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Abstract
High-energy electron beams generated by linear accelerators, typically in the
range 6 to 20 MeV, are used in small field sizes for radiotherapy of localized
superficial tumors. Unshielded silicon diodes (Si-D) are commonly considered
suitable detectors for relative dose measurements in small electron fields due to
their high spatial resolution. Recently, a novel synthetic single crystal diamond
diode (SCDD) showed suitable properties for standard electron beams and
small photon beams dosimetry. The aim of the present study is twofold: to
characterize 6 to 15 MeV small electron beams shaped by using commercial
tubular applicators with 2, 3, 4 and 5 cm diameter and to assess the dosimetric
performance under such irradiation conditions of the novel SCDD dosimeter
by comparison with commercially available dosimeters, namely a Si-D and
a plane–parallel ionization chamber. Percentage depth dose curves, beam
profiles and output factors (OFs) were measured. A good agreement among
the dosimeters was observed in all of the performed measurements. As for the
tubular applicators, two main effects were evidenced: (i) OFs larger than unity
were measured for a number of field sizes and energies, with values up to about
1.3, that is an output 30% greater than that obtained at the 10 × 10 cm2 reference
field; (ii) for each diameter of the tubular applicator a noticeable increase of the
OF values was observed with increasing beam energy, up to about 100% in the
case of the smaller applicator. This OF behavior is remarkably different from
what typically observed for small blocked fields having the same size and energy
as those used in this study. OFs for tubular applicators depend considerably on
the field size, so interpolation is unadvisable to predict the linear accelerator
output for such applicators whereas reliable high-resolution detectors, as the
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silicon and diamond diodes used in this work allow OF measurements with
uncertainties of about 1%.

(Some figures may appear in colour only in the online journal)

1. Introduction

In clinical practice, high-energy electron beams generated by linear accelerators (linac)
typically in the range 6 to 20 MeV are primarily used for the treatment of superficial cancerous
lesions (Vaeth and Meyer 1991, Tapley 1976, Hogstrom and Almond 2006). They are typically
shaped to the target region by means of fixed-field-size standard applicators, fastened to the
head of the accelerator. In the case of small superficial tumor treatments, tubular small size
electron applicators fastened to the linac head can be used. However, a systematic study of
small electron beams shaped by such long tubular applicators from 2 to 5 cm diameter, has
not been performed so far.

Plane–parallel ionization chambers are the typical reference dosimeters for high-energy
electron beams (IAEA 2000, Thwaites et al 2003, AAPM 1991, 2009), but they are not capable
of a sufficiently high lateral spatial resolution due to their large collecting electrode. This is not
the case for silicon diodes (Si-D), characterized by small sensitive volume, high sensitivity and
high spatial resolution. For these reasons Si-D are well assessed in clinical relative electron
dosimetry (Griessbach et al 2005, Evelin et al 1999, Rikner 1985). However, it is worth noting
that a dependence of their response on beam energy, dose rate and radiation incidence angle has
been reported in literature for some types of Si-D (Grusell and Rikner 1993, Björk et al 2000,
Saini and Zhu 2004). Such a dependence can lead to incorrect dose evaluations in depth–dose
and beam profiles measurements if appropriate correction factors are not applied (Song et al
2006).

The synthetic single crystal diamond diode (SCDD) developed in the laboratories of
the University of Rome ‘Tor Vergata’, may be an appropriate detector for measurements in
high-energy small-field electron beams (Almaviva et al 2010). The suitability of this small-
volume detector for dosimetry in standard clinical beams was already investigated, showing
very good dosimetric properties in comparison with reference detectors (Almaviva et al 2008,
Di Venanzio et al 2013). In addition, such SCDDs were characterized in small photon beams
(down to 1 × 1 cm2), whose dosimetry is challenging (Ciancaglioni et al 2012, Pimpinella
et al 2012a, 2012b). The obtained results showed that, due to its high spatial resolution, SCDD
is an adequate candidate for dosimetry of small photon fields as well.

The aim of this work is the dosimetric characterization of clinical electron beams from 6
to 15 MeV, generated by a linear accelerator, in small field size from 2 to 5 cm diameter, shaped
by means of commercial tubular applicators. Such a characterization was accomplished by
means of an unshielded commercial silicon diode and a novel synthetic SCDD dosimeter and
the measurement results of the two detectors were compared each other.

2. Materials and methods

2.1. Linear accelerator and tubular applicators

High-energy electron beams were generated by an Elekta Precise linear accelerator (Elekta
Crawley, UK) at ‘Tor Vergata’ General Hospital in Rome. Dose measurements were carried out
for 6, 8, 10, 12 and 15 MeV electron beams by using both the reference 10 × 10 cm2 field and
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(a) (b)

Figure 1. Tubular applicator to be fastened to the accelerator (a) and end tubes with diameter
ranging from 2 to 5 cm (b).

small-size circular fields. The former was obtained by using the standard 10 × 10 cm2 square
applicator fastened to the head of the accelerator. Small-size circular fields were instead
obtained by a fixed x-ray collimator (i.e. upper jaws) setting, a main tubular electron applicator
fastened to the head of the accelerator and a set of add-on field defining end tubes with diameter
of 2, 3, 4 and 5 cm, inserted at the end of the main tubular applicator (Elekta Crawley, UK).
The main applicator has an internal diameter of about 66 mm and is 337 mm long with no end
tube inserted, reaching an overall length of 438 mm with the end tube in position. Both the
main applicator and end tubes are made of stainless steel. In figure 1 the main tubular electron
applicator (a) and the set of end tubes (b) are displayed.

2.2. Detectors

Measurements were performed by a synthetic SCDD and two types of commercial dosimeters:
an unshielded p-type silicon detector (PTW Diode E type 60017, PTW Freiburg) and a plane–
parallel ionization chamber (PPC05, Scanditronix Wellhöfer, Germany).

The SCDD is based on a diamond Shottky diode, fabricated at Rome ‘Tor Vergata’
University laboratories and embedded in the same waterproof housing developed by PTW-
Freiburg for the unshielded silicon diode detector 60017 (figure 2). The diamond plate consists
of a multi-layered highly conductive p-type-diamond/intrinsic-diamond structure fabricated
by a two-step microwave plasma enhanced chemical vapor deposition (CVD) process on
a commercial 3.0 × 3.0 × 0.3 mm3 high-pressure, high-temperature (HPHT) Ib single-
crystal diamond substrate (Di Venanzio et al 2013). The detector sensitive volume is of about
3.8 × 10−3 mm3. A thorough study of the physical properties and detection mechanism of such
a device is reported elsewhere (Almaviva et al 2010). In all of the measurements reported in the
present paper the SCDD was operated in photovoltaic mode, i.e. with no external bias voltage
applied. The reference measurement point was assumed at the center of the top surface of the
intrinsic diamond layer, 1.3 mm below the detector tip. The diamond detector was positioned
with its main axis parallel to the beam central axis (vertical orientation) to minimize possible
stem effects.

The PTW diode E (Si-D) is a solid state detector and it is considered a suitable dosimeter
for dose measurements in small electron fields due to its small size, allowing accurate beam
profile and percentage depth dose (PDD) measurements. Its disk-shaped sensitive volume is



8124 P Bagalà et al

(a)

(b)

Figure 2. (a) Photo of the SCDD as embedded in the same waterproof housing used by PTW-
Freiburg for the unshielded silicon diode detector type 60017. (b) Schematic of the PTW 60017
detector.

0.03 mm3 and the reference point is located on its main axis, 0.77 mm below the detector
tip, which corresponds to an equivalent depth in water of 0.13 g cm−2. The silicon detector
was used in vertical orientation with no bias voltage applied according to the manufacturer’s
recommendations.

Both SCDD and Si-D detectors were used for beam profile, depth dose and output factor
(OF) measurements in the small circular beams.

The PPC05 is a well guarded plane–parallel ionization chamber for electron dosimetry.
It has a 0.05 cm3 nominal volume, 0.6 mm air cavity height, a 9.9 mm diameter collecting
electrode and a 3.4 mm guard ring. The reference point of the chamber was assumed at the
center of the inside surface of the entrance window (i.e. 1 mm below the upper surface).
During measurements in water phantom the water equivalent thickness of the chamber front
wall (0.18 g cm−2) was taken into account in establishing the measurement depth in water.
According to the manufacturer’s recommendations a polarizing voltage of +300 V was applied.
Plane–parallel air filled ionization chambers, are recommended by dosimetry protocols for
high-energy electron beam dosimetry, provided that the field is uniform over the ionization
chamber collecting area. In small fields, when performing dosimetric measurements with
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chambers which are large in relation to the field size, volume averaging by the detector has a
large influence on the measurement, leading to an underestimation of the measured dose. In
the present work, the PPC05 plane–parallel chamber was used as reference dosimeter for OF
determination and central-axis depth dose measurements in the 5 cm diameter circular field
and in the 10 × 10 cm2 standard field, respectively.

2.3. Dosimetric measurements

Measurements were performed in a PTW MP3 motorized water phantom at a SSD of 100 cm.
The detectors were connected to a PTW TANDEM electrometer and the PTW Mephysto R©

MC2 software was used both for data acquisition and analysis of beam profiles and depth dose
distributions. A PTW Unidos E Universal Dosimeter was used for OF measurements.

PDD curves were measured along the beam central axis both with the SCDD and the
Si-D, for 6, 8, 10, 12 and 15 MeV electron beams in 2, 3, 4 and 5 cm diameter circular field
sizes and in the reference field of 10 × 10 cm2. In the case of the 10 × 10 cm2 square field,
PDDs were also measured by the PPC05 plane–parallel ionization chamber. The alignment
of each detector with respect to the central axis was carefully verified by performing both
in-plane (i.e. in the gun–target direction) and cross-plane (i.e. perpendicular to the gun–target
direction) profile measurements for all the investigated field sizes.

Moreover, since the water-to-carbon and water-to-silicon mass collision stopping power
ratios are nearly constant in the range 1–20 MeV, no correction was applied to the PDD
curves neither for the SCDD nor for the Si-D (IAEA 2000). Depth ionization curves measured
with PPC05 were converted to depth dose curves according to the IAEA TRS-398 protocol
(IAEA 2000). The variation of ion recombination and polarity effects with depth was also
considered. The main parameters obtained from the PDD curves were R100 and R50, i.e. the
depths in water of the corresponding maximum value of absorbed dose and of the half of its
maximum value, the practical range, Rp, the percentage surface dose, Ds, and the PDD due to
bremsstrahlung, Dx.

In-plane and cross-plane beam profiles were measured by SCDD and Si-D for each
circular field for 6, 8, 10, 12 and 15 MeV electron beams. Each profile was acquired at the
depth of maximum dose, R100, as derived from PDD measurements in the same irradiation
condition. The profiles measured by the two different detectors were compared in terms of
80%–20% penumbra and field size measured at 50% of the central axis dose value.

OFs were measured by SCDD and Si-D, in 6, 8, 10, 12 and 15 MeV electron beams for
all circular fields (2, 3, 4 and 5 cm diameter). Only in the case of the 5 cm diameter field
size, the PPC05 ionization chamber was also used. The detectors were placed at the depth
R100 previously determined for each field size. OFs were obtained as the ratio of the dose at
R100 for the field of interest to the dose at R100 for 10 × 10 cm2 reference field, for the same
number of monitor units. For the PPC05 chamber measurements, the variation of water-to-air
stopping-power ratio with depth was accounted for in the OF determination (IAEA 2000,
Thwaites et al 2003).

3. Results

3.1. Percentage depth dose curves

Figure 3 shows the PDD curves measured in the reference 10 × 10 cm2 field using all the
dosimeters (Si-D, SCDD and PPC05). The difference in % between PDDs measured by the
diode dosimeters and the ionization chamber are also shown in figure 3. An agreement within
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Figure 3. PDD curves measured by Si-D, SCDD diodes and PPC05 plane–parallel ionization
chamber for 6, 8, 10, 12 and 15 MeV electron beams with 10 × 10 cm2 field size. Difference plots
in % between the diodes and PPC05 ionization chamber are also shown.

± 1.5% is observed among the detector response for all the beam energies, over the whole
PDD curve with the exception of the region in close proximity to the water surface where the
detectors are partially in air. In figure 4 the PDD curves measured by Si-D and SCDD in 2 cm
(figure 4(a)) and 5 cm (figure 4(b)) diameter fields are reported for all energies, together with
the respective percentage differences between PDDs measured by the two dosimeters.

PDD curves measured by SCDD and Si-D are reported as a function of field size for 6 and
15 MeV beams in figures 5(a) and (b) respectively. The most relevant dosimetric parameters
extracted from PDD curves are summarized in table 1, showing very similar results by Si-D
and SCDD dosimeters.

3.2. Beam profiles

Figures 6(a) and (b) show the 6 and 15 MeV in-plane normalized profiles measured by Si-D
and SCDD at the R100 depth derived for each detector from the PDDs acquired in the same
irradiation conditions (R100 value in table 1). In both cases, profiles were measured for all the
available end tubes. The field size and the 80%–20% penumbra value obtained by averaging
the left and right hand side values are reported in table 2 for all the profiles of figure 6.
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Figure 4. PDD curves for all energies, 2 and 5 cm diameter field sizes for Si-D and SCDD detectors
(a and b) and their respective difference plots.
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Figure 5. PDD curves measured by the Si-D and the SCDD in all field size diameters investigated
for 6 MeV (a) and 15 MeV (b) electron beams. The curves for the 10 × 10 cm2 field size are also
shown.

3.3. Output factors

The OF values obtained using all the dosimeters (Si-D, SCDD and PPC05) for all the
investigated tubular applicators and beam energies are reported in table 3. The OF values
obtained by Si-D and SCDD are also shown in figure 7, where OF variation with energy and
field size is clearly visible.

The reproducibility of the OF values, obtained in different measurement sessions, resulted
0.5% (1 SD) for the Si-D and SCDD dosimeters and 0.2% (1 SD) for the ionization chamber.
The uncertainty of the OF values obtained by the ionization chamber was estimated 0.5%
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Figure 6. In-plane normalized profiles measured by Si-D and SCDD for 6 MeV (a) and 15 MeV
(b) electron beams for all the field size diameters.

Table 1. PDD-extracted parameters for the depth dose curves reported in figure 5 for the different
field diameters and the 10 × 10 cm2 reference field size.

6 MeV

Field size (cm) 2 3 4 5 10 × 10

Si-D SCDD Si-D SCDD Si-D SCDD Si-D SCDD Si-D SCDD

R100 (mm) 11.0 9.0 13.0 13.0 13.0 13.0 13.0 14.0 13.0 13.3
R50 (mm) 22.8 22.7 23.4 23.6 23.8 23.8 23.7 23.8 23.7 23.5
Rp (mm) 29.6 29.7 29.5 29.7 29.6 29.9 29.5 29.8 29.5 29.6
Ds (%) 90.7 91.5 81.2 82.5 78.8 78.3 77.2 77.3 77.9 77.8
Dx (%) 1.1 1.1 0.8 0.8 0.8 0.7 0.7 0.7 0.9 0.9

15 MeV

Field size (cm) 2 3 4 5 10 × 10

SCDD Si-D SCDD Si-D SCDD SCDD Si-D SCDD Si-D SCDD
R100 (mm) 10.0 10.1 15.9 16.0 21.4 20.0 24.3 24.2 27.8 27.2
R50 (mm) 41.1 41.3 50.0 50.3 55.3 55.4 57.8 58.0 60.0 59.8
Rp (mm) 61.6 61.8 70.1 70.5 72.6 72.8 73.0 73.1 73.0 72.0
Ds (%) 95.5 95.4 92.5 92.5 90.6 90.4 89.2 89.1 90.6 90.1
Dx (%) 2.9 2.9 2.6 2.6 2.7 2.6 2.7 2.6 4.1 3.9

Table 2. Beam profile parameters from figure 6.

6 MeV

End tube diameter (cm) 2 3 4 5

Si-D SCDD Si-D SCDD Si-D SCDD Si-D SCDD

Field size (cm) 2.3 2.3 3.2 3.3 4.2 4.3 5.3 5.3
Penumbra (mm) 8.0 7.6 10.0 10.1 10.7 10.9 11.6 12.0

15 MeV

End tube diameter (cm) 2 3 4 5

Si-D SCDD Si-D SCDD Si-D SCDD Si-D SCDD

Field size (cm) 2.1 2.1 3.2 3.2 4.2 4.2 5.3 5.3
Penumbra (mm) 4.8 4.9 6.0 6.1∗ 8.3 7.2 8.8 8.9
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Table 3. OF values for all the tubular applicators normalized to the 10 × 10 cm2 reference field,
measured with Si-D and SCDD for all energies. In the case of 5 cm applicator, OFs obtained by
PPC05 are also reported.

Beam energy

Beam diameter Dosimeter type 6 MeV 8 MeV 10 MeV 12 MeV 15 MeV

5 cm PPC05 0.866 1.018 1.123 1.231 1.290
Si-D 0.869 1.025 1.130 1.235 1.288
SCDD 0.873 1.020 1.132 1.235 1.291

4 cm Si-D 0.844 0.997 1.096 1.204 1.268
SCDD 0.851 0.989 1.095 1.202 1.268

3 cm Si-D 0.728 0.867 0.966 1.083 1.164
SCDD 0.732 0.864 0.966 1.084 1.165

2 cm Si-D 0.488 0.633 0.742 0.876 0.966
SCDD 0.492 0.629 0.743 0.877 0.966

(1 SD) including the uncertainty component associated to the ratio of sw,air values at different
measurement depths (IAEA 2000, Rogers 2004).

4. Discussion

A preliminary comparison among the solid state dosimeters and the plane parallel PPC05
ionization chamber was initially performed in order to validate the dosimetric properties of
Si-D and SCDD diodes. PDDs curves in the standard 10 × 10 cm2 field and OFs in the 5 cm
diameter circular beam were measured in the energy range from 6 to 15 MeV. As shown in
figure 3, by excluding the region in close proximity to the water surface where the detectors are
partially in air, an agreement within ± 1.5% was found among all the detector responses. OFs
measured by the solid state detectors agree with those measured with the PPC05 ionization
chamber within 0.8% (see table 3). On the basis of these results, the response of both the Si-D
and SCDD detectors has been assumed to be energy independent and insensitive to angular
distribution of the in-phantom scattered electrons in the energy range considered in this work,
with an overall uncertainty of the detector response of about 1.5%.
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The SCDD and the Si-D are characterized by a very small sensitive volume (0.0038 and
0.03 mm3 respectively) indicating their suitability for small electron beam dosimetry. This is
confirmed by the close agreement found between PDDs measured by the detectors in electron
beams with 2 to 5 cm field diameter. A maximum deviation within about ± 1% can be seen
in the difference plots, shown in figure 4, for all the investigated electron beam energies and
field sizes. A good agreement was also observed between the two dosimeters in term of spatial
resolution as shown in figure 6, where the beam profiles are reported for all the field sizes
in the case of 6 MeV (figure 6(a)) and 15 MeV (figure 6(b)) beam energy. In this respect,
a more quantitative analysis of the obtained results is reported in table 2. The sizes of field
produced by each end tube, derived from profiles measured by the Si-D and the SCDD, agree
each other within 0.1 mm. Similarly, a very good agreement (0.2 mm) is observed between
the penumbra values, except for the values referred to three irradiation conditions: 6 MeV
with 2 and 5 cm fields, and 15 MeV with 4 cm field size where the differences are 0.4, 0.4
and 1.1 mm, respectively. It should be pointed out that, in such conditions, beam profiles were
measured at slightly different depths in water when using Si-D and SCDD. As reported in
table 1, in the three above mentioned irradiation conditions the R100 values determined by
the PDDs measured by the two solid state dosimeters differ up to 2 mm, being all the other
values in agreement within 0.1 mm. Such differences in the R100 values originate from a small
dispersion of the measured data. In the flat region of the PDD curve this dispersion can give
rise to a different evaluation of R100 even though the curves are very similar. On the other hand,
since the scattered radiation at the beam edges increases with water depth, penumbra values
are very sensitive to the measurement depth, and this justifies the slightly larger penumbra
measured by the detector placed at deeper R100.

PDD curves for circular beams shaped by the tubular applicators show a shift of R100

toward the surface and a gradient reduction in the fall-off region when the field size decreases
as can be seen in figures 5 for the 6 and 15 MeV beams. Such a trend can be explained in terms
of the lack of lateral scatter equilibrium (LSE) occurring in small fields, which is known to
affect the PDD shape. In particular, when the field size increases, both R100 and R50 initially
increase but become constant beyond the field size corresponding to the achievement of LSE.
The minimum field radius for the achievement of LSE at the beam central axis is approximately
given by:

Req
∼= 0.88

√
Ep,0 (1)

where Req is the field radius in cm and Ep,0 is the most probable energy of electron beam at
the phantom surface in MeV (Khan and Higgins 2001). Req values were determined for all the
beam energies considered in this work by using for Ep,0 the expression Ep,0 = 0.22 + 1.98
Rp + 0.0025 Rp

2 (ICRU 1984). Req values are 2.2 and 3.4 cm for the 6 and 15 MeV beams
respectively, corresponding to beam diameters of about 4.4 and 6.8 cm. This is consistent with
the results reported in figure 5(a), where no significant differences are observed among PDD
curves measured at 6 MeV down to a beam diameter of 4 cm thus confirming that LSE of
the 6 MeV electron beam is reached with tubular applicators of diameter 4 cm. On the other
hand, figure 5(b) clearly shows that for the 15 MeV beam all the PDD curves measured in the
circular beams differ from the reference curve (i.e. PDD measured in the 10 × 10 cm2 field
size) indicating that LSE is still not achieved in the 5 cm diameter field size.

As shown in figure 7 and table 3 OF values measured by SCDD and Si-D well agree each
other. Differences are typically within ± 0.5% with a maximum value of 0.8% still consistent
with the measurement reproducibility (0.5%, 1 SD). This confirms the reliability of the two
solid state detectors also in such a kind of measurements.
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It is worth to point out that OFs for tubular applicators resulted to be in some cases
larger than unity showing an increase of the output up to 30% for 5 cm diameter field size at
15 MeV, in comparison with the output of the 10 × 10 cm2 field size. In addition, a clear
increase of the OF values is observed for each diameter of the tubular applicator by increasing
beam energy while at fixed energy a decrease of OF can be noticed when reducing the field
size.

The observed trend of the OF values can be explained in terms of three competing
mechanisms: (i) beam scattering in the water phantom, (ii) scattering of electrons in air and
(iii) scattering of electrons into the useful beam by the collimator walls.

Mechanism (i) is known to increase the dose at R100 with the field size up to the beam
radius for which the LSE condition is reached (Khan 2003, Zhang et al 1999).

When high-energy electrons travel in air, the electron beam is broadened (mechanism ii)
due to significant air scattering which is more effective at low energies (mass scattering power
3.38 × 10−2 radian2 cm2 g−1 at 15 MeV and 1.70 × 10−1 radian2 cm2 g−1 at 6 MeV) (Lax
and Brahme 1980, ICRU 1984). Due to this effect, since tubular applicators of different size
are used with a fixed upper jaws setting, the number of air-scattered electrons reaching the end
of the collimator at the beam central axis decreases with beam size. As electrons are scattered
at larger angles at low energies, for a given field size, this effect tends to lower the OF as the
beam energy decreases.

In the case of tubular applicators fastened to the linac head, electrons impinging the
collimator walls can be scattered forward in the useful beam (mechanism iii) traveling up
to the end of the tubular collimator. This leads to an increase of the electron fluence in
comparison with the 10 × 10 cm2 standard field size. This scattering mechanism is more
effective at higher energies since the mean electron scattering angle is lower due to the lower
mass scattering power of collimator walls (for 26Fe is 1.05E-1 radian2 cm2 g−1 at 15 MeV
and 5.22E-1 radian2 cm2 g−1 at 6 MeV). As a consequence a larger number of electrons are
scattered towards the center of the field. The large number of wall-scattered electrons can
compensate the decrease of the electron fluence caused by the reduction of field size below the
standard field. Then OF values larger than unity can be observed especially at higher energies
and for larger end tubes which is indeed the case for the data shown in figure 7.

OFs larger than unity have been reported in literature for long tubular applicators made
of low Z materials (i.e. PMMA) used in intraoperative radiotherapy (IORT) (Björk et al 2004,
Pimpinella et al 2007). Results are not fully comparable due to the dissimilar geometries
and materials of applicators, however it is worth to mention that a large component of
collimator-scattered electrons in the useful beam has been reported for those collimators
as well as results of Monte Carlo simulations. On the contrary, the phenomenon of OFs
larger than unity generally does not take place for similar electron energies and analogous
small-size fields obtained by blocking the open fields using lead or Cerrobend cut-outs
placed at the end of standard applicators (blocked fields), minimizing the wall-scattered
electron component (Rashid et al 1990, Björk et al 2004, Amin et al 2011). In such cases
OFs monotonically decrease below unity for field size below 10 × 10 cm2. On the other
hand, due to the different components determining the linac output when tubular applicators
are used, the accelerator output depends considerably on field size and energy. Therefore,
simple interpolation is inadvisable to predict the linac output when using such applicators
and dosimetric measurements should be performed for each condition foreseen for patient
irradiation using reliable high-resolution detectors.

It should be noted that, even though the tubular applicators are made of stainless steel,
no significant increase of the PDD bremsstrahlung tail was observed in comparison with the
standard 10 × 10 cm2 applicator as shown by the data in table 1.
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5. Conclusions

Dosimetry in small electron beams is challenging. The variation of the linac output is not
easily predictable for the various combinations of applicator sizes and energies.

In this work high-energy small electron beams shaped by a commercial tubular applicator
and field-defining end tubes were characterized by using a PTW Diode E dosimeter, together
with a novel synthetic SCDD dosimeter, both initially validated in a standard 10 × 10 cm2 field
size by comparison with a plane–parallel ionization chamber. In particular, small electron
beams with energies ranging from 6 to 15 MeV and circular field sizes from 5 cm down to
2 cm diameter were investigated. PDD curves, beam profiles and OFs were measured by the
two solid state detectors and the results were compared each other and found to be in good
agreement within the stated uncertainties.

Two main effects were evidenced when using tubular applicators for the collimation of
electron beams. Relative OFs larger than unity were found for field sizes of 5, 4 and 3 cm
diameter at energies between 8 and 15 MeV. At the higher energies the linac output using
small diameter tubular applicators increases to a large extent, up to 30% for 5 cm diameter
field size at 15 MeV, in comparison with the output of the 10 × 10 cm2 standard field size.
Moreover, an increase of the OF values is observed for each diameter of the tubular applicator
by increasing the beam energy while, at fixed energy, a decrease of OF can be noticed when
reducing the field size.

Beam output in small electron beams formed by tubular applicators is influenced by
electron scattering from applicator walls, air enclosed by applicator and scattering in the
water. Dosimetric parameters in such fields, in particular OFs, differ a lot from those of fields
shaped by typical electron applicators and inserts. It is recommended to measure dosimetric
parameters for each field separately rather than attempt to interpolate values.

For dosimetry of small (a few cm diameter) electron beams plane–parallel ionization
chambers have been reported to be not adequate due to their too large collecting electrode and
consequent beam non-uniformity over the chamber area. In the present work both Si-D and
SCDD dosimeters were found to be suitable to perform relative dosimetry, including the OFs
determination, for electron beams shaped by tubular applicators with diameter from 5 to 2 cm.
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