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Summary
 Aim To examine the characteristics of MOSFET (Metal – Oxide Semiconductor Field 

Effect Transistor) detectors for the purpose of electron beam dose determina-
tion in in vivo radiotherapy.

 Materials/Methods Indications of MOSFET detectors were recorded from phantom measurements, 
including: dose values of electron beams, the environmental temperature of the 
detectors, the incidence direction of an electron beam on the detector, the size 
of the irradiated fi eld.

  The change in sensitivity of the detectors when under the effects of accumulat-
ed doses was also tested.

  Because of the very small dimensions of the detectors, they were placed in special-
ly designed aluminium capsules - to ensure electron equilibrium (d electrons) dur-
ing the dose measurement. The detector indications were compared to those seen 
in a Markus type ionization chamber with a calibration certifi cate. The measure-
ments were made for electron beams with energies of 6, 9, 12, 15, 18 and 21 MeV.

 Results The following were established experimentally: There is a linear relationship be-
tween detector indications and the dose value. A drop in detector sensitivity is as-
sociated with increased environmental temperature (as much as 6% as temper-
atures rise from 22°C to 42°C). There is a non-linear drop in detector sensitivity 
with accumulated dose. Detector indications are not affected by changes in in-
cident beam angles within the range of –70° to +70°. The dependency of detec-
tor indications on the size of the irradiated fi eld conform with those recorded 
in the ionization chamber, with variations of up to 1.5%. The dependencies and 
correction coeffi cients determined in this study allow measurement of electron 
beam doses with an accuracy of 2.2%.

 Conclusions MOSFET detectors are a useful tool for verifi cation of the entrance doses in elec-
tron beam radiotherapy.
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BACKGROUND

The agreement between planned dosage and 
those actually applied to patients is a signifi cant 
element of effective radiotherapy [1–3]. Methods 
for the direct measurement of photon radiation 
doses, in cases of patients treated with radiother-
apy (dosimetry in vivo – DIV), are very well de-
veloped and are applied in daily clinical practice 
[4–11]. Many radiotherapy centres make in vivo 
measurements as a routine procedure. However, 
the literature on dosimetry in vivo for electron 
beams is scant [12,13]. This has inclined us to use 
MOSFET type detectors as a tool for in vivo verifi -
cation of therapeutic doses for electron beams.

AIM

The purpose of this report is to present the ex-
amined characteristics of MOSFET detectors, i.e. 
to investigate the relationships between their in-
dications (responses) and the parameters associ-
ated with measurements of electron beam dos-
es – so as to enable determination of the in vivo 
dose during radiotherapy.

The report is a continuation of the paper on the 
application of MOSFET detectors in the verifi ca-
tion of in vivo doses of X radiation produced in 
linear accelerators.

MATERIALS AND METHODS

A set of miniature MOSFET detectors, present-
ed in a previous paper [6], was used. The active 
volume of the detector is less than 1 mm3. The 
detector is mounted on a thin, semi-transparent 
strip of polyamide, under a layer of black epoxy 
resin 1 mm thick, providing a partial “build-up” 
effect during the measurement [14,15]. Hence, 
indications from a detector, placed on a phan-
tom surface, should be dependent on the orien-
tation of the detector’s fl at surface relative to the 
incident radiation beam.

In order to apply MOSFET type detectors to the 
dose measurement for electron beam radiother-
apy, we examined the relationships between de-
tector indications and: the specifi ed value of the 
electron beam dose, the detector’s environmental 
temperature, the incident direction of the elec-
tron beam incidence to the detector, the irradiat-
ed fi eld dimension – when detectors were placed 
in the middle of the fi eld.

Considering very small dimensions of detectors, 
to ensure electron equilibrium (of d electrons 
[16]) during the dose measurement, the same 
aluminium caps were applied as those designed 
for photons [6]. Detectors were directed with the 
fl at side towards the electron beam direction. The 
detectors irradiation was carried out for detec-
tors alone as well as for detectors provided with 
the aluminium cap.

An essential element of the entrance dose meas-
urement is the direction at which the radiation 
beam comes to the detector since it is not al-
ways possible to place the detector on the pa-
tient’s body in such a position that it is located 
on the central axis of the radiation beam and 
the angle between the axis and the detector ba-
sis is j=90o, which would correspond to calibra-
tion conditions.

The dependencies of the detectors indications 
on the provided dose value and the direction of 
incidence of the electron beam in relation to the 
detector were examined through placing detec-
tors in the accelerator iso-centre (distance from 
the source 100 cm) in free air. The irradiation 
fi eld at that distance was 10 cm × 10 cm.

To examine the dependencies of detectors indi-
cations on the irradiated fi eld size, the detectors 
were placed on the surface of the PMMA phan-
tom (SSD=100 cm). The indication dependen-
cies were examined for detectors both with and 
without aluminium caps – while changing the 
square irradiation fi elds as regards the side length 
of 4 cm to 20 cm. The fi elds were formed with 
the use of the DEVA (Digital Electron Variable 
Applicator) type applicator.

A slightly different method of measurements was 
adopted for examining the dependencies of de-
tectors indications on the detectors environment 
temperature. To this purpose, the detectors were 
placed in the water, on the axis of the beam, at 
the depth of the maximum dose, in the irradia-
tion fi eld of 10 cm × 10 cm at the SSD distance 
=100 cm. The temperature was changed in the 
range of 22°C – 42°C ±0.5°C.

Similarly to the photon beams, the dependence of 
sensitivity on a cumulated dose was examined, since 
this parameter can be a signifi cant element during 
subsequent in vivo measurements made with the 
use of the same detectors. To examine this phe-
nomenon also with photons, the detectors were 
irradiated with an electron beam with energy of 
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12 MeV as well as with an X-ray beam of 15 MV. At 
the same time, changes in the detectors sensitivity 
were controlled. Detectors were placed in water, at 
the depth of the maximum dose where previously 
the dose-rate value had been determined with the 
use of the Markus type and the Farmer 0.6 cm3 ion-
ization chamber – according to the radiation ap-
plied. Detectors indications were read each time 
after irradiating them with a subsequent dose of 2 
Gy, till the total dose of 180 Gy was achieved.

Application of MOSFET detectors in the in vivo 
dose measurement in radiotherapy requires a pre-
vious calibration of the detectors. In the routine 
radiotherapy, the entrance dose, i.e. at the depth 

of the maximum dose, must be compared with 
the planned one, by means of electron beams. 
To this purpose, detectors calibration is carried 
out through determination of entrance dose ra-
tio FEntr as a quotient of the dose measured by 
the ionization chamber and the detector indica-
tion, with the chamber placed at the depth of the 
maximum dose, depending on the type of elec-
trons energy, the SSD distance =100 cm from the 
source and the square fi eld side 10 cm, whereas 
the MOSFET detector together with the alumin-
ium cap is placed on the PMMA phantom.

It can be illustrated with the following formula:

FEntr =  
DC

              
WM  

,

where: DC – dose determined by the chamber, 
WM – indications of the MOSFET detector.

The in vivo verifi cation consists of comparing the 
entrance dose as determined with the use of the 
Treatment Planning System (TPS) and measured 
with a calibrated MOSFET detector.

RESULTS AND DISCUSSION

Dependence of the response of MOSFET 
detectors on the cumulated dose value

The measurements results for the dependence of 
the detectors sensitivity on the cumulated dose, 
for electron beams with energy of 12 MeV and, 
for comparison, for 15 MV photons, are present-
ed in the form of diagrams on Figure 1. On ana-
lysing the results obtained, a continuous, non-lin-
ear drop in detectors sensitivity in the examined 
range of the summary dose was found. Above the 
cumulated dose of 40 Gy, a signifi cant decrease in 
the detectors sensitivity can be observed – higher  
in case of electrons than photons.

In the course of routine measurements of an in 
vivo dose, an adjustment for the change in the 
detector sensitivity must be introduced – as sug-
gested by the diagrams on Figure 1.

Dependence of detectors indications on 
temperature

The results of measurements of detectors indica-
tions on the environment temperature for elec-
tron beams with energy of 9 MeV and 15 MeV are 
presented in the form of a diagram on Figure 2.
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Figure 1. Dependence of MOSFET detector responses on the 
cumulated dose value for the electron beam with the energy 
of 12 MeV and X-ray radiation of 15 MV. The values read on the 
ordinate axis can be applied as an adjustment coeffi  cient taking 
into consideration the dose cumulated by the detector.

Figure 2. Dependence of MOSFET detectors indications on the 
environment temperature for electron energies 9 MeV and 15 
MeV. In the range of temperatures limited with vertical lines (the 
scope of body temperatures on the surface), correction coeffi  cient 
FT amounts to 0.97±0.003.
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In the examined range of temperatures (22°C 
– 42°C), a drop of sensitivity was observed 
amounting to 6% at the borders of the range 
considered. For the temperature of 30°C being  
an equivalent of the patient’s skin temperature 
[6], a decrease in detectors sensitivity was noted 
for both electron energies, amounting to 3% in 
relation to their calibration temperature.

Consequently, taking into consideration the range 
of temperatures where detectors calibration is 
carried out (22°C – 24°C) as well as the patient’s 
skin temperature (28°C – 32°C) [6], it is reason-
able to introduce a correction coeffi cient for de-
tectors of 0.97 on the average.

Dependence of detectors indications on the 
delivered dose

The results of research on linearity of detec-
tors indications on the delivered dose value as 
carried out for energies 6, 9, 12, 15, 18 and 21 
MeV are presented in the form of diagrams on 
Figure 3A,B. In the examined geometry layout, 
the dose-rate in the water phantom, at the depth 
of the maximum dose amounted to 0.97 cGy/JM 
on the average.

The measurement results presented in the di-
agrams – including the regression line and the 
correlation coeffi cient – lead to the conclusion 
that there is a linear relation between the detec-
tors indications and the dose absorbed in the ex-
amined range of 10 to 1000 monitor units (MU) 
considering the fact that the dose in the detec-
tor location site is directly proportional to the 
monitor units number. The repeatability of de-
tectors indications of the examined electron 

beams in the range of 10 to 1000 MU did not 
exceed 0.2%.

Dependence of MOSFET detectors indications 
on the direction of the beam incident

It follows from the measurements results pre-
sented in Figure 4. that the impact of the direc-
tion of the beam incidence on the tested detec-
tors indications in the examined range of angles 
of –70° to +70°, in relation to the perpendicular 
incidence of the beam axis to a fl at detector sur-
face does not exceed 1%. It seldom happens in 
the clinical practice that the surface is positioned 
at an angle higher than 60°. Therefore, it is not 
necessary to adjust detectors indications during 
measurements of in vivo doses due in to a skew 
detector irradiation.
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Figure 3B. Dependence of MOSFET detectors indications (relative 
units) with aluminium caps on the applied monitor units number. 
The detectors were placed in the free air, in the izocentre.

Figure 3A. Dependence of MOSFET detectors indications (relative 
units) without aluminium caps on the applied monitor units number. 
The detectors were placed in the free air, in the izocentre.
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Figure 4. Dependence of MOSFET detectors indicators on the 
beam incidence direction for the following electron energies 6 
MeV and 21 MeV.
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Dependence of MOSFET detectors responses 
on the size of the irradiation fi eld

The results of dependence of MOSFET detectors 
responses on the irradiation fi eld is presented on 
Figure 5A,B, as a dependence of the quotient the 
Markus type ionization chamber as placed in water 
at the depth of the maximum dose and the MOSFET 
detector as placed on the phantom surface. The in-
dications quotient was normalized for the fi eld of 
10 cm × 10 cm. On the basis of the result presented 
(Figure 5B), a conclusion can be drawn that the de-
pendence of indications of MOSFET detectors (as 
provided with aluminium caps) on the fi eld size in 
the range of 5 cm × 5 cm to 20 cm × 20 cm is identi-
cal, with the accuracy of 1.5%, to the one indicated 
by the Markus type ionization chamber. For smaller 
fi elds and for electron energy of 6 MeV and 9 MeV, a 
correction coeffi cient should be introduced: for the 
fi eld of 4 cm × 4 cm amounting to 1.05 for energy 
of 6 MeV and 1.03 for energy of 9 MeV. Moreover, 
for the fi eld of 5 cm × 5 cm and energy of 6 MeV – 
the correction coeffi cient is 1.03. When this depend-
ence is compared with the similar one for detectors 
without aluminium caps (Figure 5A), it is evident 
that for the fi eld of 4 cm × 4 cm, the discrepancies 
are larger in relation to the ionization chamber.

The decrease in detectors indications as compared 
with the Markus chamber for small fi elds can be 
caused by the insuffi cient thickness of the aluminium  

cap for low energies of electrons, since it can be ob-
served that for low electron energies (e.g. 6 MeV), 
the drop in a dose on the phantom surface is high-
er and reaches 75% of the maximum dose, especial-
ly in case of small fi elds. For larger fi elds, the dose 
on the surface grows. Considering the fact that the 
ionization chamber was placed on the depth of the 
maximum dose, the MOSFET detector, as placed 
on the phantom surface, might have had a too thin 
aluminium cap. The effect is particularly visible in 
case of detectors without aluminium caps.

Results of entrance dose measurements

The experimentally set out values of coeffi cients of 
entrance dose FEntr for the applied electron ener-
gies are presented in Table 1. The values of Table 
1. refer to the mean of four detectors. They should 
be determined separately for each detector.

The detectors calibration error was 1.2% (1SD). 
The percentage difference (%D) of those dose 
was calculated by the following formula:

%D = 100% ·
 DM – DTPS

                               
DM            

,

where:  DTPS – dose determined on the basis of 
the treatment planning system, DM – dose indi-
cated by the detector.

Figure 5A. Dependence of the quotation of the ionization chamber 
indications as placed at the depth of gmax in water and the MOSFET 
detector without an aluminium cap on the irradiation fi eld size. The 
quotation was normalized to the fi eld of 10 cm × 10 cm.
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Figure 5B. Dependence of the quotation of the ionization chamber 
indications as placed at the depth of gmax in water and the MOSFET 
detector with an aluminium cap on the irradiation fi eld size. The 
quotation was normalized to the fi eld of 10 cm × 10 cm.

Electron energies [MeV]

6 9 12 15 18 21

FEntr 1.16±0.001 1.13±0.002 1.08±0.009 1.08±0.007 1.08±0.003 1.08±0.005

Table 1. Entrance dose FEntr coeffi  cients for applied electron energies.
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The value of 5% is adopted as the admissible de-
viation of the measured dose form the planned 
one.

Doses were verifi ed for 105 measurements con-
cerning 85 patients. The conformity of the 
planned dose and the measured one in the as-
sumed range of 5% was observed in all patients 
subjected to in vivo measurements.

The largest percentage deviation of a verifi ed dose 
amounted to 4.1% for a 9 MeV electron beam, 
for electron beams energies of 6 MeV and 12 
MeV, it was respectively 4.0% and 3.6%. The re-
sults of verifi ed doses are presented in the form 
of histogram on Figure 6.

CONCLUSIONS

The use of MOSFET type detectors in everyday  
electron dosimetry represents a number of ben-
efi ts: easy calibration process, easy measure-
ment and immediate readout. Measurements 
of parameters of detectors examined as the re-
sults obtained of the in vivo measurements lead 
to conclusion that MOSFET detectors are a good 
tool for verifying therapeutic doses also for elec-
tron beams.
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