized and calibrated with the utilization 

of a linear accelerator. 

For 2D measurements, Gafchromic EBT3 films (Ashland 

Inc., Covington, NJ, USA) were used that consisted of water-

equivalent materials. The active layer which was related to 

the absorbed doses was 30 µm, and was inserted between 

matte polyester (thickness of 125 µm) for protection. EBT3 

films were calibrated by means of a film set exposed to vari-

ous doses ranging from 0 Gy to 40 Gy. A calibration curve was 

generated with the use of a dual-channel method which con-

siders red and blue corrections. The films were scanned 24 h 

after irradiation using a flatbed scanner (Epson 10000XL, Ep-

son Canada Ltd, Toronto, Canada) and then separated into 

red, green, and blue (RGB) channels at 150 dpi.

2. Analyses of PDDs and lateral profiles

For measurements, a TrueBeam STxTM linear accelera-

tor (Varian Medical System, Palo Alto, CA, USA) was used 

which comprised a HD MLC system with MLC widths 

equal to 0.25 cm and 0.50 cm. The photon beam energies 

used in this study were 6 MV and 15 MV. The source-to-

surface distance (SSD) was 100 cm. Field sizes were de-

fined with the HD MLC, and were 1×1 cm2, 0.75×0.75 cm2, 

0.50×0.50 cm2, and 0.25×0.25 cm2. For each field size, PDDs 

were acquired at various depths of 0.5 cm, 5 cm, 10 cm, 

and 20 cm, at the depth of maximum dose (Dmax), with the 

use of diodes and MOSFET detectors. For comparison pur-
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poses, a reference field size of 10×10 cm2 was used, and the 

same measurements were then obtained. For the lateral 

profiles, EBT3 films were inserted into solid water phan-

toms (Standard Grade Solid Water, Gammex, Middleton, 

WI, USA) at the depths of 0.5 cm, 5 cm, 10 cm, 20 cm and 

Dmax. The field sizes were 1×1 cm2, 0.75×0.75 cm2, 0.50×0.50 

cm2, and 0.25×0.25 cm2. After 24 h of irradiation, EBT3 films 

were scanned and validated, similar to the film calibration 

protocol. 

To calculate dose distributions, we used the commer-

cial treatment planning system, EclipseTM (Varian Medi-

cal System, Palo Alto, CA, USA). A virtual water phantom 

with a volume of 40×40×40 cm3 was generated in Eclipse. 

The dose distributions were calculated with the use of the 

anisotropic analytic algorithm (AAA, Version 10, Varian 

Medical System, Palo Alto, CA, USA) with a calculation 

grid with a size of 1 mm which was used for small fields. By 

comparing the measured PDDs with the calculated PDDs, 

the percentage difference (%diff) was calculated as follows,

%diff=
Measurement−Calculation

×100 (1)
Calculation

For lateral profiles, the calculated dose distributions 

were exported from Eclipse and then compared with the 

measured dose distributions.

3. Analyses of absolute doses

For absolute dosimetry, the MOSFET detectors were 

positioned above a 10 cm solid water phantom in order to 

provide a considerable backscattered dose, and a 1 cm bo-

lus was placed on the MOSFET detectors to reduce the air-

gap effect. We delivered 100 cGy to Dmax with a field size of 

10×10 cm2 for the 6 MV and 15 MV photon beams. Absolute 

doses were acquired for the MLC-defined field sizes of 1×1 

cm2, 0.75×0.75 cm2, 0.50×0.50 cm2, and 0.25×0.25 cm2, at 

depths of 0.5 cm, 5 cm, 10 cm, 20 cm, and at Dmax. For com-

parison purposes, a reference field size equal to 10×10 cm2 

was used and the same measurements were then obtained. 

Fig. 1. Calculated and measured percent depth doses (PDDs) at various depths equal to 0.5 cm, 5 cm, 10 cm, 20 cm, and at the depth of 
the maximum dose (Dmax) for the 6 MV photon beam, and for the field sizes of 10×10 cm2, 1×1 cm2, 0.75×0.75 cm2, 0.50×0.50 cm2, and 
0.25×0.25 cm2. The value of Dmax for 6 MV is 1.5 cm. TPS stands for the calculated PDDs using the Eclipse, while Diode and MOSFET stand 
for measured PDDs using diode and MOSFET detectors, respectively.
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By comparing the measured doses with the calculated dos-

es, the percentage difference (%diff ) was calculated using 

equation (1).

Results

1. Analyses of PDDs and lateral profiles

Fig. 1 and 2 show calculated and measured PDDs at vari-

ous depths for small fields, and a reference field for the 6 

MV and 15 MV photon beams, respectively. The values of 

percentage differences between the calculated and mea-

sured PDDs for the 6 MV and 15 MV photon beams are 

also shown in Table 1. For a field size of 10×10 cm2, excel-

lent agreements between calculations and measurements 

were observed with the 6 MV photon beam, showing that 

the maximum percentage differences were 1.6% at a depth 

of 10 cm and −4.7% at a depth of 20 cm for diode and MOS-

FET detectors, respectively. Conversely, the maximum per-

centage differences for the 15 MV photon beam were −8.8% 

and −13.0% at a depth of 0.5 cm for the diode and MOSFET 

detectors, respectively. 

As the field sizes became smaller (less than 1×1 cm2), and 

percentage differences between the measurements and 

the calculations increased for both photon energies. With a 

field size of 0.25×0.25 cm2, it was shown that the maximum 

percentage differences for the 6 MV photon beam were 

−9.2% at a depth of 0.5 cm, and −21.6% at a depth of 10 cm 

for diode and MOSFET detectors, respectively. Conversely, 

the maximum percentage differences for the 15 MV pho-

ton beam were −20.6% at a depth of 0.5 cm, and 22.5% at a 

depth of 20 cm for diode and MOSFET detectors, respec-

tively. Overall, the percentage differences between the 

calculated PDDs and diode-measured PDDs were smaller 

than those between the calculated PDDs and MOSFET-

measured PDDs. 

Fig. 3 and 4 show the calculated and measured lateral 

profiles at various depths for small fields and reference 

fields for 6 MV and 15 MV photon beams, respectively. As 

field sizes decreased, the measured lateral profiles were not 

Fig. 2. Calculated and measured percent depth doses (PDDs) at various depths of 0.5 cm, 5 cm, 10 cm, 20 cm, and at the depth of the 
maximum dose (Dmax) for 15 MV photon beams for the field sizes of 10×10 cm2, 1×1 cm2, 0.75×0.75 cm2, 0.50×0.50 cm2, and 0.25×0.25 cm2. 
The value of Dmax for 15 MV is 3 cm. TPS stands for the calculated PDDs using Eclipse while Diode and MOSFET stand for measured PDDs 
using diode and MOSFET detector, respectively.
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Table 1. Percent differences between calculated percent depth doses (PDDs) and measured PDDs for the 6 MV and 15 MV photon beams 
at various depths equal to 0.5 cm, 5 cm, 10 cm, and 20 cm, and at the depth of the maximum dose (Dmax) for the field sizes of 10×10 cm2, 
1×1 cm2, 0.75×0.75 cm2, 0.50×0.50 cm2, and 0.25×0.25 cm2. The Dmax values for the photon beams of 6 MV and 15 MV are respectively equal 
to 1.5 cm and 3 cm.

Depth 
(cm)

Field size

10×10 cm2 1×1 cm2 0.75×0.75 cm2 0.50×0.50 cm2 0.25×0.25 cm2

Diode  
(%)*

MOSFET 
(%)†

Diode  
(%)

MOSFET 
(%)

Diode  
(%)

MOSFET 
(%)

Diode  
(%)

MOSFET 
(%)

Diode  
(%)

MOSFET 
(%)

6 MV 0.5 0.8 −1.4 −4.8 −4.2 −5.1 −2.3 −6.1 2.3 −9.2 −7.8

1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

5 1.4 2.9 −11.9 −12.5 −12.4 −11.8 −0.9 7.5 3.0 −21.6

10 1.6 3.6 0.7 0.8 −0.4 3.9 −3.3 7.2 3.9 −12.6

20 −0.2 −4.7 −0.4 −9.5 −2.2 −4.2 −6.8 −2.5 2.5 −9.7

15 MV 0.5 −8.8 −13.0 −11.7 −12.0 −13.2 −9.9 −16.4 −12.9 −20.6 15.2

3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

5 −5.2 −6.4 0.9 −0.2 1.1 −1.0 0.6 −0.1 2.0 6.0

10 −0.1 −2.9 0.8 1.1 1.1 1.7 −0.6 1.8 4.2 19.4

20 −0.7 −8.5 −0.7 −4.8 1.5 0.0 −1.4 −6.4 5.9 22.5

*Percentage differences between the PDD values measured by the diode detector (RAZOR detector) and those calculated by Eclipse. 
†Percentage differences between the PDD values measured by the MOSFET detector and those calculated by Eclipse.

Fig. 3. Calculated and measured lateral profiles at various depths of 0.5 cm, 5 cm, 10 cm, 20 cm, and at the depth of the maximum dose 
(Dmax) for the 6 MV photon beam for field sizes of 1×1 cm2, 0.75×0.75 cm2, 0.50×0.50 cm2, and 0.25×0.25 cm2. The value of Dmax for 6 MV is 
1.5 cm. The calculated and measured lateral profiles are plotted using solid and dashed lines, respectively.
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Table 2. Values of absolute doses calculated from Eclipse and measured by MOSFET detectors for the photon beams of 6 MV and 15 MV 
at various depths equal to 0.5 cm, 5 cm, 10 cm, and 20 cm, and at the depth of the maximum dose (Dmax) for field sizes equal to 10×10 cm2, 
1×1 cm2, 0.75×0.75 cm2, 0.50×0.50 cm2, and 0.25×0.25 cm2. Percentage differences were calculated using the measured and calculated 
values. The Dmax values for the photon beams of 6 MV and 15 MV are respectively equal to 1.5 cm and 3 cm. 

Depth 
(cm)

Field size 

10×10 cm2 1×1 cm2 0.75×0.75 cm2 0.50×0.50 cm2 0.25×0.25 cm2

Cal.* 
(cGy)

Mea.† 
(cGy)

Diff.‡ 
(%)

Cal. 
(cGy)

Mea. 
(cGy)

Diff. 
(%)

Cal. 
(cGy)

Mea. 
(cGy)

Diff. 
(%)

Cal. 
(cGy)

Mea. 
(cGy)

Diff. 
(%)

Cal. 
(cGy)

Mea. 
(cGy)

Diff. 
(%)

6 MV 0.5 88.6 86.2 −2.7 98.9 94.3 −4.6 92.5 83.3 −9.9 84.7 71.3 −15.7 90.4 111.0 22.8

1.5 100.0 98.7 −1.3 106.7 106.3 −0.4 95.4 88.0 −7.8 82.6 68.0 −17.6 86.4 115.0 33.1

5 85.7 87.0 1.5 97.1 84.7 −12.8 86.5 70.3 −18.7 65.1 57.7 −11.5 68.0 71.0 4.4

10 66.3 67.8 2.3 61.1 61.3 0.4 54.3 52.0 −4.2 46.8 41.3 −11.7 49.0 57.0 16.3

20 38.6 36.3 −6.0 32.6 29.4 −9.8 28.8 25.5 −11.7 24.7 19.8 −19.7 25.8 31.0 20.2

15 MV 0.5 73.5 61.6 −16.2 105.95 93 −12.2 99.1 85.5 −13.7 90.45 76 −16.0 75.3 86.1 14.3

3 99.4 95.8 −3.6 132.35 132 −0.3 111.7 107 −4.2 90.15 87 −3.5 71.1 70.6 −0.7

5 98.9 89.2 −9.8 119.5 119 −0.4 100.7 95.5 −5.2 81.45 78.5 −3.6 64.5 67.9 5.3

10 76.6 71.7 −6.4 93.25 94 0.8 78.55 76.5 −2.6 63.65 62.5 −1.8 50.6 60.0 18.6

20 50.1 44.2 −11.8 57.95 55 −5.1 48.5 46.45 −4.2 90.45 76 −9.6 30.9 37.6 21.7

*Absolute doses calculated by Eclipse. †Absolute doses calculated with the use of MOSFET detectors. ‡Percentage differences between the 
absolute doses measured by the MOSFET detector and those calculated by Eclipse.

Fig. 4. Calculated and measured lateral profiles at various depths of 0.5 cm, 5 cm, 10 cm, 20 cm, and at a depth of maximum dose (Dmax) 
for the 6 MV photon beam for the field sizes of 1×1 cm2, 0.75×0.75 cm2, 0.50×0.50 cm2, and 0.25×0.25 cm2. The value of Dmax for 15 MV is 3 
cm. The calculated and measured lateral profiles are plotted using solid and dashed lines, respectively.
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matched with those calculated by the Eclipse. At the depth 

of 20 cm, measured lateral profiles were underestimated in 

the shoulder of the profiles, compared with the calculated 

profiles. 

2. Analyses of absolute doses

The absolute doses calculated from Eclipse and mea-

sured by MOSFET detectors and the percentage differences 

between them are shown in Table 2. At a depth equal to 

Dmax, there were good agreements between the calculations 

and measurements. The maximum percentage difference 

was 22.8% for the 6 MV photon beam with a field size of 

0.25×0.25 cm2 and a depth of 0.5 cm. As the field sizes de-

creased, the percentage differences increased. 

Discussion

To evaluate the performance of the diodes, MOSFET 

detectors and EBT3 films in small-field dosimetry, PDDs, 

and lateral profiles were measured by these detectors and 

absolute dosimetry was conducted with EBT3 films. Subse-

quently, we compared the calculations and measurements 

at various depths for field sizes of 1×1 cm2, 0.75×0.75 cm2, 

0.50×0.50 cm2, and 0.25×0.25 cm2. Several studies have re-

ported that there was an over-response of the diodes based 

on Monte Carlo simulations16-18) or experimental determi-

nations.15,19) This over-response was mainly caused by the 

silicon chip that consisted of a higher density compared to 

water.9) For this reason, correction factors for various types 

of diodes placed in a similar setup have been calculated 

and applied for various measurements.15,20,21) With the ex-

ception of superficial depths (0.5 cm), most of the values 

measured by diodes were overestimated compared to 

those calculated by Eclipse, as shown in Table 1. For accu-

rate dosimetry in small fields, the correction factors of the 

diodes should be considered. 

At the depths of 0.5 cm and 20 cm, large percentage dif-

ferences between the calculations and measurements of 

PDDs, lateral profiles, and absolute doses, were observed 

for both photon energies. It was demonstrated that large 

uncertainties occurred in the region before the build-up 

owing to a steep dose gradient and variations in the energy 

spectrum in deeper depths that could make the measure-

ments difficult.22,23) However, the overall results elicited by 

diodes were better than those of MOSFET detectors be-

cause MOSFET detectors have high-angular dependencies 

and large active volumes that can often lead to uncertain-

ties in dosimetry.24) 

As shown in Fig. 3 and 4, there is good agreement be-

tween the EBT3-measured and calculated lateral profiles 

in the high-dose region. This finding was consistent with 

the results of several prior studies.22,25) Because an ac-

tive volume of detectors is mainly an important factor for 

small-field measurements, superior spatial resolution for 

films is a favorable characteristic in small-field dosim-

etry.26) However, EBT3 films have a number of uncertainty 

from film position on the scanner, lack of uniformity in the 

scan area and a lack of uniformity of the active layer in the 

EBT3 films. Thus, correction factors should be considered 

in small-field dosimety with the use of films to ensure for 

measurement stability. 

Conclusion

In this study, we assessed the performance of various de-

tectors, such as diodes, MOSFET detectors, and EBT3 films, 

in small-field dosimetry. There were good agreements 

between the calculations and measurements conducted by 

diodes and EBT films. Diode detectors and EBT3 films were 

found to be an appropriate option to the relative measure-

ments of PDDs and lateral profiles, respectively. 
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