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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Synthetic diamond detectors offer real time measurement of dose in radiotherapy ap-
microDiamond plications which require high spatial resolution. Additional considerations and corrections are required for
:ilsw measurements where the diamond detector is orientated at various angles to the incident beam. This study

investigated diamond detectors for end-to-end testing of Stereotactic Body Radiotherapy (SBRT) and Stereotactic
Radiosurgery (SRS) in the context of dosimetry audits.

Material and methods: Seven individual diamond detectors were investigated and compared with respect to warm
up stability, dose-rate dependence, linearity, detector shadowing, energy response, cross-calibration, angular
dependence and positional sensitivity in SBRT and SRS.

Results: Large variation in the cross calibration factors was found between the seven individual detectors. For
each detector, the energy dependence in the cross calibration factor was on average <0.6% across the beam
qualities investigated (Co-60 Gamma Knife, and MV beams with TPRyg,19 0.684-0.733). The angular corrections
for individual fields were up to 5%, and varied with field size. However, the average angular dependence for all
fields in a typical SRS treatment delivery was <1%. The overall measurement uncertainty was 3.6% and 3.1%
(20) for an SRS and SBRT treatment plan respectively.

Conclusion: Synthetic diamond detectors were found to be reliable and robust for end-to-end dosimetry in SBRT
and SRS applications. Orientation of the detector relative to the beam axis is an important consideration, as
significant corrections are required for angular dependence.

Dosimetry audit
Quality assurance
Small field dosimetry

1. Introduction Such techniques require high accuracy treatment delivery, in both
congruence between calculated and delivered dose and in positional

Treatment techniques involving very small fields and enhanced accuracy. Patient specific quality assurance (PSQA), involving verifica-

treatment verification imaging, have enabled Stereotactic Radiosurgery
(SRS) and Stereotactic Body Radiotherapy (SBRT) [1-3]. SRS and SBRT
plans are characterised by high dose per fraction and steep dose gradi-
ents (~10%/mm), often in very close proximity to critical structures.

tion of plans prior to patient treatment [4-7], and end-to-end testing in
SRS and SBRT typically involve the use of a 2D detector, for assessment
of spatial and dosimetric accuracy. Film, ion chamber arrays and diode
arrays are popular detectors used for PSQA [8]. However array devices
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may lack the required spatial resolution for small field SRS and SBRT
measurements [9]. Radiochromic film is often considered an ideal de-
tector for SRS and SBRT QA due to the high spatial resolution [8,10,11],
however significant post processing is required which is both labour and
time intensive. Complementary point dose detector measurements
enable real time analysis and provide a dosimetric comparison with the
2D detector. AAPM/IAEA TRS-483 recommends a number of point dose
detectors for small field dosimetry [12].

Synthetic diamond detectors are favourable for radiotherapy appli-
cations requiring high spatial resolution due to their near water equiv-
alence and small corrections factors compared to most other small field
detectors [12]. Previous reports in the literature focus on the use of the
diamond detectors for relative small field dosimetry, such as output
factors and water tank scanning, where the detector axis is orientated
parallel to the incident radiation beam [12-17]. Parallel orientation is
recommended by TRS-483 due to the asymmetries in detector con-
struction and potential for stem irradiation effects [12]. For PSQA and
end-to-end testing, tissue equivalent QA phantoms often require de-
tectors to be orientated perpendicular to beam delivery. For SRS and
SBRT this concept is extended, as the treatment delivery may involve
non-coplanar couch and gantry angles. Angular dependence of the dia-
mond detectors in a perpendicular orientation has been investigated,
however angular correction factors have not been presented [18]. In
addition, direct dose measurements are not typically reported.

This work presents comprehensive characterisation of a synthetic
diamond detector as an end-to-end dosimeter in SRS and SBRT QA, in
the context of dosimetry audits. Seven individual diamond detectors
were compared for a range of dosimetric properties, the first study to
evaluate a considerable number of detectors.

2. Materials and methods

The Australian Clinical Dosimetry Service (ACDS) [19] performed
on-site, end-to-end dosimetry audits of SRS and SBRT, in a cranial
phantom (MAX-HD, Integrated Medical Technologies, Troy, NY, USA)
and a thorax phantom (CIRS Inc., Norfolk, VA, USA), respectively. In
both SRS and SBRT audits, Gafchromic EBT3 film (Ashland, Bridgwater,
NJ, USA) was used as the primary detector for assessment of both po-
sitional and dosimetric accuracy of treatment delivery. Diamond de-
tectors were used in both audits for real time measurements in target

(b)
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volumes >1.5 cm®.

The PTW 60019 microDiamond detector (PTW Freiburg, Germany)
is a synthetic diamond detector operated at zero bias voltage. It has a
sensitive volume circular disk of 2 mm diameter and 2 um thickness,
with the effective point of measurement 1 mm from the detector end-
face, on the detector axis. As recommended by TRS-483 [12], the
microDiamond detector was orientated parallel to the beam axis for
measurements such as output factors (Fig. 1a). In the ACDS end-to-end
dosimetry audits, the detector was placed into anthropomorphic cra-
nial (Fig. 1b) and thorax (Fig. 1c) phantoms, with the detector orien-
tated craniocaudally (along the superior/inferior axis) in the phantoms.
For a standard coplanar Linear Accelerator delivery, this orientation was
considered perpendicular to the beam axis. Non-coplanar treatment
deliveries, typical of SRS plans, were further explored in the context of
angular dependence.

Seven microDiamond detectors were investigated for basic dosi-
metric properties, cross-calibration, positional sensitivity in SRS/SBRT,
and angular dependence. All properties were evaluated for their
contributing uncertainty leading to an overall assessment of measure-
ment accuracy for the microDiamond in end-to-end testing of stereo-
tactic fields. The measurements were performed on Elekta Versa HD and
Synergy Linear Accelerators (Elekta AB, Stockholm, Sweden) located at
the Australian Radiation Protection and Nuclear Safety Agency
(ARPANSA, Melbourne, Australia).

2.1. Basic dosimetric properties

Two microDiamond detectors were sequentially setup in a full scatter
water phantom (Blue Phantomz, IBA dosimetry GmbH, Schwarzen-
bruck, Germany) at 90 cm source to surface distance (SSD), 10 cm depth,
orientated perpendicular to the down-facing beam. Fields of 3x3 cm?
were delivered to each detector with 6 MV, 6 FFF, 10 MV and 10 FFF
beams and for each beam, charge measured with a PTW Unidos Webline
Electrometer. The detector warm up stability was measured with a series
of four 6 MV 200 monitor unit (MU) deliveries, with a three hour gap
between irradiations. Dose rate dependence was assessed by varying the
dose rate from ~50 MU/min, to the maximum achievable dose rate for
each energy (400-2150 MU/min). The linearity in response with vary-
ing MU (range 5-2000) was measured relative to an IBA CC13 detector.
The reproducibility of point dose measurements in a typical clinical plan

Fig. 1. (a) PTW microDiamond detector in the beam parallel orientation, (b) ACDS cranial phantom with two craniocaudal microDiamond detectors and (c) ACDS
thorax phantom with microDiamond detector measurement in lung target. Typical orientations of the beam relative to the detector axis are shown in the schematics.
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was established by delivering the same VMAT SBRT plan to the thorax
phantom seven times. In the SBRT spine audit case, two microDiamonds
were placed in the phantom for concurrent measurements of target dose
and spinal cord dose. The effect of detector shadowing from the two
microDiamonds aligned in the coronal plane was assessed by delivering
a single posterior beam, a VMAT SBRT spine plan and a seven field IMRT
SBRT spine plan to the thorax phantom with (a) both detectors in place
and (b) with only the target detector and the spinal cord detector cavity
plugged with tissue equivalent material.

2.2. Cross-calibration

The seven detectors were cross-calibrated using a normalised dose to
water (Npy) approach [20] against a Farmer type secondary standard
ionisation chamber (PTW 30013), traceable to the Australian Primary
Standard [21-23]. The detectors were setup under reference conditions
in water at 90 cm SSD, 10 cm depth, 10x10 cm? field. The micro-
Diamond detectors were orientated parallel to the incident down-facing
beam. Cross-calibration factors, Npw,q cross, were determined for 6 MV, 6
FFF, 10 MV and 10 FFF at the respective maximum dose rates (400-2150
MU/min). To assess the uncertainty in the cross-calibration procedure, it
was repeated three times for detector sn122179. To assess long term
stability, the process was repeated for four individual detectors at
1.8-2.2 years after initial calibration.

For SRS and SBRT dosimetry audits, the microDiamond detectors
were placed into the phantoms craniocaudally, and thus perpendicular
to the beam axis in co-planar delivery. Hence a correction for the
response difference between perpendicular and parallel orientations,
Kperpendicular, Was determined. For each of the seven microDiamond de-
tectors, field size and energy specific correction factors were determined
for10 x 10,3 x 3,2 x2and1 x 1 cm? fields, and 6 MV, 6FFF, 10 MV
and 10FFF beam energies. Inplane and cross-plane dose profiles were
scanned to determine the centre of each of the radiation fields. kperpen-
dicular Was calculated as the ratio of the detector response in parallel to
that in the perpendicular orientation.

Four microDiamond detectors were also cross-calibrated on the
Gamma Knife system (Elekta AB, Stockholm, Sweden) using an IBA
CCO04 secondary standard ionisation chamber, traceable to the Austra-
lian Primary Standard. The detectors were setup in reference conditions
in the Elekta Solid Water reference phantom at 32 cm SSD, 8 cm depth,
with all sources out using the 16 mm collimators. In the Gamma Knife
setting, the Co-60 sources were orientated in a range of angles relative to
the detector axis. The calibration was considered a ‘total correction
factor’, encompassing all angular corrections for the all sources out
configuration.

Small field output factors were calculated via secondary analysis of
data collected for cross calibration and are shown in Supplementary
Fig. S1. Field size dependent corrections from TRS-483 were applied
using the irradiated full width half maximum (FWHM) field size cor-
rections [12].

2.3. Angular dependence

Two aspects of angular dependence were considered; coplanar and
non-coplanar, defined with respect to the craniocaudally orientated
detector. For co-planar delivery, the roll response of the detector was
considered with the beam always perpendicular to the detector axis. For
non-coplanar delivery, the angular dependence in the pitch and yaw axis
was considered. (Supplementary Fig. 52)

To determine the non-coplanar angular dependence of the micro-
Diamond, the detector was compared to an IBA RAZOR (CCO01) ionisa-
tion chamber, who’s response in the parallel vs perpendicular
orientation was measured to be within 0.7% for all energies and field
sizes. Measurements were performed in a 30 x 30 x 30 cm® CIRS plastic
water phantom at 85 cm SSD and 15 cm depth, for 6 MV and 6FFF beams
with field sizes 3 x 3 cm? and 1.5 x 1.5 cm?. Both detectors were placed
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craniocaudally into the phantom and their responses compared at gantry
and couch angles 0-90° in 30° increments. The non-coplanar experiment
was normalised to the detector perpendicular orientation (Gantry 0°,
couch 0°) for each energy and field size, to match the audit conditions.
Non-coplanar angular dependence correction factors, kyp, were deter-
mined for couch angles in 45° increments, averaging responses from all
gantry angles.

Characterisation of the coplanar roll response was performed for
three microDiamond detectors, each setup in a water phantom at 90 cm
SSD, 10 cm depth, and orientated perpendicular to the down-facing
beam. 6 MV, 6FFF, 10 MV and 10FFF beams of 3 x 3 cm? field size
were delivered to the detector, which was rotated in ~30° increments,
as rotating the gantry was not feasible due to the presence of the water
tank. The measurement at each position was compared to the average
reading from all positions. The coplanar roll response was also charac-
terised in the presence of a magnetic field in two Magnetic Resonance
Linear Accelerators (MR-Linac). Measurements were performed on an
Elekta Unity with the magnetic field orientated perpendicular to the
radiation beam, and the Australian MR-Linac (AML, Ingham Institute,
Sydney, Australia) with the magnetic field orientated parallel to the
radiation beam. Comparisons were made between the Unity 7 FFF beam,
the AML 6 FFF beam and the ARPANSA VersaHD 6 FFF beam with no
magnetic field.

2.4. Positional sensitivity in SRS and SBRT

The positional sensitivity of the microDiamond in a small field was
determined by irradiating three individual detectors with a 6MV, 1 x 1
cm? MLC defined field using the couch to shift the detector in 1 mm
increments in the lateral, longitudinal and vertical directions. The
microDiamond was placed perpendicular to the beam in a Solid Water
phantom at 90 cm SSD, 10 cm depth.

The positional uncertainty in an SBRT plan was determined by
shifting 2D dose planes from 6MV VMAT plans for soft tissue, spine and
lung SBRT audit cases in silico. The dose planes were shifted +£1 mm in
the horizontal and vertical directions. At each shifted position, the
matrix was subtracted from the original matrix, and compared for a
region of interest at the microDiamond measurement point.

2.5. Overall measurement uncertainty

An overall measurement uncertainty budget was derived for SRS and
SBRT deliveries considering the detector properties discussed in Sections
2.1-2.4.

3. Results
3.1. Basic dosimetric properties

The warm up stability was found to be within <0.2% for repeated
200 MU deliveries with extended time intervals between sets of irradi-
ations. A 2 Gy dose was determined to provide sufficient detector warm
up, well below the manufacturer recommended 5 Gy. The dose rate
dependence was within 0.7% for all energies. The linearity was found to
be within 0.5% above 30 MU, relative to a CC13 reference detector for
all energies. The standard deviation in detector response from the seven
deliveries of the same VMAT SBRT plan was 0.3% (£0.1%). Detector
shadowing caused a dose difference of 1.6% for a single posterior field,
0.5% for an IMRT field and 0.1% for a VMAT field.

3.2. Cross-calibration

Large variations were found in the Npy, g cross calibration factors for
the seven detectors in parallel orientation (Table 1). Repeatability of the
cross calibration procedure was within 0.5% (SD 0.2%) for a single
detector. The long term stability of the average calibration factor across
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Table 1

PTW 60019 microDiamond cross-calibration factors for 6 MV and Co-60 Gamma
Knife.

microDiamond Npw,Q_cross (BMV) Total calibration factor (Co-60 Gamma

sn parallel Knife)
orientation (mGy/nC)
(mGy/nC)

122179 1.017 -

123242 0.777 0.770

123244 0.766 -

123669 1.199 1.201

124007 0.780 0.781

124008 0.935 0.935

124146 0.860 -

all energies was within 0.4% for four detectors.

The calibration factor was established for a range of beam qualities
(Co-60 Gamma Knife, and MV beams with TPRyg 19 0.684-0.733), with
all detectors showing a relatively flat energy response (Fig. 2a). Relative
to the 6 MV factor, the largest energy dependence was for 10 MV, with
an average of 0.6% difference in the calibration factor (maximum 0.9%).

The average Kperpendicular cOrrection factors for the seven detectors
ranged from 0.950 to 0.982 (Fig. 2b). For all field sizes except the 1 x 1
cm?, the Kperpendicular factors for the different energies agreed within the
standard uncertainty. For the 1 x 1 cm? field, the range of Kperpendicular
factors varied within 1.6%.

3.3. Angular dependence

The angular dependence of the diamond detector relative to the
CCO1 was up to 3.9% for non-coplanar angles between direct perpen-
dicular and parrallel orientations (Fig. 3). Non-coplanar correction
factors, kncp, were dervied for a range of couch angles from the average
response at all gantry angles, as shown in Supplementary Table S1.

For the Conventional Linac measurements, the roll response was
within 2% for three detectors at each roll position (Fig. 4a). The average
for each position was calculated from all energies, as the difference in
readings between energies was less than 0.3% for all three detectors
(standard uncertainty within 0.2%). The maximum roll position differ-
ence was 1.2%, 1.0% and 1.3% for detectors sn123444, sn123424 and
sn123669, respectively. The roll response of detector sn123244 was
within 1.4% in a Conventional 6FFF beam and two types of MR-Linacs
(Fig. 4b).
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3.4. Sensitivity to positioning in a SBRT plan

For the 1 x 1 cm? static field, the measured dose was within 1% of
the maximum response within £1 mm in the longitudinal, lateral and
vertical directions. When the detector was shifted + 2 mm away from
the maximum response, the difference extended to within +4% for the
longitudinal and lateral shifts, and remained within 1% for the vertical
shifts.

For the VMAT SBRT plan, after shifting the plan +1 mm in the
horizontal and vertical planes, the average difference in the measure-
ment point region was 0.6%, 1.0% and 0.7% for the soft tissue, spine and
lung plans respectively.

3.5. Overall uncertainty budget

The overall measurement uncertainty was 3.6% (2c) for diamond
detector point dose measurement in an SRS treatment plan (Table 2). For
an SBRT measurement, the non-coplanar angular dependence compo-
nent is generally not applicable, therefore the overall measurement
uncertainty reduces to 3.1% (20). The uncertainty due to cross-
calibration is shown in Supplementary Table S2.

4. Discussion

Diamond detectors orientated perpendicular to the beam axis enable
QA measurements in solid phantoms, and are advantageous in end-to-
end testing and PSQA as they provide real time results. Seven dia-
mond detectors were cross-calibrated against secondary standard ion-
isation chambers, angular corrections presented and an overall
uncertainty derived for measurement in SRS and SBRT plans. The
overall performance of the seven detectors was very similar, demon-
strating the robustness of the detector design/model, and the ability for
detectors to be used interchangeably across dosimetry audits.

This study has compared seven individual detectors, the oldest and
newest of which have serial numbers ~2000 apart. A large variation in
the cross calibration factor was found between individual detectors
(Npw,Q cross calibration factors, Table 1). This is in contrast to a local
cohort of 11 Farmer-type ionisation chambers, which have <1% varia-
tion in Npy. This variation can be attributed to manufacturing differ-
ences in the amount of active material of the detector, as discussed by
Butler et al. [24]. The long term stability of the cross-calibration factor
showed that cross-calibration should occur every 2-3 years, in line with
TRS-398 recommendations [20].

The majority of SRS treatments are delivered including non-coplanar
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beams/arcs with rotation of the couch and gantry in Conventional
Linear Accelerators, or with inherent non-coplanar delivery such as the
Gamma Knife or Cyberknife. The non-coplanar angular dependence of
the diamond detector was found to be within 5% for a range of clinically
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Table 2
Overall point dose measurement in SRS/SBRT treatment plan uncertainty
budget.

Quantity Relative standard

uncertainty

100 100

uiAl uiB2
Phantom/detector positioning uncertainty - 0.8
kr - 0.0
kp - 0.0
ky - 0.0
Electrometer calibration factor - 0.15
Npw, Q_cross calibration factor - 0.73
Non-coplanar angular dependence - 0.9
Coplanar roll response - 0.3
Linearity - 0.5
Dose rate - 0.7
ks (recombination) - 0.0
kpol (polarity) - 0.0
kn (beam non uniformity) - 0.0
(field output correction factor) - 0.4
Reproducibility of SABR delivery and detector charge 0.3 -

measurements

Facility daily output - 0.4
Quadratic summation 0.3 1.78
Combined relative standard uncertainty (k = 1) 1.80

1 u represents the relative standard uncertainty estimated by statistical
methods, type A.

2u;p represents the relative standard uncertainty estimated by other means, type
B.

deliverable gantry and couch angles. These results agree with studies
performed by Brace et al. [18] and Veselsky et al. [25] who found similar
angular dependencies for gantry angles up to 70°, but very large angular
dependencies of up to 30% when irradiating through the stem of the
detector. These beam angles would not be clinically deliverable in SRS
treatment plans delivered on a conventional linac, and have therefore
not been considered by in this study. In SRS audit deliveries, it is difficult
to determine the specific gantry and couch angle combinations in
treatment plans, and therefore tailor the required correction factors, as
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the delivery parameters vary widely from centre to centre. For audit
purposes, the kyep correction factor for the 45° couch angle was taken as
the nominal ‘average’ for all plans and is applied to measurement of the
whole plan. Application of couch angle specific correction factors would
be achievable in individual centres with controlled planning parameters.

The roll response varied up to 1.3% for single beam irradiation. This
could have significant impact on the measurement of single beams
(including for PSQA normalisation), or when ‘collapsing’ all beams to
gantry 0° for PSQA. Roll response is not likely to have significant impact
for VMAT cases where it would average out. To minimise its impact,
each detector was marked at the average roll response and used in this
orientation for cross-calibration. No significant difference was found in
the roll response due to the presence of a magnetic field, in agreement
with the results of Woodings et al. [26].

The overall measurement uncertainty of 3.6% and 3.1% (2c) for SRS
and SBRT treatment deliveries respectively, considers the measurement
only and does not take into account uncertainties from the treatment
plan. Due to the presence of steep dose gradients, careful consideration
of the planned dose distribution should be made when making point
dose comparisons in SRS and SBRT verification measurements.

In conclusion, this study showed that synthetic diamond detectors
were reliable and robust detectors for end-to-end dosimetry in SRS and
SBRT applications. Such detectors allow accurate real time point dose
measurements during PSQA and end-to-end testing, and pair well with
spatial dosimetry offered by 2D detectors. The orientation of the de-
tector relative to the beam axis is an important consideration, as sig-
nificant corrections are required for angular dependence.
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