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Abstract

Background: Dosimetry in intraoperative electron radiotherapy (IOERT)
poses distinct challenges, especially with inclined applicators deviating from
international protocols. Ion recombination in ionization chambers, electron
beam degradation due to scattering in cylindrical applicators, coupled with a
lack of a well-defined beam quality surrogate, complicate output factor deter-
mination with ionization chambers. Synthetic diamond-based detectors, offer
potential solutions; however, their suitability requires further exploration.
Purpose: This study addresses output factor determination for beveled ap-
plicators. Objectives include assessing the suitability of PTW microDiamond
detectors and determining correction factors for ionization chamber measure-
ments based on energy variations at the depth of maximum dose (zmax) for
beveled applicators. Experimental data are compared against results ob-
tained from Monte Carlo simulations.
Methods: We conducted measurements using both PTW microDiamond
and IBA CC01 detectors. In addition to benchmarking bevel factors with
penEasy, we employed Monte Carlo simulations to determine angular re-
sponse correction factors for microDiamond detectors and to evaluate energy
variations at zmax for beveled applicators.
Results: The findings indicate that angular response correction factors are
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unnecessary for microDiamond detectors with beveled applicators. How-
ever, variations in mean energy at zmax potentially impact absorbed dose
calculations with ionization chambers, particularly with the most inclined
applicators.
Conclusions: Based on our results, the study recommends using micro-
Diamond detectors over cylindrical ionization chambers for output factor
determination in IOERT with inclined applicators. Addressing energy vari-
ations at zmax is crucial to improve accuracy in ionization chamber measure-
ments. These findings have implications for dosimetry protocols in IOERT,
contributing to enhanced delivery in clinical practice.
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1. Introduction1

Intraoperative radiotherapy (IORT) has emerged as a valuable adjuvant2

to surgical oncology, offering precise and localized radiation delivery directly3

to the tumor or tumor bed during surgery. Its unique advantage lies in the4

ability to visually assess the target volume and selectively spare adjacent5

healthy tissues, thereby maximizing the absorbed dose to the target volume6

while minimizing the absorbed dose to normal tissue.7

Among the different techniques available in IORT, intraoperative elec-8

tron radiotherapy (IOERT) consists of delivering high-energy electrons using9

a linear accelerator. The evolution of IOERT has progressed from transport-10

ing patients from the surgical room to a conventional linear accelerator to the11

utilization of dedicated mobile accelerators capable of delivering prescribed12

doses directly in the surgical room.13

However, the benefits of IOERT come with a major caveat: dosimetry in in-14

traoperative electron radiotherapy (IOERT), especially with mobile acceler-15

ators, deviates in several aspects from the recommendations of international16

protocols [1, 2]. Mobile IOERT linacs are characterized by a particularly17

high dose per pulse which is desirable to provide faster treatments, but also18

causes additional dosimetric problems when determining absorbed dose with19

ionization chambers. The effect of ion recombination has been extensively20

studied in the literature for plane-parallel chambers [3, 4, 5] and, to a certain21

extent, for cylindrical chambers as well [6].22

In addition to that, electron beams are known to be affected by scattering23

in the cylindrical applicators and, as such, they have been referred to as de-24

graded beams [7]. The effect of scattering on stopping-power ratios, which25

are a fundamental part of absorbed dose determination with ionization cham-26

bers, has been studied for standard [8] and mobile linacs [9, 10], the latter27
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having slightly different spectral shapes, especially at shallow depths, due28

to the absence of bending magnets [11]. In both cases, the use of tabulated29

stopping-power ratios [12] results in a relatively small additional contribution30

to the total uncertainty budget.31

While efforts have been made to establish guidelines for the IORT tech-32

nique and dosimetry [13, 14], certain unresolved issues persist, particularly33

those related to inclined applicators. Beveled applicators are essential for en-34

hancing target conformity and adapting to patient anatomy. However, they35

inevitably produce oblique incidences (see Fig. 1), leading to several addi-36

tional challenges in accurately determining absorbed dose with ionization37

chambers.38

In this regard, cylindrical ionization chambers are particularly advanta-39

geous due to their inherent insensitivity to beam direction. However, it is40

important to consider the size of the chambers. Large cylindrical chambers41

can experience significant saturation and volume effects in the presence of42

high dose gradients and doses per pulse typical of mobile IOERT linacs. In43

contrast, small cylindrical chambers with a small radius provide high spatial44

resolution and reduced ion recombination effects [6].45

Nevertheless, selecting the most suitable ionization chamber does not46

completely solve the problem of determining the absorbed dose with beveled47

applicators. There is a more fundamental issue that arises from the lack48

of a well defined beam quality surrogate. The half value depth (R50) of49

percentage depth dose curves (PDDs) in oblique beams can be determined50

along the clinical or the geometrical axis, corresponding to the direction51

perpendicular to the water surface and the direction of the incident beam,52

respectively. While the clinical axis is perceived as more relevant to IOERT53

as it determines the depth of the volume of interest to be irradiated during54
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Fig. 1: Typical setup for determining output factors with a beveled applicator.

treatment [13], neither approach provides a reasonable characterization of55

the mean energy of the beam at the point of measurement. Therefore, new56

strategies need to be followed to address this limitation. One possibility57

would be to assume that the energy spectrum at the depth of maximum dose58

(zmax) of the beveled applicator is the same as that of the flat applicator at59

the same depth. However, this remains to be proven and it is one of the60

objectives of this paper.61

Most of the aforementioned challenges can be addressed by using solid-62

state detectors that are independent of dose rate, with synthetic diamond-63

based detectors being suitable options. Synthetic diamond detectors offer64

several advantages, including nearly constant and close-to-unity water-to-65

carbon stopping-power ratios across the relevant energy ranges [15]. More-66

over, these detectors exhibit high depth resolution [16]. Previous studies67
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conducted by Di Venanzio et al. and Güngör et al. [17, 18], have already68

investigated the applicability of PTW microDiamond detectors for relative69

measurements in IOERT. However, it is important to note that microDia-70

mond detectors exhibit an inhomogeneous angular response for photons [19]71

and, for IOERT measurements with oblique incidences, it has been proposed72

that correction factors should be applied [20].73

On the modeling and simulation sides, Monte Carlo calculations already74

play an important role in IOERT due to their significance in accurately pre-75

dicting dose distributions either where detailed geometries are known [11, 9]76

or they are derived from reconstructed Phase-Space Files [21]. In this paper,77

we will utilize Monte Carlo simulations as a benchmark to compare bevel78

factor measurements with a small ionization chamber (IBA CC01) and a79

synthetic diamond detector (PTW microDiamond). Additionally, these sim-80

ulations will be employed to investigate potential changes in the electron81

energy spectrum, providing valuable insights into the measurement of elec-82

tron beams with ionization chambers. Furthermore, we propose correction83

factors for ionization chambers to account for differences in mean energy at84

the point of measurement for beveled applicators and we analyze the effect of85

the previously derived angular corrections for the PTW microDiamond [20].86

These angular corrections are derived from an experimental setup involving87

a flat applicator moved around a water sphere while keeping the detector in88

place. However, it’s worth noting that this setup might not precisely corre-89

spond to an inclined applicator impinging on a flat water surface. To address90

this potential discrepancy, we conducted Monte Carlo simulations to compare91

both scenarios. Our goal is to enhance the understanding of IOERT beams92

through Monte Carlo simulations, aiming for more precise dosimetry. This93

effort contributes to the advancement of treatment planning and delivery in94
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clinical practice.95

The existing literature on inclined applicators is limited [6, 22], and we96

believe that, despite its direct impact on IOERT treatments, the specific97

challenges associated with characterizing inclined applicators have not been98

sufficiently addressed. In our institution almost 80% of the patients have been99

treated with beveled applicators and more than 43% with a 45◦ applicator100

ending (Fig. 2). These significant numbers emphasize the widespread clini-101

cal relevance of understanding and accurately characterizing the dosimetric102

properties of inclined applicators. Addressing this gap in the literature is cru-103

cial to ensure optimal treatment planning and delivery in IOERT, enhancing104

the overall quality and effectiveness of patient care.
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Fig. 2: Distribution of bevel angles in 793 IEORT treatments with a Liac 12 MeV
(SIT). Only 20.1% of the total treatments were delivered with a flat applicator.
43.5% were delivered with the most inclined applicator (45◦).
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2. Material and Methods105

2.1. Beam characteristics and detectors106

All measurements were performed on a mobile IOERT linac Liac 12 MeV107

model (SIT). The nominal energies are 6, 8, 10 and 12 MeV, corresponding108

to pulse rate frequencies (PRFs) of 20, 15, 10 and 10 Hz, respectively.109

The linac uses a hard docking system with applicators consisting of poly-110

methyl methacrylate (PMMA) cylinders with inner diameters 3, 4, 5, 6, 7,111

8, 10 and 12 cm. Each applicator, in turn, can have different endings with112

four different bevel angles 0, 15, 30 and 45 degrees. Throughout this paper,113

an applicator of diameter d (in cm) and bevel angle α (in degrees) will be114

referred to as CdBα.115

Additional beam characteristics can be found in Table 1.116

Table 1: Beam characteristics of the reference applicator C10B0.

Beam characteristics C10B0

Energy (MeV) 6 8 10 12

PRF (Hz) 20 15 10 10

Dose per pulse (cGy/p) 0.6 1.3 2.5 3.5

zmax (cm) 0.8 1.1 1.3 1.4

R50 (cm) 2.3 3.0 3.9 4.5

The accelerator output is determined, to the extent possible, following117

the IAEA TRS-398 dosimetry protocol [1], using an IBA PPC05 parallel-118

plate ionization chamber. Although the 2024 version of TRS-398 [1] provides119

kQ,Qint
energy correction factors for the PPC05 ionization chamber based on120
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Muir et al. [23], the kQ,Qint
values utilized in this study were derived from121

data published by Sempau et al. [24].122

Recombination factors (ksat) were calculated following Laitano method [3]123

using the third of the Boag’s models [25]. The linac is calibrated to deliver124

1 cGy per monitor unit (MU) at zmax of the C10B0 applicator for all four125

energies.126

The smallest applicator, with a diameter of 3 cm, delivers the highest127

dose per pulse (6.2 cGy/p) when paired with a 45◦ bevel ending and a 12128

MeV beam energy.129

All measurements and calculations were performed in water at different130

depths along the clinical axis.131

While the PPC05 ionization chamber is suitable for linac calibration, it132

may present challenges with oblique incidences and small applicators, neces-133

sitating the use of alternative detectors. In this study, the determination of134

output factors will involve the use of the IBA CC01 and PTW microDiamond135

detectors.136

2.1.1. IBA CC01137

The IBA CC01 detector is a cylindrical ionization chamber with a cavity138

volume of 0.01 cm3 and a cavity radius of 1 mm. The wall material is C552139

and the central electrode is made of steel. The effect of high-Z electrodes in140

ionization chambers has been studied by Muir and Rogers [26] finding large141

variations in central electrode correction factors (Pcel) for photons, although142

for electrons Pcel variations were found to be small (<0.2% for R50 variations143

of 4 cm). The effect of Pcel is therefore considered to be negligible in the144

present work.145

ksat values for this chamber were calculated using Karaj method [6] and polar-146

ization effects (kpol) were assessed by the recommended two-voltage TRS-398147
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procedure [1].148

149

2.1.2. Synthetic diamond detector150

The PTW microDiamond 60019 is a synthetic diamond detector man-151

ufactured by chemical vapor deposition (CVD). It is constructed with a 7152

mm diameter outer cap and a sensitive circular area measuring 2.2 mm in153

diameter and 1 µm in thickness [16]. The active volume is at 1 mm water-154

equivalent depth from the outer surface. To avoid the need to apply an155

external polarization voltage, diamond detectors are designed as Schottky156

diodes, one of the electrodes is attached to an aluminium plate that creates157

a potential between the two materials. A previous study by Di Venanzio et158

al. [17] showed the suitability of this detector for IOERT beams with doses159

per pulse up to 10 cGy/p.160

2.2. Monte Carlo simulation161

Monte Carlo simulation of the Liac 12 MeV model was performed follow-162

ing the methodology of Iaccarino et al. [11] Instead of EGSnrc/BEAMnrc [27],163

the code penEasy 2020 [28], based on PENELOPE 2018 [29] has been used.164

The linac geometry was defined with the aid of the PENGEOM subrou-165

tines [30], specifically through the Java GUI PenGeomJar. Phase-Space Files166

(PSFs) were recorded just below the bevel junction of the CdB0 applicator167

(Fig. 3) using the tally Phase-Space File. These calculated PSFs were then168

used for simulating the four beveled applicators with the same diameter and169

beam energy. Spatial dose distributions were computed for each combination170

of energy, applicator diameter, and bevel angle. The results of the simula-171

tions were recorded in a cylindrical virtual water phantom of 50 cm diameter172

positioned directly beneath the applicator (Fig. 3), utilizing the Spatial Dose173

Distribution tally and requiring a statistical uncertainty of 0.5% (k=2).174
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The transport parameters for the various materials utilized in the simulations175

are detailed in Table 2. All transport parameters were set to their default176

values in penEasy, with the exception of DSMAX for materials comprising177

exit windows, scattering foil, applicators and monitor chambers. These val-178

ues were specifically chosen to ensure adequate interaction of all particles179

within these components of the linac. As per PENELOPE documentation,180

a DSMAX of one-tenth of the thickness of a thin body is required to ensure181

reliability of the simulation algorithm [29]. However, for thicker materials,182

such as those used in the bulk of the linac or water, DSMAX was set to a183

very high value (1030) to effectively disable step-length control, as the number184

of interactions in these thicker bodies is sufficient without additional step-185

length constraints. This approach ensures computational efficiency while186

maintaining accuracy where it is most critical.187

Table 2: PENELOPE transport parameters for the materials used
in penEasy simulations. Refer to Iaccarino et al. [11] for a detailed
description of the geometry and materials of the Liac 12MeV. DS-
MAX values of 1030 indicate that step-length control is effectively
disabled for these materials, as sufficient interactions occur without
this constraint, particularly in thicker materials.

EABS EABS

(e- and e+) (ph) Wcc Wcr DSMAX

Material (eV) (eV) C1 C2 (eV) (eV) (cm)

Air 105 104 0.1 0.1 1.4·105 1.4·104 1030

Aluminium 105 104 0.1 0.1 1.4·105 1.4·104 10-4

PEEK 105 104 0.1 0.1 1.4·105 1.4·104 1030

PMMA 105 104 0.1 0.1 1.4·105 1.4·104 10-2

Titanium 105 104 0.1 0.1 1.4·105 1.4·104 10-4

Water 105 104 0.1 0.1 1.4·105 1.4·104 1030
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PSF plane

Water

Air

Fig. 3: PenGeomJar 2D visualization of the 10 cm flat applicator, PSF files were
recorded in a plane just below the bevel junction. Each material is distinguished by
a distinct color, with PMMA displayed in orange, PEEK in yellow, air represented
in green, and water depicted in blue. The aluminum scattering foil is positioned
just above the PEEK components.

2.2.1. Energy spectra at different depths188

The energy spectra were calculated using a modified penEasy program189

where the tally Particle Current Spectrum was replicated nine times. This190

allowed the calculation of mean energy-vs-depth curves in a single simulation.191

The electron energies were recorded in 50 bins ranging from 0 to nominal192

energy plus 2 MeV in a cylindrical water volume with a radius of 1.5 mm and193
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a height of 0.1 mm. This extended energy range accounts for peaks in initial194

electron energy spectrum that are higher than the nominal energy [9, 11].195

The requested statistical uncertainty was 1% (k=2) per each bin, resulting196

in less than 0.4% (k=2) for the average spectrum energy.197

2.2.2. Absorbed dose for output factor determination198

Absorbed doses were recorded using the tally Cylindrical Dose Distribu-199

tion in cylindrical volumes of the same size as above. The required statistical200

uncertainty in the simulation was set at 0.5% (k=2).201

2.2.3. Absorbed dose distributions in a water sphere202

In order to better understand and compare previously published correc-203

tion factors [20], the experimental setup from the study of Mastella et al.204

was replicated in Monte Carlo simulations. Absorbed dose distributions in205

a water sphere of 4 cm diameter with beam incidences at 0 and 45 degrees206

were compared with dose distributions of a flat and a 45◦ beveled applicator207

(Fig. 4). Similar to the previous section, the simulation was stopped when208

the statistical uncertainty of the simulation reached 0.5% (k=2).209

Fig. 4: PenGeomJar 2D visualizations of the C5B0 applicator with a 45◦ rotation
around a 4 cm diameter water sphere (left) and the C5B45 applicator with its bevel
parallel to a flat water surface (right).

11



2.3. Ouput factors determination210

For convenience, the output factors have been divided into two contribu-211

tions, cylinder factor and bevel factor. Cylinder factors (CFd) are defined as212

the ratio of the absorbed dose at zmax of a flat-ended applicator of diameter d213

and the reference applicator C10B0 for the same number of delivered monitor214

units.215

CFd =
DCdB0

DC10B0

(1)

Bevel factors (BFd,α), in turn, are defined as the ratio of the absorbed dose

at zmax of the beveled and the flat-ended applicators of the same diameter

for the same number of delivered monitor units.

BFd,α =
DCdBα

DCdB0

(2)

Therefore, the total output factor is calculated according to Equation (3).

OFd,α = CFd ∗BFd,α (3)

Following the assumption that electron perturbation factors remain con-

stant for either inclined and flat applicators, Equation (4) was employed for

the determination of bevel factors with the microDiamond detector.

BF µD
d,α =

MCdBα

MCdB0

(4)

where MCdBα is the reading of the electrometer when the detector is located216

at zmax of the clinical axis of the CdBα applicator.217

Alternatively, if measured with CC01, bevel factors were calculated using

Equation (5), which solely considers the change in electron energy spectrum

due to the different depths of zmax in both flat and inclined applicators.

BFCC01
d,α =

(M ∗ kTP ∗ kh ∗ kelec ∗ kpol ∗ ksat ∗ kQ,Qcross)CdBα ∗ Sw,air(zmaxCdBα)

Sw,air(zrefCdB0)

(M ∗ kTP ∗ kh ∗ kelec ∗ kpol ∗ ksat ∗ kQ,Qcross)CdB0 ∗
Sw,air(zmaxCdB0)

Sw,air(zrefCdB0)

(5)
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k values in Equation ( 5) correspond to correction factors for temperature and218

pressure (kTP ), humidity (kh), electrometer (kelec), polarity (kpol) and satu-219

ration (ksat). Sw,air represent Spencer–Attix water-to-air stopping-power ra-220

tios calculated from R50 of the referred applicator and at the specified depth.221

Both
Sw,air(zmaxCdBα)

Sw,air(zrefCdB0)
and

Sw,air(zmaxCdB0)

Sw,air(zrefCdB0)
terms appear in Equation (5) to take222

into account that, following TRS-398 recommendations [1], kQ,Qcross values223

should be tabulated at zref , but measurements are performed at zmax. kh and224

kelec and kQ,Qcross have been assumed to be constant in both measurements,225

therefore,226

Equation (5) can be simplified as follows:227

BFCC01
d,α =

(M ∗ kTP ∗ kpol ∗ ksat)CdBα ∗ Sw,air(zmaxCdBα)

(M ∗ kTP ∗ kpol ∗ ksat)CdB0 ∗ Sw,air(zmaxCdB0)
(6)

For Monte Carlo simulations, Equation (2) was directly applied.228

2.3.1. Mean energy correction for ionization chambers229

To address the potential variations in energy spectra at zmax between230

inclined and flat applicators, we suggest introducing a correction factor for231

ionization chamber measurements. This correction factor is derived from232

stopping-power ratios.233

The mean energy of beams using applicators C10B0, C5B0 and C3B0 was234

calculated as a function of depth with Monte Carlo simulations.235

After that, the depth z0,α (Fig. 5) where Ez0,α(CdB0) = Ezmax(CdBα) was

determined by linear interpolation, and using data from Burns et al. [31],

new corrected Sw,air(z0,α) were applied in Equation (6) for each applicator

diameter.

Sw,air(z0,α) =
a+ bx+ cx2 + dy

1 + ex+ fx2 + gx3 + hy
(7)

where x = ln (R50) and y = z0,α/R50, and the values for the constants from236

Burns et al. [31] are:237
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a = 1.075 b = –0.5087 c = 0.0887 d = –0.084238

e = –0.4281 f = 0.0646 g = 0.00309 h = –0.125239

R50 values correspond to half value depths of the flat applicator.240

Equation (6) then becomes:

BFCC01corr
d,α =

(M ∗ kTP ∗ kpol ∗ ksat)CdBα ∗ Sw,air(z0,α)

(M ∗ kTP ∗ kpol ∗ ksat)CdB0 ∗ Sw,air(zmaxCdB0)
(8)

Which can be expressed as:

BFCC01corr
d,α = BFCC01

d,α ∗ Sw,air(z0,α)

Sw,air(zmaxCdBα)
(9)
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Fig. 5: Schematic representation of z0,45 and zmax in 12 MeV isodose distributions
in water for C10B0 and C10B45 applicators. Isodose levels are normalized to zmax

along the clinical axis (in red) and expressed as percentages.

3. Results241

3.1. Monte Carlo simulations242

The agreement of the PDD curves and beam profiles between Monte Carlo243

simulations and microDiamond measurements can be observed in Fig. 6.244
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Fig. 6: PDD curves measured for the four different energy beams using the
C10B0 applicator (a) and the C6B0 applicator (c), along with a comparison to
Monte Carlo (MC) results. The measured profiles of the 12 MeV beam at depths
of 0.5 cm, zmax, and R90 are shown for the C10B0 (b) and C6B0 (d) applicators,
highlighting their agreement with the Monte Carlo simulations.

Fig. 7 illustrates the impact of oblique incidence from inclined applicators245

on absorbed dose distributions. As the bevel angle increases, the absorbed246

dose distributions of inclined applicators exhibit a reduction in electron range247

and a noticeable heel effect. It is noteworthy that even with high bevel angles,248
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the isodose curves remain almost parallel to the water surface.249
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Fig. 7: Effect of increasing the bevel angle on absorbed dose distributions in
water with a 12 MeV electron beam. The figure shows penEasy calculations for
C10B0 (a), C10B15 (b), C10B30 (c) and C10B45 (d) applicators. The clinical
and geometrical axes are shown in red and black, respectively. The range of the
electrons is decreased but isodoses remain almost parallel to the water surface.

3.1.1. Energy spectra at different depths250

Table 3 shows differences in mean energy at the same depth for flat and251

45◦ applicators. The deviations observed across different applicator diame-252

ters and energies are approximately 10%.253

To illustrate this effect, a graphical representation of the normalized spec-254

tra of a flat and a 45◦ applicator compared to the initial discrete spectrum is255

shown in Fig. 8. The energy spectra drift towards low energies as the beveled256
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Table 3: The mean energy (Ez) at zmax is compared between
different applicator/nominal energy combinations with a 45-degree
bevel and the same depth in flat applicators. Here, z0,45 represents
the depth at which the average energy matches that of the inclined
applicator at its zmax, when using the flat applicator. The final
column presents correction factors for stopping-power ratios derived
from Equation (9).

Applicator
diameter
d (cm)

Nominal
energy
(MeV)

zmax

of
CdB45

(cm)

Ez

CdB0

(MeV)

Ez

CdB45

(MeV)

Ez

(CdB45)
/ Ez

(CdB0)

z0,45
(cm)

Sw,air

(z0,45)
/ Sw,air

(zmaxCdB45)

10 12 0.73 7.98 7.12 0.89 1.25 1.010

10 10 0.72 6.90 6.08 0.88 1.21 1.011

10 8 0.48 5.41 4.81 0.89 0.83 1.009

10 6 0.29 4.32 3.80 0.88 0.56 1.008

5 12 0.73 7.81 6.96 0.89 1.19 1.009

5 10 0.65 6.82 6.08 0.89 1.06 1.009

5 8 0.48 5.35 4.73 0.88 0.84 1.009

5 6 0.29 4.30 3.79 0.88 0.57 1.008

3 12 0.68 8.14 6.96 0.85 1.33 1.013

3 10 0.60 7.17 6.51 0.91 0.96 1.008

3 8 0.48 5.55 4.99 0.90 0.79 1.007

3 6 0.29 4.43 4.01 0.90 0.52 1.003
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angle is increased. The aforementioned energy changes can have an impact257

on absorbed dose determination using ionization chambers. Existing codes of258

practice [1, 2] depend on precalculated stopping-power ratios obtained from259

conventional linear accelerators, which are tabulated based on beam qual-260

ity and depth. However, it should not be assumed that the stopping-power261

ratios remain valid for inclined applicators, even if previous studies have in-262

vestigated changes in IOERT energy spectra for flat applicators and found a263

minimal effect on absorbed dose [10].264
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Fig. 8: Comparison of the initial spectrum (discrete) of a Monte Carlo simulated
12 MeV beam before hitting the scattering foil of the linac and the degraded spectra
(electron only, binned) at zmax = 0.73 cm of the C5B45 applicator and the same
depth for the C5B0 applicator.
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Fig. 9 depicts the variation of average electron energy with respect to265

depth, showcasing three different flat applicators and the four available beam266

energies.267
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Fig. 9: Mean energy Ez as a function of depth along the clinical axis for C10B0,
C5B0 and C3B0 applicators.

A comparison of the effect of the bevel angle on the mean energy of a 12268

MeV beam with depth is depicted in Fig. 10. As the bevel angle increases,269
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the curves depicting mean energy versus depth begin to diverge. At zmax270

for the C10B45 applicator (zmax=0.73 cm), the differences in mean energy271

compared to the C10B0 applicator are approximately 10%. However, as the272

depth increases to 2 cm, the differences in mean energy exceed 20%. These273

results should be taken into account when considering the conversion from274

ionization to dose in PDD measurements with ionization chambers.
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Fig. 10: Mean energy as a function of depth in the clinical axis for absorbed dose
distributions in water with four different bevel angles using a 12 MeV beam and a
10 cm diameter applicator. The plot illustrates the accelerated decrease in mean
energy with depth as the bevel angle is increased.

275

3.1.2. Correction factors for ionization chamber measurements276

z0,45 is calculated from mean energies of Table 3 for the 45◦ applicators277

and the variation of mean energy with depth in flat applicators from Fig. 9.278
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The proposed correction factors from Equation (9) for the 45◦ applicator279

are expressed in the last column of Table 3. It is worth noting that these280

correction factors can vary and, in some cases, reach as high as 1%.281

3.2. Bevel factors282

283

Fig. 11 presents comparisons of bevel factors calculated with penEasy284

with those determined with CC01 ionization chamber and microDiamond285

detector.286

The uncertainty of bevel factors determined with microDiamond detec-287

tor, employing Equation (4) was found to be 0.4% (k=1), corresponding to a288

ratio of measurements with an associated uncertainty of 0.3% (k=1) [1]. The289

uncertainty in the determination of output factors with the CC01 ionization290

chamber in IOERT with mobile linacs has been assessed to be 2% (k=1) by291

Iaccarino et al. [11], if the long term stability of the linac is not taken into292

account. Additionally, Monte Carlo dose calculations have an associated sta-293

tistical uncertainty of 0.25% (k=1), as mentioned earlier in the manuscript.294

The total uncertainty of Monte Carlo calculated output factors, according to295

Equation (2), was found to be 0.35% (k=1).296

The data obtained from microDiamond (without correction), and Monte297

Carlo demonstrate a satisfactory level of agreement (<1%). The CC01 mea-298

surements fall within a 2% range. However, applying the proposed correction299

factors for stopping-power ratios to CC01 measurements improves the overall300

agreement. Conversely, it is evident that the correction factors provided in301

Mastella et al. [20] fail to yield a satisfactory level of agreement.302

To provide a comprehensive explanation for the significant variations ob-303

served in the corrected microDiamond bevel factors, it is beneficial to visually304

examine the absorbed dose distribution generated by an inclined applicator305
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and compare it to the scenario where the beam impinges on a water sphere306

at different angles (Fig. 12).307

It is evident from Fig. 12 that when the beam impinges obliquely on308

the detector in a spherical medium, it generates a dose distribution with a309

steep gradient within the sensitive volume of the detector. In contrast, as310

previously discussed in this paper, the isodoses remain parallel to the water311

surface when utilizing oblique applicators.312

Such situations are not directly comparable, resulting in distinctly differ-313

ent behaviors of the detector.314
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Fig. 11: Comparison of bevel factors for the C10B45 (a), C5B45 (b) and C3B45

applicators with different detectors and correction factors at the four nominal en-
ergies. The microDiamond corrected measurements exhibit a divergent behavior
at lower energies. No corrections have been proposed for the C3B45 applicator.
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Fig. 12: Monte Carlo simulated isodose levels of a 6 MeV beam with C5B0 (a) and
C5B45 (c) applicators entering a flat water surface, compared to C5B0 impinging
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is superimposed on the dose distributions, with its sensitive volume shown in red
(the thickness has been changed to 0.1 mm instead of 1 µm for better visibility).
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4. Discussion315

This study investigated bevel factors in IOERT using PTW microDia-316

mond and IBA CC01 ionization chamber measurements, and compared them317

with penEasy simulations. The key findings of this research shed light on318

the correction factors required for accurate measurements with the micro-319

Diamond detector and the impact of changes in energy at zmax of beveled320

applicators on correction factors for ionization chamber measurements.321

Firstly, our findings indicate that not applying angular response correc-322

tion factors to microDiamond measurements significantly improves agree-323

ment with Monte Carlo simulations for all energies. Therefore, our study324

suggests that even if angular correction factors are deemed necessary, they325

should be minimal and inconsequential for achieving the accepted level of ac-326

curacy in clinical practice. Assuming that the electron fluence perturbation327

factor does not change between the field of interest and the reference field,328

the total uncertainty of bevel factor determination with the microDiamond329

detector was found to be 0.4% (k=1).330

Secondly, the study found that variations in mean energy at zmax for331

beveled applicators significantly affect ionization chamber measurements. By332

applying correction factors to these measurements, we can mitigate a system-333

atic discrepancy observed when comparing output factors determined with334

the microDiamond detector and Monte Carlo simulations. However, it has335

been shown that this issue also becomes relevant for all beveled applicators336

at greater depths and can potentially affect the shape of percentage depth337

dose curves.338

Moreover, correction factors are energy-dependent, meaning that differ-339

ent types of mobile linacs will have different electron energy spectra and340

consequently different correction factors. Until these results are validated in341
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other IOERT accelerators, the use of the correction factors calculated in this342

study should be conditional upon the use of the same type of linac.343

It is important to keep in mind that there is already a substantial chal-344

lenge in accurately determining the ksat values for cylindrical chambers in345

high dose per pulse beams, adding to the above-mentioned complications346

associated with ionization chamber measurements. Iaccarino et al. [11] re-347

ported an uncertainty of 2% (k=1) in the determination of output factors348

with cylindrical chambers, not taking into account the long term stability of349

the machine. Although that may be the case for flat applicators, we have350

found that an additional 1% (k=1) could be introduced if the change in351

mean energy for beveled applicators is not accounted for, resulting in a total352

uncertainty of 2.3% (k=1).353

Given the above considerations, we recommend avoiding ionization cham-354

ber for determining output factors with inclined applicators. Instead, we355

propose the utilization of energy-independent detectors, such as the micro-356

Diamond, which has been validated in this study.357

5. Conclusions358

In conclusion, our work has led us to suggest that the use of microDi-359

amond detectors for output factor measurements with inclined applicators360

in IOERT may not necessitate the application of angular response correc-361

tion factors. This observation streamlines the dosimetry process, enhancing362

efficiency and accuracy during commissioning.363

On the other hand, the study found that variations in electron mean en-364

ergy at the depth of zmax of beveled applicators significantly affect ionization365

chamber measurements.366

Based on these findings, we recommend the use of microDiamond de-367

tectors over ionization chambers for the determination of bevel factors in368
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IOERT mobile linacs. These results have significant implications for the369

clinical implementation of IOERT, and aim to contribute to the refinement370

of dosimetry protocols.371
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