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TECHNICAL NOTE
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Abstract
Background: Relative electron beam dosimetry requires careful consideration
of detector-specific effects, including material dependent stopping-power ratios,
effective point of measurement, and volume averaging. Ionization chambers
require percentage depth ionization (PDI) to percentage depth dose (PDD) con-
version, while suitable silicon diode detectors may directly measure absorbed
dose due to their more water-equivalent stopping-power behavior.
Purpose: This study aims to evaluate the unshielded silicon diode detector Sun-
SILICON 1048 (Sun Nuclear) for clinical electron beam dosimetry by assessing
its suitability for measurement of PDDs, lateral beam profiles,and output factors.
Methods: Comparative measurements between SunSILICON and different
types of ionization chambers (SNC350p, SNC125c, SNC600c, all Sun Nuclear
Corp.), as well as PTW’s silicon diode detector microSilicon were taken on a
Varian TrueBeam linear accelerator using a SunSCAN 3D water phantom for
electron beam energies from 6 MeV to 22 MeV and field sizes from 6 cm × 6
to 25 cm × 25 cm. Ion chamber PDIs were converted to PDDs; silicon detector
PDIs were evaluated directly.The agreement between repeated measurements
conducted with different detectors was assessed using 1D gamma criteria.
Results: SunSILICON PDDs agreed with SNC350p derived PDDs within ± 1%
for all energies except in the 6 MeV buildup region. Gamma passing rates
exceeded 94.5% except for 6 MeV, where deviations were confined to the
buildup region. Lateral profiles showed gamma passing rates exceeding 96.7%,
with differences dominated by ion chamber volume averaging. Comparisons
with microSilicon exceeded 99% agreement for both PDDs and lateral profiles.
Output factors matched SNC600c within 0.85% RMS.
Conclusions: SunSILICON provides accurate, direct measurements of PDDs,
lateral beam profiles, and output factors. Its water-equivalent design minimizes
perturbation and gradient related errors, confirming its suitability for clinical
electron beam dosimetry.
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1 INTRODUCTION

The challenge of relative dosimetry in clinical elec-
tron beams lies in the correct application and the full
understanding of the chosen detector. The method-
ology is described in several dedicated national and
international dosimetry protocols.1–5

For electron reference dosimetry using ionization
chambers, it is necessary to know the R50 depth, which
is the depth at which the percentage depth dose (PDD)
reaches 50% of its maximum, for each radiation quality
to correctly position the detector.6–8

While ionization chambers are used for reference
dosimetry, they bare inherent challenges in relative
dosimetry. A depth scan conducted with an ioniza-
tion chamber yields percentage depth ionization (PDI)
values. The consequence is the necessity of con-
verting PDI measurements to PDDs. Compared to
photon dosimetry, where the mean photon energy,
and thus the mean electron energy,9 is fairly con-
stant with respect to depth in water,10,11 electron
beams are subject to continuous energy loss with
depth. A rough estimate for clinical electron beam
energies is about 2 MeV of energy transferred per
cm of water.12,13 Due to this energy gradient, the
restricted mass collision stopping-power ratios between
water and the absorbing detector materials, denoted as
(L̄∕𝜌)water

det , are much more relevant.11 Notably, (L̄∕𝜌)water
det

depends on the electron fluence spectrum at the
point of measurement, which can be derived from
Monte Carlo simulations.11,14 The consequence is the
necessity of converting PDI measurements to PDDs
using

PDD (z) = PDI (z) ⋅

(
L̄∕𝜌

)water

air
(R50, z) ⋅ Pfl (Ed)

(
L̄∕𝜌

)water

air
(R50, zmax) ⋅ Pfl

(
Edmax

)

(1)

where (L̄∕𝜌)water
air changes with energy and thus, with

depth in water.1 Notably, electron fluence correction
factors Pfl (Ed )

Pfl (Edmax )
are unity for parallel plate ionization

chambers.1 To illustrate the energy dependence of
(L̄∕𝜌)water

air in good approximation and guide the discus-
sion of the observations made in this study, Figure 1
shows the simplified case of the unrestricted mass colli-
sion stopping-power ratios in monoenergetic beams.15

A detailed analysis of (L̄∕𝜌)water
air for clinical electron

beams is presented by Ding et al..11 Since Equa-
tion 1 is not easily applicable in clinical practice, current
dosimetry protocols reference a multi-parameter conver-
sion function published by Burns et al.14 to determine
(L̄∕𝜌)water

air (R50, z). The validity of the Burns equation
under consideration of ICRU9016 has been verified in
IAEA’s TRS 398 Rev. 1.6

F IGURE 1 Unrestricted mass collision stopping-power for
mono-energetic high-energy electron radiation normalized to that of
water in the energy range of 10 keV to 25 MeV (from15).

Secondly, ionization chambers are subject to per-
turbations which depend on the measurement depth
caused by the density of the air-filled sensitive volume
and detector components (namely the chamber wall
material). With increasing depth, the balance between
electrons scattering into and out of the sensitive vol-
ume is disturbed, resulting in a systematic deviation of
the measured PDD from the actual depth dose curve in
water. According to dosimetry protocols this effect can
be reduced by a shift of the effective point of measure-
ment (EPOM).5,7 However, several studies have shown
that the EPOM shift is not only energy but also ion-
ization chamber model dependent.17 As demonstrated
by Zink et al.,18 wider collecting electrodes or guard
rings, can mitigate but not eliminate these effects. Thus,
depth-dependent perturbation of the PDD cannot be
avoided.

In contrast, the mass collision stopping-power ratios
of silicon to water are consistent across a broad range
of clinically relevant electron energies (Figure 1) and
adequate detector sensitivity can be achieved with very
small sensitive volumes due to silicon’s high density as
well as the low ionization energy.19

This enables properly housed silicon-based detec-
tors to measure electron beam PDDs, lateral beam
profiles and output factors directly, as is recommended
by national and international dosimetry protocols.1–4,6–8

Notably, the applicability of silicon-based detectors
cannot be generalized. IAEA’s TRS 398,6 AAPM’s appli-
cable TG reports1,2,7,8 and IPEM4 emphasize the need
to evaluate a detector model prior to its use, since the
housing design can introduce significant fluence per-
turbations causing erroneous measurements. This is
specifically true for shielded diode designs, where the
high-density shielding material significantly perturbates
the electron fluence with increasing water depth.4

To date, no published data is available assessing
the performance of the new unshielded 1048 SunSIL-
ICON detector (Sun Nuclear Corp.,Melbourne,USA) for
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F IGURE 2 Drawing of the cross section of the unshielded 1048 SunSILICON detector. Not to scale, not all details shown.

electron beam dosimetry, although the detector exhibits
several promising characteristics. Specifically, its hous-
ing is engineered to be water-equivalent, and the linear
response behavior of the custom designed silicon diode
has been confirmed with respect to both dose and dose
rate, including variations in dose per pulse and pulse
repetition frequency20. Thus, the aim of this study is
to investigate the performance of the unshielded 1048
SunSILICON detector (Sun Nuclear Corp., Melbourne,
USA) in clinical electron beam dosimetry.

2 MATERIALS AND METHODS

2.1 SunSILICON detector

The SunSILICON detector contains a p-type, guarded
silicon diode with an active volume of 0.053 mm3. The
active volume has a radius of 0.75 mm and a depth
of 0.03 mm. The diode operates without bias voltage.
The detector housing is made of the water-equivalent
material HE Solid Water (Sun Nuclear Corp.,Melbourne,
USA) and epoxy.The detector was designed to minimize
beam perturbation by surrounding the silicon diode disc
only by water-equivalent materials and moving the elec-
tronics further down the detector stem. The entrance
window is perpendicular to the detector’s long axis, and
its nominal water-equivalent build-up depth is 1.25 mm.
As is common for unshielded silicon diode detectors,
SunSILICON is intended for use in clinical electron
beams and small photon beams. The electron field size
range specified by the manufacturer is 1 to 40 cm. Field
sizes are expressed in terms of the width of the square
field.

A detector drawing of SunSILICON is shown in
Figure 2. SunSILICON’s general response characteris-
tics were investigated in previous publications.20–22

2.2 Measurement setup

A Varian TrueBeam (Varian Medical Systems, Palo Alto,
USA) clinical linear accelerator (linac) with nominal elec-
tron beam energies of 6, 9, 12, 16, 18, 20 and 22
MeV served as the irradiation device. All measurements
were conducted with a SunSCAN 3D motorized water
phantom (Sun Nuclear Corp., Melbourne, USA) using a
source-to-surface-distance (SSD) of 100 cm. Detectors
were set up according to the manufacturer’s setup rec-
ommendations using matching holders. Sun Nuclear’s

parallel plate ionization chamber 1045 SNC350p, thim-
ble ionization chambers 1041 SNC125c and 1047
SNC600c, and PTW’s silicon diode detector 60023
microSilicon (PTW, Freiburg, Germany)23 were used for
comparative measurements.

2.3 Measurements

Electron beam PDIs, lateral beam profiles and field out-
put factors were obtained for field sizes of 6, 10, 15, 20
and 25 cm at nominal beam energies from 6 to 22 MeV.

A SunSILICON,a microSilicon and a SNC350p detec-
tor were used to acquire a total of 19 PDIs per detector.
PDIs measured with ion chambers were converted to
PDDs following the Burns equation14,24 using the Sun-
DOSE software (Sun Nuclear Corp., Melbourne, USA).
Following current electron dosimetry protocols,1–4 no
conversion was applied to PDIs measured with the
investigated silicon diode detectors to evaluate their
ability to directly measure PDDs.

The detectors were positioned with their respective
reference points at the reference depth dref to obtain lat-
eral beam profiles and field output factors.The reference
points of the cylindrical ionization chambers SNC125c
and SNC600c is their central axis and that of SunSILI-
CON is the center of its sensitive volume. The reference
depth was determined with

dref = 0.6 R50 − 0.1 cm

where R50 was derived from PDIs measured with
SNC350p using

R50 = 1.029 I50 − 0.06 cm

For the plate parallel chamber SNC 350p, the front
face of the air cavity is the effective point of measure-
ment used for the PDI measurements in accordance
with AAPM WGTG51 Report 385.7

Lateral beam profiles were measured with SunSILI-
CON, microSilicon and SNC125c.

3 RESULTS

Representative PDD comparisons between SunSILI-
CON and SNC350p for beam energies ranging from 6 to
22 MeV are shown in Figure 3a. The relative difference
is less than about ± 1%, except in the build-up region of
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F IGURE 3 (a) Comparison of electron PDD measurements with SunSILICON and SNC350p at 10 cm field size. (b) Comparison of PDI
and PDD measurements at 10 cm field size. Center row shows corresponding difference between measurements. Bottom row shows the
distance to agreement. The distance to agreement is only shown from R90 to RP . (b) Middle row illustrates the differences between PDDs and
PDIs measured with an SNC350p parallel plate chamber, which, in accordance with the evolution of the restricted mass stopping-power ratios,
increases with beam energy.11 Notably, the corrections needed with ionization chamber measurements are subject to uncertainty. However, the
comparison to corrected ionization chamber measurements is recommended in dosimetry protocols and considered state of the art.1–4,6–8.

the 6 MeV beam.The difference diminishes with increas-
ing beam energy. The distance to agreement shown in
the bottom row of Figure 3 is within ± 0.5 mm, except
for the 22 MeV PDD, which is within ± 1 mm. The dis-
tance to agreement is restricted to the region between
the distance where the dose falls off to 90% R90 and
the practical range RP because in a plateau, minor dose
differences would result in major distance discrepan-
cies.This effect can be observed for the higher energies,
especially the 22 MeV curve, where the dose difference
is always less than 1% but due to the small gradient the
distance to agreement is significantly deviating. Apply-
ing a 1D gamma criterion of 1% / 1 mm and a low dose
threshold of 10% yields passing rates above 94.5% for
all measured PDDs, except for the 6 MeV beams. In all
cases, deviations were confined to the build-up region,
which makes up a significant portion of the 6 MeV PDDs.

The comparison of a subset of PDDs with corre-
sponding PDIs is illustrated in Figure 3b. Notably, silicon
diode measurements and PDDs obtained from the
SNC350p’s PDI measurements agree within± 1%,while

the PDDs and PDIs differ by up to ± 6%. The differ-
ence between PDDs and PDIs significantly increases
with beam energy.

Figure 4 presents lateral beam profiles of 6 and
22 MeV beams as measured with SunSILICON and
SNC125c. Applying the same gamma criterion to
all measured lateral beam profiles yields passing
rates above 96.7%, where the largest differences are
observed at 6 MeV.

PDD and profile measurements repeated with PTW’s
microSilicon were intercompared using a stricter gamma
criterion of 1% / 0.5 mm and no low dose threshold
given that both detectors are of the same detector type.
The passing rates were 100% with only three exceptions
showing passing rates above 99%. A representative
subset of dose difference and distance to agreement
values is shown in Figure 3b.

The comparison of cone output factors measured
with SunSILICON and SNC600c (Figure 5) showed a
root-mean-square-deviation of 0.85% with no significant
trend across all measured field sizes and energies.
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F IGURE 4 Comparison of lateral beam profiles measured with SunSILICON and the SNC125c ion chamber for 6 MeV electrons (left) and
20 MeV electrons (right). The top panels show half -profiles for both detectors across five field sizes from 6 to 25 cm. The bottom panels show
the difference between the two measurement sets, calculated by subtracting the SNC125c relative dose values from the corresponding
SunSILICON values.

F IGURE 5 Exemplary cone output factors measured with
SNC600c and SunSILICON at nominal beam energies of 6 MeV, 12
MeV and 20 MeV.Normalization was performed at the 15 cm field
size as this is the center value and typical field sizes for reference
dosimetry are 14 –20 cm square. The error bars indicate the setup
and measurement uncertainty.

4 DISCUSSION

The steepest gradients of the mean electron energy
occur in PDD measurements, making PDD compar-
isons a meaningful tool to evaluate a detector. Evidently,
measurements conducted with SunSILICON match the
PDDs derived from PDI measurements with SNC350p
(Figure 3a) indicating that fluence perturbations intro-
duced by the unshielded detector housing are suffi-
ciently small within the clinically relevant energy range.

This aligns with the conclusion drawn from a previous
fluence perturbation factor analysis in context of small
photon field dosimetry.21 Since SunSILICON is linear
with dose and dose rate20 and all measurements sup-
port by their agreement with references that the energy
dependence is sufficiently small, the detector can be
used to directly measure PDDs.

The further comparison to another unshielded sil-
icon diode detector claimed to be suitable for elec-
tron dosimetry23 yielded near indistinguishable lateral
beam profiles and PDDs in the fall-off region beyond
Dmax (Figure 3b). The correlation of SunSILICON and
microSilicon measurements extends into the build-up
region, where silicon diode and ion chamber measure-
ments deviate at low beam energies. In all cases, PDDs
measured with SunSILICON were in better agreement
with the PDDs derived from the SNC350p measure-
ments. Akino et al.23 reported that the mean electron
energy of a nominal 6 MeV beam drops below 5 MeV
after only a few millimeters of water. It was thus con-
cluded to have an impact on measurements in the
build-up region of a 6MeV electron beam because the
stopping-power ratio of silicon and water begins to be
non-linear below that energy (Figure 1). Other potential
sources of uncertainty are the different inherent build-
up of the detectors, setup uncertainty, or uncertainty of
the PDI and PDD conversion and underlying method-
ology of determining the applicable stopping-power
ratios.11

The distance to agreement plots in the bottom row of
Figure 3 show that relevant electron beam parameters,
such as R50, R20, R80, Rp and Dmax, determined either
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directly with SunSILICON or indirectly with SNC350p
are within ± 0.5 mm from each other, which is well
within the tolerance of ± 1 mm set by AAPM’s TG 142
for constancy checks of R50 conducted with the same
detector.25,26

For lateral beam profile measurements, the notable
differences observed in Figure 4 can primarily be
attributed to the enhanced volume averaging effect of
the SNC125 ionization chamber. Since the penumbra
broadens with increasing electron energy, the magni-
tude of the volume averaging effect diminishes and
a better agreement between the SNC125c and Sun-
SILICON is observed at higher beam energies. When
accounting for the difference caused by volume aver-
aging via an estimation proposed by Kawrakow,27 the
differences between the measurements are below 1%
for all energies. A similar correlation between energy
and detector agreement is observed for the output fac-
tor measurements (Figure 5), where the variation of the
output factors decreases from more than ± 6% at 6 MeV
to ± 3% at 20 MeV. The root-mean-square difference of
the SNC600c and SunSILICON are within 0.85% and do
not vary with energy.

In accordance with IAEA’s TRS 3986 and AAPM
WGTG 51: Report 385,7 the results of this study confirm
that the unshielded SunSILICON detector is appropriate
for clinical electron beam dosimetry.

5 CONCLUSION

This study confirms that the unshielded SunSILICON
detector is suitable for clinical electron beam dosimetry.
Its water-equivalent housing and high spatial resolu-
tion allow direct measurement of lateral profiles, output
factors, and PDDs. Using just a silicon diode simpli-
fies setup and reduces complexity compared to mixing
parallel plate and thimble chambers with PDI to PDD
conversion.
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