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Magnetic field correction factors are required for performing reference

dosimetry on Magnetic Resonance Imaging Linear accelerators (MRI-linacs).

Methods for measuring magnetic field correction factors usually require

specialized equipment and expertise. Our work investigated the use of a

microDiamond detector to cross-calibrate an ion chamber between a

conventional linac and MRI-linac as a method to measure ion chamber

magnetic field correction factors for the MRI-linac. Ratios of the

microDiamond and ion chamber were measured on a conventional linac,

parallel MRI-linac at 0 T, parallel MRI-linac at 1 T and perpendicular MRI-

linac at 1.5 T. The beam quality dependence of the microDiamond was

investigated by comparing the measurements on the conventional linac and

parallel MRI-linac at 0 T. The magnetic field dependence of the microDiamond

was investigated comparing the measurements on a parallel MRI-linac at 0 and

1 T. The ion chamber magnetic field correction factors were calculated by

comparing the conventional linac and parallel MRI-linac at 1 T and the

conventional linac and perpendicular MRI-linac at 1.5 T for the parallel and

perpendicular factors respectively. The FC65-G and PTW30013 ion chambers

were investigated. For a parallel MRI-linac, with a beam quality of TPR20,10 =

0.632, we measured magnetic field correction factors of 0.988 ± 0.016 (k = 2)

and 0.987 ± 0.016 (k = 2) for a FC65-G and PTW30013 respectively, where k is

the coverage factor. For a perpendicular MRI-linac, with a beam quality of

TPR20,10 = 0.701, we measured magnetic field correction factors of 0.995 ±

0.020 (k = 2) and 0.983 ± 0.020 (k = 2) for a FC65-G and

PTW30013 respectively. The results showed agreement with previously

published work which used different approaches. Our work demonstrates

the use of a microDiamond to calculate the ion chamber magnetic

field correction factor using measurements on a conventional linac and
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MRI-linac. The high level of uncertainty in our results means the method at

present can only be used for validation of magnetic field correction factors.

KEYWORDS

magnetic field correction factor, MRgRT, MRI-linac, microDiamond, MRL, reference
dosimetry

1 Introduction

Magnetic Resonance Imaging Linear accelerators (MRI-

linacs) are aligned with the beam axis either perpendicular to

the constant magnetic field (B0) [1, 2], or parallel to the B0 field

[3, 4]. A common challenge on both types of MRI-linacs is the

Lorentz force acting on secondary electrons which affects the

dose deposition and detector response.

Dose profiles on perpendicular MRI-linacs are shifted

laterally perpendicular to the B0 field and central beam axis.

Depth dose deposition is shifted toward the surface. The change

in lateral dose profiles and depth dose deposition is due to the

change in secondary electron trajectories caused by the Lorentz

force [5]. Parallel MRI-linacs only have a small vector component

of secondary electrons affected by the Lorentz force and therefore

dose deposition in a uniform medium is not changed [6].

Ion chamber response in magnetic fields is affected by

changes in the electron trajectories in the surrounding

medium, which changes the electron fluence entering the

detector. The trajectories of electrons inside a detector are

also affected which changes the electron pathlength across the

detector. Both the change in electron fluence around the detector

and pathlength across the detector impact the number of

ionization events which affects detector response [7]. On

perpendicular MRI-linacs, the Lorentz force reduces the dose

deposition by ~0.5% [8, 9] and can either increase or decrease the

electron pathlength dependent on B0 field strength and

orientation of the detector and B0 field [7]. The trajectory of

electrons can also be changed from depositing dose inside the

sensitive volume to depositing dose inside the chamber dead

volume which affects the detector response [10]. Electrons in air

on parallel MRI-linacs have a reduction in lateral scatter and an

increased pathlength parallel to the central axis [11] which will

affect detector response.

Magnetic field correction factors are used to correct reference

dosimetry measurements for the changes in detector response [8,

9, 12, 13]. The correction factors depend on chamber size [14].

Farmer-type chamber correction factors for perpendicular MRI-

linacs have previously been measured and simulated ranging

between 0.3%–5% dependent on the orientation of the chamber

long axis, radiation field and magnetic field, as well as the

magnetic field strength [8, 13–16]. Farmer-type chamber

correction factors for parallel MRI-linacs are in the order of

1% [13, 14, 17, 18].

A number of approaches for determining magnetic field

correction factors have been considered but they all have

challenges for practical implementation. Calorimetry

determines dose on MRI-linacs from first principles [19–21]

requiring specific equipment and expertise to measure dose and

calculate correction factors. Chemical reactions in alanine can

also be used to directly measure the dose [16, 22, 23]. Whilst

mail-out services have been investigated [16], specialized

equipment is required for alanine read out. Monte Carlo

simulations can determine magnetic field correction factors

with small uncertainties [13, 14, 24], however, these require

validation via measurements. Another approach is to use

electromagnets placed near conventional linacs [14, 24],

however this also requires large and expensive equipment and

the distance between the magnet poles limits the field size

dimensions. Ramping the magnet down and back up provides

an excellent first principal approach [8], however is very

expensive and time consuming. Thus, a method using

equipment easily available to a typical department is required

to verify magnetic field correction factors.

Our work investigated the microDiamond as a cross-

calibration detector for determination of ion chamber

magnetic field correction factors via the ratio of the

microDiamond and an ion chamber measured on both a

conventional linac and a MRI-linac. The microDiamond was

investigated due to the small energy dependence [25] and small

magnetic field correction factor [26] associated with the detector.

The aim of this work was to develop and investigate a method

to measure magnetic field correction factors using a

microDiamond detector on a conventional linac. The

suitability of the proposed method for either measurement of

correction factors or validation of previously published

correction factors was also assessed.

2 Materials and methods

Details on the theory, assumptions and methods for using a

microDiamond to perform a cross-calibration to determine an ion

chamber magnetic field correction factor are presented below. In

brief, a ratio of the response of an ion chamber and microDiamond

was measured on a conventional linac and compared to similar

measurements on the MRI-linac. Corrections for influence factors

were applied to the measured response of the ion chamber and

microDiamond. As described in the theory section, the difference

between the ratios measured on a conventional linac and MRI-linac

was used to calculate the ion chambermagneticfield correction factor

once all corrections and assumptions were accounted for.
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2.1 Theory

The absorbed dose to water at a particular beam quality

measured by the ion chamber, DIC
w,Q, is equal to the dose to water

measured by the microDiamond, DµD
w,Q, at 0 T as shown in Eq. 1

and in a magnetic field, B, in Eq. 2.

DIC
w,Q � DµD

w,Q (1)
DIC,B

w,Q � DµD,B
w,Q (2)

Eqs 1, 2 were converted to measured charge, calibration

factors, beam quality correction factors and magnetic field

correction factors as shown in Eqs 3, 4.

MIC
Q1
NIC

D,w,Q0
kQ1 ,Q0

IC � MµD
Q1
NµD

D,w,Q0
kQ1 ,Q0

µD (3)
MIC,B

Q2
NIC

D,w,Q0
kQ2 ,Q0

IC kIC�B,Q2
� MµD,B

Q2
NµD

D,w,Q0
kQ2 ,Q0

µD kµD�B,Q2
(4)

MIC
Q1

and MµD
Q1

are the measured charge for the ion chamber

and microDiamond respectively at beam quality one. MIC,B
Q2

and

MµD,B
Q2

are the measured charge for the ion chamber and

microDiamond at the magnetic field strength at beam quality

two. All ion chamber measured charges were corrected for

influence quantities of polarity, recombination, temperature,

pressure and volume in a flattening filter free beam as per

standard protocols [27, 28]. NIC
D,w,Q0

and NµD
D,w,Q0

are the

calibration factors of the ion chamber and microDiamond

respectively at reference quality, Q0. kQ1 ,Q0
IC and kQ1 ,Q0

IC are the

beam quality correction factors for the ion chamber and

microDiamond at beam quality one. kQ2 ,Q0
IC and kQ2 ,Q0

IC are the

beam quality correction factors for the ion chamber and

microDiamond at beam quality two. kIC�B,Q2
and kµD�B,Q2

are the

magnetic field correction factors for the ion chamber and

microDiamond at beam quality two. For this work it was

assumed that Q1 was the conventional linac beam quality and

Q2 was the MRI-linac beam quality.

This work assumed that kµD�B,Q � 1 for a parallel MRI-linac.

This assumption was based on the simulated response of

diamond detectors in parallel orientation [29] and that the

response of a detector with a sensitive volume dimension that

is thin in the direction parallel to the beam central axis will be

unaffected in a parallel MRI-linac provided lateral scatter

equilibrium is maintained. For a perpendicular MRI-linac,

the magnetic field correction factor includes a correction for

the difference in dose deposition of 0.995 [8, 9]. Tekin et al.

[26] has shown that the k �B,Q for the microDiamond is

approximately 1 when irradiated in “edge-on” orientation,

i.e., the long axis of the microDiamond is aligned to the B0

field direction and perpendicular to the radiation axis. The

simulated correction factor for the microDiamond

incorporates the correction for the difference in the dose

deposition. The assumption that the microDiamond

correction factor is equal to one has been factored into the

uncertainty analysis for both types of MRI-linacs.

Based on the assumptions described above, the

microDiamond can be used to cross-calibrate the ion chamber

response between a conventional linac and MRI-linac using a re-

arrangement of Eqs 3, 4 for the magnetic field correction factor as

shown in Eq. 5. The conversion between Eqs 3–5 is shown in the

Supplementary Material.

kIC�B,Q2
� MµD,B

Q2

MIC,B
Q2

×
MIC

Q1

MµD
Q1

×
kQ1 ,Q0

IC

kQ2 ,Q0
IC

×
kQ2 ,Q0

µD

kQ1 ,Q0

µD (5)

Beam quality correction factors for both the ion chambers

and microDiamond were then applied. The beam quality

correction factors for the ion chambers, kICQ1Q2
is the ratio of

kQ1 ,Q0
IC and kQ2 ,Q0

IC . The beam quality correction factors for the ion

chambers were determined from the empirical function and

specific chamber-type parameters in Table 1 of Andreo et al.

[30]. The beam quality correction factor for the microDiamond,

kµDQ2Q1
, is the ratio of kQ2 ,Q0

IC and kQ1 ,Q0
IC and was determined via

measurements acquired on the conventional linac and the MRI-

linac at 0 T. The measured kµDQ2Q1
is shown in Eq. 6, where

measurements at Q1 and Q2 were on the conventional linac

and MRI-linac at 0 T respectively. Eq. 6 is a re-arrangement of

Eq. 5 using the assumption that kIC�B,Q2
� 1 and B = 0 T. The

conversion between Eqs 5, 6 is shown in the Supplementary

Material.

kµDQ2Q1
� MIC

Q2

MµD
Q2

×
MµD

Q1

MIC
Q1

× kICQ2Q1
(6)

Once the beam quality correction factors for the

microDiamond were measured, Eq. 5 simplifies to Eq. 7 to

calculate the ion chamber magnetic field correction factor.

kIC�B,Q2
� MµD,B

Q2

MIC,B
Q2

×
MIC

Q1

MµD
Q1

× kICQ1Q2
× kµDQ2Q1

(7)

2.2 Linear accelerators used in this work

As described elsewhere [3, 31, 32], the Australian MRI-linac

(AusMRI-linac) is a parallel MRI-linac with a bespoke 1 T split

bore magnet (Agilent Technologies Inc. United States) and a

Varian Linatron (Varian Medical Systems, Inc., United States)

radiation source aligned with the radiation beam central axis

parallel to the constant magnetic field, B0. The radiation source of

the AusMRI-linac is decoupled from the magnet allowing a

variable radiation source to MRI isocenter distance [32]. The

radiation beam is flattening filter free (FFF) and has a beam

quality of TPR20,10 = 0.632 [31]. The magnet has a low field

strength region, which approximates a 0 T set-up, at the end of

the MRI bore [33, 34].

The Elekta Unity (Elekta AB, Stockholm, Sweden) is a

perpendicular MRI-linac with a 1.5 T magnet and a 7 MV FFF
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beam aligned perpendicular to the B0 field [35]. The beam quality

of the Unity used for measurements was TPR20,10 = 0.701.

The conventional linac used in this work was an Elekta

Synergy. The 6X flattened beam had a beam quality of

TPR20,10 = 0.683.

2.3 Detectors

This work used a PTW microDiamond (PTW Freiburg

Gmbh, Freiburg, Germany) to measure the magnetic field

correction factor for a Scanditronix Wellhofer FC65-G (s/n:

819, IBA Dosimetry GmbH, Schwarzenbruck, Germany) and

a PTW30013 0.6cc (s/n: 10066, PTW Freiburg Gmbh) ion

chamber. A CC13 chamber (s/n: 15996, IBA Dosimetry

GmbH) was set up between the source and MLC on the

AusMRI-linac as an external monitor chamber to correct for

variations in linac output within repeat measurements. No

external monitor chamber was used for either the

conventional linac or Elekta Unity.

The microDiamond has a cylindrical shape with the long axis

of the cylinder orientated from the stem to the front flat face

(Figure 1A). A thin sensitive detector volume is located

perpendicular to the long axis at 1 mm depth from the end of

the cylinder. The thin detector is made from synthetic diamond

and has a sensitive volume thickness of 1 µm and radius of 1.1 mm

[36]. When irradiated with the front facing the source, i.e., with the

cylindrical end toward the source, themicroDiamond is symmetric

along the long axis of the cylinder.When irradiated in an “edge on”

orientation, the microDiamond is not rotationally symmetric due

to the presence of metallic contacts as shown by the 90° rotation

between the aligned contacts and lateral contacts orientations in

the MV EPID images in Figure 1B.

2.4 Equipment setup

The set-up at 1 T on the AusMRI-linac was at 1819 mm

source to isocenter distance, 100 mm depth and a 9.7 cm ×

9.7 cm field. The beam was horizontal through a window on

TABLE 1 Uncertainty analysis for the microDiamond beam quality correction factor (kµD
Q2Q1

) and ion chamber magnetic field correction (kIC
�B,Q2

) as
determined via measurements on the AusMRI-linac 0 T to AusMRI-linac 1 T and conventional linac to AusMRI-linac at 1 T. The microDiamond
beam quality correction factor uncertainty combined all uncertainties via quadratic sum except microDiamond beam quality and magnetic field
correction factor uncertainties in calculation. The AusMRI-linac 0 T to AusMRI-linac 1 T combined all uncertainties via quadratic sum except beam
quality uncertainty for both detectors and microDiamond magnetic field correction factor. The kIC

�B,Q2
as measured via a conventional linac to

AusMRI-linac at 1 T combined all uncertainties via quadratic sum.

Component of uncertainty Conventional linac AusMRI-linac

Farmer-type Micro Diamond Farmer-type Micro Diamond

Type A

Reproducibility of detector measured charge 0.1% 0.1% 0.1% 0.1%

Type B

Positioning of detector at correct depth 0.1% 0.1% 0.1% 0.1%

SSD setup (±1 mm)a 0.1% — 0.1% —

kTP correction 0.1% — 0.1% —

kpol—Reference chamber 0.05% — 0.05% —

ks—Reference chamber 0.1% — 0.1% —

kRP—Radial profile or volume averaging difference 0.05% 0.05% 0.1% 0.1%

kleak—leakage current 0.1% 0.1% 0.1% 0.1%

Beam Quality correction factorb — — 0.6% 0.2%

microDiamond magnetic field correction factor uncertaintyc — — — 0.2%

Relative combined standard uncertainty

kµDQ2Q1
- microDiamond beam quality correction factor (k = 1)d 0.75%

kIC�B,Q2
- AusMRI-linac 0 T to AusMRI-linac 1 T (k = 1)e 0.51%

kIC�B,Q2
- Conventional Linac to AusMRI-linac 1 T (k = 1)f 0.81%

aSSD Setup uncertainty only included once in each set-up. Nominally placed into Farmer-type column.
bBeam quality correction factor uncertainty for Farmer-type chambers based on uncertainty calculation in Andreo et al. [30]. MicroDiamond uncertainty based on measured data in this

work and Shaw et al. [25].
cmicroDiamond magnetic field correction factor uncertainty was estimated.
dkµDQ2Q1

- microDiamond beam quality correction factor combined all uncertainties except for the beam quality correction factor and magnetic field correction factor for the microDiamond.
ekIC�B,Q2

- AusMRI-linac 0–1 T combined all uncertainties except for the beam quality correction factors and microDiamond magnetic field correction factor.
fkIC�B,Q2

- Conventional Linac to AusMRI-linac 1 T combined all uncertainties.
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the water tank and therefore the effective thickness of the window

was included in the 100 mm depth. The water tank window

thickness was 8.9 mm of Perspex for an effective thickness of

10.6 mm. The microDiamond chamber was set-up with the front

facing towards the radiation source. The central axis of the

chamber and the effective point of measurement of the

microDiamond were set at 100 mm depth. No changes in

water tank set-up were made between measurements of the

microdiamond and ion chamber. A 0 T measurement on the

AusMRI-linac was acquired by moving the chamber and water-

tank to the low magnetic field point and maintaining a consistent

source to chamber distance and field size. The AusMRI-linac

beam quality has been shown to not vary between 0 and 1 T [31].

The set-up on the Elekta Unity used a vertical beam at a

source to isocenter distance of 1,432 mm. A 10 cm × 10 cm field

was used. The vertical beam allows detector set-up as per the

description in AAPM TG106 [37]. Detectors were set-up at

isocenter distance, with a 0.1 mm positional accuracy of

the water tank control mechanism. The central axis of the

Farmer-type chambers was set up at 100 mm depth. The

microDiamond chamber was set-up in an “edge on”

orientation, with the central long axis of the microDiamond

parallel to the B0 magnetic field and at a depth of 100 mm.When

the microDiamond long axis was parallel to the magnetic field

and perpendicular to the radiation beam, the magnetic field

correction factor is almost unity [26]. No changes in water

tank set-up were made between measurements of the

microdiamond and ion chamber. A Type B uncertainty

associated with the microDiamond magnetic field correction

factor has been included in the uncertainty analysis.

MicroDiamond detectors used in edge on orientation have a

rotational dependence that can be up to 2% in variation [25, 38]

and is likely due to the presence of the metallic contacts. Two

different set-ups were used to investigate any differences caused

by the microDiamond rotation when measuring between the

conventional linac and the Elekta Unity MRI-linac (Figure 1B).

Images were acquired on a conventional linac with the

microDiamond deliberately shifted closer to the source to

improve MV EPID quality. Set-up one was with the

microDiamond contacts anterior and posterior to the

collecting volume aligned with the beam central axis (referred

to from here on as the aligned contacts orientation). Set-up two

was with the contacts laterally positioned to the collecting volume

relative to the beam central axis (referred to from here on as the

lateral contacts orientation). The lateral contacts orientation was

a 90° rotation from the aligned contacts orientation.

Measurements on the Elekta Unity with either an aligned

contacts orientation or lateral contacts orientation were only

compared to similar contact orientation measurements acquired

on a conventional linac.

Source to chamber, field size, detector orientation and beam

incident angle on the water tank for measurements set-ups on the

FIGURE 1
(A) The microDiamond detector. The long axis is from the stem to the front face. Measurements on the AusMRI-linac were through the front
face. Measurements on the Unity were perpendicular to the long axis in an “edge on” orientation. MicroDiamond set up for measurements on
conventional linacs, used for calculation of magnetic field correction factors, replicated the set-up on each of the MRI-linacs. (B)MV EPID image of
the microDiamond in the two edge on set-ups used for determination of magnetic field correction factors from a conventional linac to a
perpendicular MRI-linac. Set-up 1 has the contacts aligned with the beam axis in an anterior and posterior position relative to the collecting volume.
Set-up 2 has contacts laterally positioned relative to the collecting volume.
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AusMRI-linac and Elekta Unity were replicated on a

conventional Elekta Linac for the respective measurements

at 0 T.

2.5 Measurements

Separate measurement series were acquired for the

conventional linac, the AusMRI-linac at 0 T, the AusMRI-

linac at 1 T and the Elekta Unity. Each measurement series

consisted of a measurement of the ratio between an ion

chamber and microDiamond. Three repeat measurement

series were acquired on separate days for each of the

conventional linac, AusMRI-linac at 0 T and AusMRI-linac at

1 T with the average of the three measurement series used in the

calculations. One measurement series was acquired for the Elekta

Unity. Each series consisted of a full removal and re-setup of the

equipment, measurement and application of polarity and

recombination for the ion chambers and at minimum three

repeat measurements per detector. Measurements for both ion

chambers were acquired as part of all measurement series. The

series from the conventional linac and AusMRI-linac at 0 T were

combined to measure the microDiamond beam quality

correction factor. The series from the AusMRI-linac at 0 T to

AusMRI-linac at 1 T were combined to investigate if the

microDiamond was affected by the magnetic field. The series

from the conventional linac and AusMRI-linac at 1 T was used to

measure kIC�B,Q2
for both chambers for a parallel MRI-linac at 1 T.

The series from the conventional linac and Elekta Unity were

used to measure kIC�B,Q2
for both chambers for the Elekta Unity.

Measurements on the AusMRI-linac were with the

microDiamond front face toward the source. The

microDiamond was rotationally symmetric in this orientation,

therefore there was no investigation into differences in kIC�B,Q2
due

to rotation. Measurements on the Elekta Unity were set-up in a

“edge on” orientation for the aligned and lateral contact set-ups.

The rotational orientation of the chambers and microDiamond

was kept consistent for measurements on both the conventional

linac and Elekta Unity.

The AusMRI-linac volume averaging value for the Farmer-

type detector was 1.0016. The value was calculated and applied as

per IAEA TRS-483 [28]. The Elekta Unity volume averaging

value for the Farmer-type detector was 1.0022 and was from

previously published data [15]. No volume averaging correction

was applied for the conventional linac for Farmer-type detectors

as it was a flattened beam. No volume averaging corrections were

applied for the microDiamond.

2.5.1 MicroDiamond beam quality correction
factor

The change in response of the microDiamond due to the

change in beam quality was measured via Eq. 6 using the

measurement series acquired on the conventional linac and

AusMRI-linac at 0 T (Q1 and Q2 respectively). This is shown

in Figure 2A. Three repeat measurement series of the ratio

between an ion chamber and microDiamond were acquired

on both the conventional linac and AusMRI-linac at 0 T. The

average of the ratios measured in each measurement series from

the conventional linac and AusMRI-linac at 0 T were used to

calculate the change in microDiamond response due to the

change in beam quality. This was repeated for each chamber

and an average of the beam quality correction factor for the

microDiamond measured from both chambers was used in the

calculation of the magnetic field correction factor from the

conventional linac to the AusMRI-linac at 1 T. The ion

chamber beam quality correction factors (kICQ1Q2
in 7) were

0.9945 and 0.9928 for the FC65-G and PTW30013 respectively.

Beam quality correction factors were derived from the ratio of

kQ,Q0 values for the two beam qualities given in Andreo et al. [30].

The inverse values were used in the calculation of the micro-

diamond beam quality correction factor (Eq. 6). The

microDiamond beam quality correction factor results were

also used to estimate the uncertainty for this correction when

calculating the magnetic field correction factor.

2.5.2 AusMRI-linac 0 T to AusMRI-linac 1 T
The measurement series acquired on the AusMRI-linac at 0 and

1 T was used to measure the impact of the parallel MRI-linac

magnetic field on the microDiamond response. Since the

AusMRI-linac can be set-up at both 0 and 1 T, the kIC�B,Q2
from

Eq. 7 can be measured without the variable of a change in beam

quality affecting measurements. This simplifies Eq. 7 with Q1 � Q2

and the ion chamber correction for the change in beam quality,

kICQ1Q2
, equal to one. Three repeat measurement series of the ratio

between an ion chamber and microDiamond were acquired on the

AusMRI-linac at both the 0 and 1 T set-up. The average of the ratios

from each magnetic field strength were used to calculate kIC�B,Q2
. The

kIC�B,Q2
for both Farmer-type chambers has previously been measured

[17, 18] or simulated [13, 14] via other methods. Therefore,

measurement of kIC�B,Q2
equal to the expected values for both

chambers confirms that the microDiamond was unaffected by the

magnetic field on the parallel MRI-linac. This is shown in Figure 2B.

2.5.3 Conventional linac to AusMRI-linac 1 T
Once the microDiamond beam quality correction factor was

measured and the assumption that the microDiamond was not

impacted by the magnetic field validated, the overall calculation of

kIC�B,Q2
from a conventional linac to the AusMRI-linac was compared

to expected values. This measurement is like a scenario where the 0 T

component of theMRI-linac is not available. Themeasurement series

acquired on the conventional linac and AusMRI-linac at 1 T were

used to calculate kIC�B,Q2
from Eq. 7 where Q1 and Q2 was the

conventional linac and AusMRI-linac at 1 T respectively. The

correction factor was calculated for both ion chambers. Beam

quality correction factors for the FC65-G and PTW30013 were

given in Section 2.5.1. This is shown in Figure 2C.
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2.5.4 Conventional linac to Elekta Unity
A fourth measurement series, acquired between a

conventional linac and an Elekta Unity at 1.5 T, was used to

investigate the applicability of the method for commercial

systems. As 0 T measurements on the Elekta Unity were not

available, the microDiamond beam quality correction factor was

assumed to be 1.0 [25] and the microDiamond magnetic field

correction factor was assumed to be 1.0 [26]. Both the aligned

and lateral contact set-ups shown in Figure 1B were collected to

investigate the impact of the placement of the contacts on the

measured magnetic field correction factor. Alignment of the

contacts was kept consistent across the measurement series.

Three repeat measurement series of the ratio between an ion

chamber and microDiamond were acquired on the conventional

linac. One measurement series was acquired on the Elekta Unity.

The chamber and microDiamond long axis were both pointing

into the Elekta Unity bore. The ion chamber beam quality

correction factors (kICQ1Q2
in Eq. 7) were 1.0036 and 1.004 for

the FC65-G and PTW30013 respectively. Beam quality

correction factors were derived from the ratio of kQ,Q0 values

for the two beam qualities given in Andreo et al. [30].

2.6 Uncertainty analysis

The uncertainty for the three measurements between the

conventional linac and the AusMRI-linac is shown in Table 1 as

all three measurements have similar uncertainties. The

FIGURE 2
Schematic of the different measurements. (A) The microDiamond beam quality correction, kµD

Q2Q1
, was measured between a conventional linac

and the AusMRI-linac at 0 T. (B) The magnetic field correction factor, kIC
�B,Q

, was determined without corrections for beam quality viameasurements
on the AusMRI-linac at 0 T and AusMRI-linac at 1 T. (C) The magnetic field correction factor, kIC

�B,Q
, was measured with ion chamber and

microDiamond beam quality correction factors from a conventional linac to the AusMRI-linac at 1 T. Similar measurements were used to
determine the magnetic field correction factor for an Elekta Unity.
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reproducibility of the measured charge for both the Farmer and

microDiamond chambers was estimated via the coefficient of

variation from measurements. Depth uncertainty was a

combination of wall thickness measurement, depth position

indicator length, depth position set-up reproducibility and

chamber cap thickness. Wall thickness, depth position and

chamber cap thickness were measured with Vernier calipers

with the uncertainty component being half the smallest scale

division. This depth uncertainty was converted into a percentage

via the dose gradient of the AusMRI-linac at 100 mm depth

(0.4%/mm). SSD set-up of the tank uncertainty was based on 1/R2

correction. Tank set-up was not changed between detector

measurements at each magnetic field strength and was

therefore only included once for each measurement series.

Uncertainties for temperature, pressure, polarity,

recombination, leakage and volume averaging were included

for Farmer-type chambers based on the factors given in

AAPM TG-51 addendum [39]. Uncertainty for volume

averaging and leakage of the microDiamond was estimated

based on the volume averaging uncertainty of an ion chamber

and the observed leakage during use respectively.

The relative combined standard uncertainty for the

microDiamond beam quality correction factor combined the

above uncertainties with the beam quality uncertainty for

the ion chamber. The relative combined standard uncertainty

for the magnetic field correction factor as calculated via

measurements on the AusMRI-linac at 0 and 1 T, combined all

uncertainties except for the uncertainty in the beam quality

correction factor for both the Farmer-type detectors and the

microDiamond as well as the uncertainty in the microDiamond

due to in the magnetic field. The results from these measurements

were used to estimate the uncertainty in the microDiamond

magnetic field correction factor. The relative combined

standard uncertainty for the magnetic field correction factor as

calculated via measurements on the conventional linac and

AusMRI-linac at 1 T combined all uncertainties. All uncertainties

were combined via quadratic sum. The uncertainty coverage factor,

k, used to obtain an expanded uncertainty was equal to one [40].

Results are presented with the coverage factor used to calculate the

uncertainty.

The relative combined standard uncertainty for the ion

chamber magnetic field correction factor, as measured via a

conventional linac to Elekta Unity is shown in Table 2. The

reproducibility of the measured charge for both the Farmer

and microDiamond chambers was estimated via the

coefficient of variation from measurements. Positioning of

the detectors at the correct depth in 0 T conditions on a

conventional linac used a water tank with 0.1 mm precision.

Positioning of the detectors at the correct depth on the Elekta

Unity used a combination of detector positioning at the

isocenter using EPID orthogonal images and the water

depth set via re-positioning the isocenter aligned detector

vertically towards the source by 100 mm, with a water tank

movement precision of 0.1 mm, and then filling the tank to

the appropriate level. This was combined into a 0.3 mm

positional uncertainty. The uncertainty in depth was

converted to a dose uncertainty via an estimated dose

gradient of 0.3%/mm based on PDD curves [35]. SSD set-

up of the tank was based on 1/R2 correction. Tank set-up was

not changed between detector measurements at each

magnetic field strength and was therefore only included

once for each measurement.

TABLE 2 Uncertainty analysis for kIC
�B,Q2

measurement from conventional linac to Elekta Unity at 1.5 T. Uncertainties were combined via quadratic sum.

Component of Uncertainty
0 T 1.5 T

Farmer-type Micro Diamond Farmer-type Micro Diamond

Type A

Reproducibility of detector measured charge 0.1% 0.1% 0.1% 0.1%

Type B

Positioning of detector at correct depth 0.06% 0.06% 0.1% 0.1%

SSD setup (±1 mm) 0.1% — 0.1%

Farmer-type—kTP correction 0.1% — 0.1% —

Farmer-type—kpol correction 0.05% — 0.05% —

Farmer-type—ks correction 0.1% — 0.1% —

kRP—Radial profile or volume averaging 0.05% 0.05% 0.1% 0.1%

kleak—leakage current 0.1% 0.1% 0.1% 0.1%

Beam Quality Correction Factora — — 0.6% 0.2%

microDiamond magnetic field correction factor uncertaintyb — — — 0.7%

Relative Combined Standard Uncertainty (k = 1) 1.04%

aBeam quality correction factor uncertainty for Farmer-type chambers based on uncertainty calculation in Andreo et al. [30]. MicroDiamond uncertainty based on Shaw et al. [25, 41].
bUncertainty of magnetic field correction factor for the microDiamond based on an estimated factor from graphs in Tekin et al. [26].
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Uncertainties for temperature, pressure, polarity,

reproducibility, leakage and volume averaging were included

for Farmer-type chambers. A Type B uncertainty was

included for the Farmer-type beam quality correction factor

based on the uncertainty in beam quality correction factors

[30]. A Type B uncertainty was included for the

microDiamond beam quality correction factor based on

the data in Shaw et al. [25, 41]. Uncertainty in the

microDiamond magnetic field correction factor was based on

estimated factors [26]. Quadratic sum was used to calculate the

relative combined standard uncertainty.

3 Results

3.1 MicroDiamond beam quality
correction factor

Measurements series from a conventional linac and the

AusMRI-linac at 0 T were used to determine the beam quality

correction factor for the microDiamond. The results are

shown in Figure 3A. The measured kµDQ2Q1
for the IBA

FC65-G and PTW30013 was 1.0014 ± 0.015 (k = 2) and

1.0027 ± 0.015 (k = 2) respectively. An average value was

applied to future calculations of magnetic field correction

factors measured between the conventional linac and the

AusMRI-linac.

3.2 AusMRI-linac 0T to AusMRI-linac 1 T

Measurements between the AusMRI-linac at 0 and 1 T

investigated the assumption that the microDiamond was

unaffected by the magnetic field. The results are shown in

Figure 3B. The measured kIC�B,Q2
for both the FC65-G and

PTW30013 was 0.988 ± 0.010 (k = 2).

3.3 Conventional linac to AusMRI-linac 1 T

The ion chamber kIC�B,Q2
was calculated from measurements

on a conventional linac and the AusMRI-linac at 1 T. The

results are shown in Figure 3C. The results included the

correction for beam quality measured previously and

assumed the microDiamond was not affected by the

magnetic field. The measured kIC�B,Q2
for both the FC65-G

and PTW30013 was 0.988 ± 0.016 (k = 2) and 0.987 ±

0.016 (k = 2) respectively.

FIGURE 3
(A)microDiamond beam quality correction factormeasured via conventional linac and AusMRI-linac at 0 T. (B)Magnetic field correction factor,
kIC�B,Q2

, measured between 0 and 1 T measurement set-ups on the AusMRI-linac. (C) Magnetic field correction factor, kIC�B,Q2
, measured between a

conventional linac and the AusMRI-linac at 1 T. Beam quality for the AusMRI-linac was TPR20,10 = 0.632. Expected values for kIC�B,Q2
for the

PTW30013 and FC65-G were from Begg et al. [17] and Billas et al. [18] respectively. All uncertainties were k = 2.
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3.4 Conventional linac to Elekta Unity

The response of both the microDiamond and Farmer-

type chambers on a conventional linac and Elekta Unity at

1.5 T investigated using the microDiamond to calculate the

kIC�B,Q2
for an ion chamber on a perpendicular MRI-linac.

Figure 4 shows the results for the (A) PTW30013 and (B)

FC65-G compared to values from the literature. The results

are presented for both the inline and lateral orientation of the

contacts described in Figure 1B. The measured kIC�B,Q2
for the

PTW30013 was 1.015 ± 0.020 (k = 2) and 0.983 ± 0.020 (k = 2)

for the aligned and lateral contact set-ups respectively. The

measured kIC�B,Q2
for the FC65-G was 1.029 ± 0.021 (k = 2) and

0.995 ± 0.020 (k = 2) for the aligned and lateral contact set-

ups respectively. Published data in red was based on Monte

Carlo simulations. Published data in green was based on

measurements.

4 Discussion

Magnetic field correction factors, k �B,Q, are required for

reference dosimetry on MRI-linacs. Current methods of

measuring these factors such as calorimetry [19–21],

Monte Carlo simulation [13, 14, 24], electromagnets

combined with conventional linacs [14, 24], alanine

chemical dosimetry [16, 22, 23] and ramping the magnet

up and down [8], have different limitations. Our method

aimed to measure k �B,Q using conventional dosimeters

available to most radiotherapy centers. The method used a

ratio of a microDiamond and ion chamber, measured on both

a conventional linac and the MRI-linac, to calculate k �B,Q. Our

work measured k �B,Q on parallel and perpendicularly aligned

MRI-linacs. For a parallel MRI-linac, with a beam quality of

TPR20,10 = 0.632, we measured k �B,Q values of 0.988 ± 0.016

(k = 2) and 0.987 ± 0.016 (k = 2) for a FC65-G and

PTW30013 respectively. For a perpendicular MRI-linac,

with a beam quality of TPR20,10 = 0.701, we measured k �B,Q

values of 0.995 ± 0.020 (k = 2) and 0.983 ± 0.020 (k = 2) for a

FC65-G and PTW30013 respectively.

4.1 MicroDiamond beam quality
correction factor

Measurements between a conventional linac and the

AusMRI-linac at 0 T were used to measure the

microDiamond beam quality correction factor (TPR20,10

values of 0.683 and 0.632 respectively). Our results show a

0.14% and 0.27% difference from 1.0 for the FC65-G and

PTW30013 respectively. Energy dependence of the

microDiamond was expected to be minimal with Laub

et al. [42] estimating an energy dependence of less than

1% between 6–15 MV, which is similar to the data

presented by Shaw et al. [25]. The small energy dependence

has been attributed to the near tissue equivalence of carbon [42].

Further Monte Carlo simulations would be required to

investigate energy dependence of the microDiamond with

sufficient accuracy to reduce the uncertainty due to beam

quality changes.

FIGURE 4
Measured kIC

�B,Q2
for the Elekta Unity compared to literature data for the PTW30013 (A) and IBA FC65-G (B). Beam quality was nominally

TPR20,10 = 0.701. All uncertainties were k = 2. The aligned and lateral contact set-ups were rotated 90° from each other in an edge-on orientation.
The set-ups placed the contacts at two different positions relative to the collecting volume. Expected values for kIC

�B,Q2
for the PTW30013 and FC65-G

are from van Asselen et al. [8], Malkov and Rogers [13], Spindeldreier et al. [14], de Prez et al. [15], and Billas et al. [16]. Published data in red was
based on Monte Carlo simulations. Published data in green was based on measurements.
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4.2 AusMRI-linac 0T to AusMRI-linac 1 T

Measurements between the AusMRI-linac at 0 and 1 T

isolated the change in response of the Farmer-type chambers

to only the magnetic field. The measurements investigate the

assumption that the microDiamond response is not impacted by

the magnetic field.

The measured kIC�B,Q2
for the FC65-G was 0.988 ± 0.010 (k = 2).

This value was in agreement with Alanine measurements on the

same machine [18].

For the PTW30013, the measured kIC�B,Q2
was 0.988 ± 0.010

(k = 2). This value was in agreement with the expected kIC�B,Q2
value

for the PTW30013 of 0.993 ± 0.013 (k = 1) based on a cross-

calibration from the FC65-G chamber [17]. Simulations of the

PTW30013 with different magnetic field strengths and energy

spectrums show agreement with the measured value.

Spindeldreier et al. [14] simulated a k �B value of 0.994 ±

0.003 using a beam quality of TPR20,10 = 0.674 and a 1.0 T

magnetic field. Malkov and Rogers [13] simulated a k �B value of

0.9937 ± 0.0010 using a beam quality of TPR20,10 = 0.695 and a

1.5 T magnetic field. The previously presented Monte Carlo data

has only been validated for perpendicular MRI-linacs. The

measurements presented here can be used to show agreement

between measured values and the Monte Carlo simulations for

corrections factors on a parallel MRI-linac. As has been shown by

Spindeldreier et al. [14] andMalkov and Rogers [43] validation of

Monte Carlo data via measurements is required to improve

understanding of the simulations. Validation of Monte Carlo

data allows the clinical use of the data.

Our measured kIC�B,Q2
agreed with expected values for both

chambers within the calculated uncertainties. However, both

values were lower than the published values. The difference

between measured and published values could indicate the

microDiamond has a small magnetic field correction factor on

a parallel MRI-linac. MicroDiamond response has been shown to

be sensitive to non-water equivalent components surrounding

the sensitive volume [26]. Non-water equivalent components

could potentially cause a difference in the response in a parallel

MRI-linac. Monte Carlo simulations would be required to

investigate the microDiamond magnetic field correction factor

for a parallel MRI-linac. Previous simulations comparing the

response of a diamond detector in the magnetic field relative to

no magnetic field show almost no difference when the diamond

detector is aligned parallel to the magnetic field and radiation

central axis [29]. It should be noted that there are construction

differences between a diamond and microDiamond detector.

4.3 Conventional linac to AusMRI-linac 1 T

Measurements between the conventional linac and AusMRI-

linac at 1 T were used to measure the magnetic field correction

factor in a scenario where the MRI-linac 0 T field was not

available. This measurement includes ion chamber and

microDiamond corrections and uncertainties for the beam

quality and the microDiamond which was assumed to not be

impacted by the magnetic field.

The measured kIC�B,Q2
for the FC65-G was 0.988 ± 0.016 (k = 2)

which was in agreement with the previous measurement via

Alanine [18]. The measured kIC�B,Q2
for the PTW30013 was 0.987 ±

0.016 (k = 2) which agrees with previous measurements [17] and

simulations [13, 14]. As discussed above, validation of Monte

Carlo data is required prior to clinical use of the simulated values.

Our results provide a direct comparison between measurements

and the simulations for a parallel MRI-linac. The results

demonstrate the use of a microDiamond to calculate the ion

chamber magnetic field correction factor using measurements on

a conventional linac and on the MRI-linac.

The uncertainty associated with the measurement from a

conventional linac to an AusMRI-linac at 1 T was large (~0.8%,

k = 1) which was an improvement compared to the uncertainties

associated with the previously published measurements [17, 18].

The largest components of the uncertainty are the beam quality

correction factors for the Farmer-type (0.6%) and

microDiamond (0.2%) and the microDiamond magnetic field

correction factor (0.2%). Improved understanding of the beam

quality dependence of the Farmer-type chambers and

microDiamond could reduce these uncertainties and therefore

reduce the overall uncertainty. Monte Carlo simulations would

be required to confirm that the microDiamond is not impacted

by the magnetic field.

4.4 Conventional linac to Elekta Unity

Measurements between a conventional linac and the Elekta

Unity were used to investigate the use of a microDiamond, on a

perpendicular MRI-linac, to measure the magnetic field

correction factor.

Our results show a difference in the calculated magnetic field

correction factor for the ion chamber dependent on the

rotational set-up of the microDiamond (see Figure 1B for

details on contact rotational set-ups). The aligned contacts

set-up was consistently higher than previously published

values for both chambers. The lateral contacts set-up showed

agreement with published values.

The PTW30013 set-up 2 result was slightly lower than

published values, however the result still shows agreement

within uncertainties. The FC65-G set-up 2 results agree with

published values.

The difference between the aligned and lateral contacts

set-ups is the likely source of the response difference observed

with the rotation of the microDiamond. Shaw et al. [25]

showed differences in detector response between a

conventional linac and Elekta Unity dependent on the

rotation of the microDiamond, however the alignment of
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the contacts with rotational angle was not shown. Tekin et al.

[26] showed that the response of the sensitive volume varied

depending on the density of components upstream and

downstream from the volume. For the inline orientation

set-up, the contacts on either side of the sensitive volume

are up and down-stream and therefore could be impacting the

output in the magnetic field. When the contacts are lateral to

the sensitive volume, they may have less impact on the

sensitive volume. Monte Carlo simulations of the magnetic

field correction factor, simulated using a non-rotationally

symmetric microDiamond model which includes the contacts

in the orientations described in this work, could be used to

verify the impact of the contacts on the response.

The uncertainties presented in this work were large

compared to published Monte Carlo simulations [13, 14] and

alternative methods of measuring magnetic field correction

factors [8, 15, 16]. Monte Carlo simulations [13, 14] and

measurements from van Asselen et al. [8] and Billas et al.

[16] only include Type A uncertainties which could

underestimate the uncertainty of the correction factor. The

results from de Prez et al. [15] show a much smaller

uncertainty, however access to a MRI-linac compatible

calorimeter as used in their work is limited.

Our measurement of the magnetic field correction factor

using the microDiamond to transfer between a conventional

linac to the Elekta Unity used two assumptions. The first was

that the microDiamond was unaffected by the magnetic field.

This was based on simulations from Tekin et al. [26] where

the rotational orientation is not known. Increased

uncertainty was added for the effect of the magnetic field

on the microDiamond in this work to account for this. The

second assumption was that the beam quality difference

between the conventional linac (TPR20,10 = 0.683) and

Unity (TPR20,10 = 0.701) did not require correcting. This

assumption is not always valid as shown in the

microDiamond beam quality measurements between a

conventional linac and the AusMRI-linac at 0 T. Previous

measurements of energy dependence shows a change in the

microDiamond response between the energy of the

conventional linac and Elekta unity [25]. However, this

response is small. Additional uncertainty was added to this

measurement for the change in beam quality.

Improved understanding of the response dependence of

the microDiamond on the magnetic field and beam

quality could reduce the overall uncertainty of the

measurement.

4.5 Application for clinical use

The results for the parallel MRI-linac indicate that the

microDiamond can be used to calculate the magnetic field

correction factor using measurements on a conventional linac

and MRI-linac. However, the beam quality changes and

susceptibility of the detector to the magnetic field impact the

uncertainty.

The results for the conventional linac to Elekta Unity

demonstrate the applicability of using the microDiamond to

calculate the correction factor on perpendicular systems. To fully

utilize the detector for this purpose, the microDiamond beam

quality dependence and magnetic field correction in an edge on

orientation needs validation. For the beam quality dependence, a

ratio measurement on the MRI-linac during magnet ramp down,

similar to the measurement presented in this work between the

conventional and AusMRI-linac at 0 T, would be sufficient to

determine the beam quality dependence. Monte Carlo

simulations could also be used to investigate beam quality

dependence. MicroDiamond magnetic field susceptibility can

be validated by simulations in the edge on orientation which

take into account the different rotational orientations of the

contacts.

An alternative option is to combine ratio measurements

from the Elekta Unity at 0 T and at 1.5 T. These measurements

could be acquired during a magnet ramp down. This would

remove the uncertainty due to the microDiamond beam quality

dependence reducing the uncertainty from 1.04% to 0.82%.

Measuring the microDiamond and chamber ratios during a

magnet ramp down would be analogous to the measurements

on the AusMRL at 0 and 1 T as well as the measurements

presented by van Asselen et al. [8]. However, this would limit

using this method to periods where the magnetic field was

ramped down.

If a department had access to a calibrated chamber in the

magnetic field, then a simple cross-calibration of the chambers in

the magnetic field would be sufficient for dose measurement

purposes. This method would eliminate the need for a magnetic

field correction factor as it would be inherent in the ion chamber

calibration factor, ND,w. The use of a previously calibrated

chamber could also potentially reduce uncertainties.

For both types of MRI-linac, the use of a microDiamond

to calculate the magnetic field correction factor from a

conventional linac was achievable. However, the use of this

method for sole calculation of the correction factor is limited

by the large uncertainties. The method demonstrated in this

work can be used to verify detectors agree with published

correction factors.

4.6 Limitations

The large uncertainties associated with the ion chamber and

microDiamond beam quality corrections result in large

uncertainties when measuring kIC�B,Q2
. Reducing this

uncertainty, either via improved experimental conditions or

Monte Carlo simulations, will improve the accuracy of the

measured magnetic field correction factor.
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Our results show the microDiamond still has a beam quality

and magnetic field dependence. Finding a suitable energy and

magnetic field independent detector to use as a transfer could

reduce uncertainties.

5 Conclusion

The work presented investigates a proposed method of

using a microDiamond to measure magnetic field correction

factors for ion chambers using measurements on a conventional

linac and MRI-linac. Measurements between the conventional

linac and AusMRI-linac at 0 T determined the beam quality

correction factor for the microDiamond to be negligible.

Measurements on the AusMRI-linac at 0 and 1 T showed the

microDiamond could have a small magnetic field correction

factor when used on parallel MRI-linacs. Measurements

between a conventional linac and the AusMRI-linac at 1 T

were used to calculate magnetic field correction factors of

0.988 ± 0.016 (k = 2) and 0.987 ± 0.016 (k = 2) for a FC65-

G and PTW30013 respectively at a beam quality of TPR20,10 =

0.632. Measurements between a conventional linac and Elekta

Unity at 1.5 T calculated magnetic field correction factors of

0.995 ± 0.020 (k = 2) and 0.983 ± 0.020 (k = 2) for a FC65-G and

PTW30013, respectively. The method can be used by

departments with MRI-linacs to validate ion chambers

compared to Monte Carlo simulations of magnetic field

correction factors. Our results demonstrate a method for

measuring magnetic field correction factors that does not

rely on specialized equipment or expertise.
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