Received: 15 April 2023 Revised: 14 June 2023

W) Check for updates

Accepted: 17 June 2023

DOI: 10.1002/mp.16631

RESEARCH ARTICLE

MEDICAL PHYSICS

MR-guided ion therapy: Detector response in magnetic
fields during carbon ion irradiation

Hermann Fuchs'? |

"Division of Medical Radiation Physics,
Department of Radiation Oncology, Medical
University of Vienna, Vienna, Austria

2MedAustron lon Therapy Center, Wiener
Neustadt, Wiener Neustadt, Austria

3National Physical Laboratory, Teddington, UK

Correspondence

Hermann Fuchs, Division of Medical
Radiation Physics, Department of Radiation
Oncology, Medical University of Vienna,
Vienna, Austria.

Email: hermann.fuchs@meduniwien.ac.at

1 | INTRODUCTION

The combination of on-bed MR imaging, coupled with
radiation therapy was already introduced into clinical
routine with the hybrid MR-linacs."~> The superior soft-
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Abstract

Background:Combining carbon ion therapy with on-bed MR imaging has the
potential to bring particle therapy to a new level of precision. However, the
introduction of magnetic fields brings challenges for dosimetry and quality
assurance. For protons, a small, but significant change in detector response was
shown in the presence of magnetic fields previously. For carbon ion beams, so
far no such experiments have been performed.

Purpose:To investigate the influence of external magnetic fields on the
response of air-filled ionization chambers.

Methods:Four commercially available ionization chambers, three thimble type
(Farmer, Semiflex, and PinPoint), and a plane parallel (Bragg peak) detector
were investigated. Detectors were aligned in water such that their effective point
of measurement was located at 2 cm depth. Irradiations were performed using
10 x 10 cm? square fields for carbon ions of 186.1, 272.5, and 402.8 MeV/u
employing magnetic field strengths of 0, 0.25, 0.5, and 1 T. In addition, the
detector response for protons and carbon ions was compared taking into
account the secondary electron spectra and employing protons of 252.7 MeV
for comparison.

Results:For all four detectors, a statistically significant change in detector
response, dependent on the magnetic field strength, was found. The effect was
more pronounced for higher energies. The highest effects were found at 0.5
T for the PinPoint detector with a change in detector response of 1.1%. The
response of different detector types appeared to be related to the cavity diame-
ter. For proton and carbon ion irradiation with similar secondary electron spectra,
the change in detector response was larger for carbon ions compared to protons.
Conclusion:A small, but significant dependence of the detector response was
found for carbon ion irradiation in a magnetic field. The effect was found to
be larger for smaller cavity diameters and at medium magnetic field strengths.
Changes in detector response were more pronounced for carbon ions compared
to protons.

KEYWORDS
magnetic fields, MR-guided ion therapy, MR-guided proton therapy

tissue contrast in combination with zero imaging dose
coupled with on-bed imaging allows new treatment pos-
sibilities. For MR-linacs, it was already shown that a
potential reduction of treatment margins can lead to a
lower total irradiated volume*
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lon-beam therapy, using protons or carbon ions for
treatment, with its improved physical characteristics
allows a more conformal dose distribution compared to
conventional photon therapy. On-line imaging for precise
anatomy, target, and organ-at-risk location, may be even
more effective for ion-beam therapy, further increasing
the treatment conformity and efficacy® In addition, on-
line surveillance of the target and the resulting improved
positional accuracy could allow the introduction of new
concepts, such as LET painting.

For ion-beam therapy, the primary treatment beam
itself is influenced by the magnetic fields of such an
hybrid MR system leading to dose perturbations, which
need to be compensated.®'% The combination of MR
imaging with carbon ion irradation, MR-guided ion ther-
apy (MRgIT), is still in its infancy. However, the further
improved biological efficacy over protons makes it an
obvious candidate besides MR-guided proton therapy.

The possibility to perform accurate dosimetry within
magnetic fields is a key precondition for future clini-
cal application of MRgIT. For MR-linacs, a considerable
influence of magnetic fields of up to and beyond 10% on
the detector response was shown.!" Due to the differ-
ent processes, these results can not be directly related
to particle therapy. For proton irradiation in magnetic
fields, changes in detector response between —0.7 and
0.5% depending on the detector type and magnetic field
strength were observed.'? The effects were small, but
for absolute dosimetry and beam calibration should be
accounted for.

So far, no experimental or in silico investigations of
ionization chamber response have been performed for
carbon ions in the presence of magnetic fields. The
impact of an external magnetic field on the detector
response is likely dependent on the secondary elec-
tron spectra, responsible for the magnitude of the signal
generated in ionization chambers. For carbon ions, sec-
ondary electrons have higher energies compared to
protons of comparable range in water,'®'* consequently
different correction factors are expected.

In this manuscript, we investigate four commercially
available ionization chambers, one plane-parallel and
three thimble type detectors, for magnetic field strengths
of up to 1 T. Detectors were selected to cover a wide
range of chamber diameters and active volumes.

Furthermore, the detector response for proton and
carbon ions is investigated based on the secondary
electron spectra of the respective particles.

2 | MATERIALS AND METHODS

21 | Set-up

A detailed description of the magnet and measurement
set-up can be found elsewhere,'>"® in the following
only a short overview is given. A resistive dipole mag-
net (Danfysik A/S, Taastrup, Denmark) with a pole gap

of 13.5 cm and a pole diameter of 25 cm was placed
in front of the horizontal research beam line at the
MedAustron ion therapy center (Wr. Neustadt, Austria).
The magnet is capable of producing magnetic field
strengths up to 1 T. Positioning was such that the mag-
netic field center coincided with the room isocenter (see
Figure 1). A detailed characterization of the beam line,
the magnetic fields and the corresponding beam path
deviations due to the Lorentz force were performed
earlier’® The beam line is equipped with a clinical noz-
Zle and allows spot scanning with a maximum field size
of 20 x 20 cm? over the clinical energy range from 62.4
to 252.7 MeV and 120.0 to 402.8 MeV/u for protons and
carbon ion beams, respectively.

A custom-designed motorized water phantom'? with
outer dimensions of 8 x 40 x 15 cm?® was employed for
detector positioning. The phantom surface was located
12.5 cm proximal to the isocenter. Detector positioning
at a water-equivalent depth of 2 cm was facilitated by
the use of the TruFix system (PTW, Freiburg, Germany),
employing in-house designed adapters to fix the TruFix
system in the water phantom. This positioning, taking
into account the entrance window cut-out, placed the
EPOM 9.5 cm proximal to the isocenter.

The TruFix system is machined such that detectors
are positioned according to their EPOM as defined in
DIN-6800-2." For plane parallel detectors, this is the
inner side of the entrance window, for cylindrical detec-
tors, a shift of 0.5 x r;,, from the cavity center z,. For
heavy ions, TRS-398 recommends a value of 0.75 X r,
for cylindrical detectors, a correction which was not per-
formed due to the minute changes. An overview of the
used positions and the deviations towards the TRS-398
recommendation for heavy ions can be found in Table 1.
TRS-398 recommends to measure in the spread-out
Bragg peak.!” However, at MedAustron, reference dose
measurements are performed at shallow depth, as it was
shown that the same formalism can be used.'®

The detector EPOM is located at the beginning of the
homogeneous region of the magnetic field, reducing the
primary beam deflection at the point of measurement. To
reduce beam time, measurements with two thimble type
detectors were performed simultaneously, with a verti-
cal distance of 25 mm between the effective points of
measurement (see Figure 1).

2.2 | Investigated detectors

Three thimble type (Farmer, PinPoint, and Semiflex)
and one plane-parallel (small diameter Bragg peak)
ionization chambers (PTW, Freiburg, Germany) were
selected, covering a wide range of active volumes. The
detector volumes of the selected thimble type detec-
tors cover a wide range of available active volumes
(0.6-0.016 cm?). An overview of the employed detectors
including their reference point can be found in Table 1.
Detectors were connected to Unidos Webline electrom-
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FIGURE 1 Sketch of the experimental set-up within the research dipole magnet positioned at the isocentre. The beam is impinging on the
water phantom located between the magnet poles from the right hand side. Light-orange rectangles mark the position of the magnet coils, the
magnet yokes are colored in dark gray, the water phantom in light blue, and the detectors in green.

TABLE 1 Investigated detectors, active volume, cavity diameter (for the plane parallel detector, the cavity thickness is presented), the
effective position of the ionization chamber’s reference point, Py, as well as the offset of the EPOM between the DIN 6800-2 as used by the
TruFix system (PTW, Freiburg, Germany) and the recommendations for heavy ions according to TRS-398 recommendations.

Active volume Cavity diameter A Z,f to
Detector Type [cm3] [mm] Z,or [cm] TRS-398 [cm]
PTW-34073 Small diameter Bragg peak-type PPIC 2.5 2.0 2.00 0.00
PTW-30013 Farmer-type thimble IC 0.6 6.1 215 0.08
PTW-31013 Semiflex-type thimble IC 0.3 55 2.14 0.07
PTW-31016 PinPoint-type thimble IC 0.016 2.9 2.07 0.04

eters (PTW, Freiburg, Germany). The detectors used
in this study were not certified to be magnetic field
compatible. However, functional tests performed before
and after the exposure to magnetic fields showed no
adverse effects on the detector performance.

2.3 | Measurements

After detector alignment within the water phantom and
the dipole magnet, every detector was pre-irradiated
with a physical dose of 15 Gy. After pre-irradiation,
a charge leakage correction (e.g., a zeroing of the
electrometer) was performed.

Irradiations used square fields of 10 x 10 cm? of
single-energy particles employing a 2 mm spot spacing
in both horizontal and vertical direction with con-
stant spot weighting. Measurements were performed
for one nominal proton energy (252.7 MeV) and up to
three nominal carbon ion energies (186.1, 272.5, and
402.8 MeV/u) for magnetic fields of 0, 0.25, 0.5, and
1 T. The magnetic field value at the center of the mag-
net was verified using a single-axis hall probe AS-NTM
connected to a FM 302 Teslameter (Projekt Elektronik
Mess- und Regelungstechnik GmbH, Berlin, Germany).
Deviations between nominal and measured values were
found to be within 3 mT.

TABLE 2 g factors for the Bragg peak detector, calculated as
the ration of dose to water at the point of measurement with and
without an applied magnetic field of 1 T, based on Monte Carlo
simulations.

Energy
Detector Particle [MeV/u] cg
BP P 252.7 1.0004
C12 186.1 0.9984
C12 2725 0.9998
C12 402.8 0.9994

All four detectors were investigated using carbon
ion beams at 402.8 MeV/u. In addition, to investi-
gate a potential energy dependence, for the Bragg
peak detector, three carbon ion energies (186.1, 272.5,
and 402.8 MeV/u) were investigated, corresponding to
ranges in water from 70 to 280 mm.

For all detectors and energies, measurements were
performed in the same set-up, without repositioning.
Magnetic field strengths were applied in sequential
cycles. Typically five measurements were acquired per
energy, and field strength before changing the magnetic
field. After each magnetic field, measurements at 0 T

85U0|7 SUOWILIOD aA 181D 3ol dde a3 Aq pausenob afe s9joie YO ‘8Sn JO S3|nJ Joj AkeiqiauljuQ 481 UO (SUONIPUCD-pue-swelwWoo" A8 IM Azelq 1 pu|uo//:Sdny) SUonIpUoD pue swie | 8y18es *[9202/S0/TT] uo Ariqiaullug 48| ‘80us|BoX3 818D pue LifesH Jojamnsu| fuolieN ‘3OIN Aq TE99T dw/200T 0T/10p/woo Ao Im Arelq 1 pul|uo-widee//:sdny wo.y pspeojumoqd ‘TT ‘€202 ‘602VELYC



DETECTOR RESPONSE DURING C12 MRgIT

™ | \MEDICAL PHYSICS

TABLE 3 Summary of measured data for the three thimble type detectors for carbon ion beams.
Energy Mann-Whitney-
Detector [MeV/u] B [T] #Meas ke u,q STDev [%] STDOM [%] U test P-value
Farmer 402.8 0 36 1.000 0.22 0.04
0.25 28 1.005 0.26 0.05 <0.001*
0.5 28 1.003 0.29 0.05 <0.001*
1 28 1.000 0.27 0.05 0.951
272.5 0 35 1.000 0.21 0.03
0.25 20 1.004 0.27 0.06 <0.001*
0.5 20 1.002 0.27 0.06 0.004*
1 20 0.999 0.32 0.07 0.479
Semiflex 402.8 0 35 1.000 0.16 0.03
0.25 28 1.005 0.23 0.04 <0.001*
0.5 28 1.004 0.25 0.05 <.001*
1 28 1.001 0.21 0.04 0.265
PinPoint 272.5 0 35 1.000 0.45 0.08
0.25 19 1.009 0.50 0.12 <0.001*
0.5 20 1.011 0.54 0.12 <0.001*
1 20 1.009 0.59 0.13 <0.001*
402.8 35 1.000 0.16 0.03
0.25 20 1.009 0.23 0.04 <0.001*
0.5 21 1.010 0.25 0.05 <0.001*
1 25 1.009 0.21 0.04 <0.001*
Note: A * highlights statistically significant deviations.
TABLE 4 Summary of measured data for the Bragg peak detectors for carbon ion beams.
Energy Mann-Whitney-
Detector [MeV/u] B [T] #Meas ke u,q STDev [%] STDOM [%] U test P-value
Bragg peak 402.8 0 51 1.000 0.12 0.02
0.25 25 1.008 0.14 0.03 <0.001*
0.5 25 1.009 0.16 0.03 <0.001*
1 25 1.004 0.15 0.03 <0.001*
2725 0 35 1.000 0.10 0.02
0.25 20 1.007 0.11 0.03 <0.001*
0.5 20 1.007 0.12 0.03 <0.001*
1 20 1.000 0.11 0.03 0.472
186.1 0 32 1.000 0.09 0.02
0.25 19 1.004 0.13 0.03 <0.001*
0.5 19 1.004 0.13 0.03 <0.001*
1 19 0.998 0.11 0.03 <0.001*

Note: A * highlights statistically significant deviations.

were interposed. This cycle was repeated several times.
In total, this resulted in 19—-53 measurements acquired
per energy, detector, and magnetic field strength (a
detailed overview of the acquired number of mea-
surements can be found in Tables 3 and 4). Protons
and carbon ion beams were measured at different
days.

Dose levels were chosen to achieve comparable
measurement uncertainties for protons and carbon ion
beams, resulting in physical doses of 0.2 and 2.4 Gy for
protons and carbon ion beams, respectively. The initially
investigated 0.2 Gy dose level for carbon ion beams,
exhibited too high variances because of limitations of
our beam delivery system with low number of particles
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per spot. For the selected detector position, particles,
and energies, lateral beam displacement at the point of
measurement due to the magnetic field was evaluated
with Monte Carlo simulations to be 5 mm for protons,
and 2-3 mm for carbon ion beams.'® Consequently, the
irradiation field was not shifted to re-center the detec-
tors in the center of the irradiation field, keeping the
delivered irradiation plans constant for all magnetic field
strengths.

2.4 | Dose constancy in the presence of
magnetic fields

Our approach assumed that the dose to water at the
point of measurement is not affected by the applied
magnetic field. For photons, this is typically not the
case.!! For charged particles, a small change in the par-
ticle range was observed earlier.'> A more prominent
contribution may be expected due to the lateral displace-
ment of the irradiation field due to the Lorentz force.
To investigate a potential change of the dose to water
at the point of measurement, Monte Carlo simulations
were performed using our commissioned Monte Carlo
tool GATE."® A cylindrical geometry mimicking the active
volume of the largest detector, the Bragg peak detector,
was placed in water at the measurement position z,.
Within this volume, the dose to water was scored with
and without an applied magnetic field of 1 T. Statisti-
cal uncertainty was kept below 0.1%. Using this data,
a correction factor cg was calculated,'" 9

B
DWersr

¢B
cg= —— 1
B= Do (1)

¢

B .

where Dw,Qmsr and Dy, q,,, are the dose to water with

the given radiation quality Qs with and without a mag-
netic field B, respectively, for a given fluence ¢Z with and
without magnetic field B.

2.5 | Electron spectra

A considerable contribution to the signal generated in
an ionization chamber is caused by secondary elec-
trons with kinetic energies that allow them to traverse
the ionization chamber geometry. To investigate whether
magnetic field correction factors are dependent on the
primary ion type, measurements at irradiation ener-
gies with similar secondary energy spectra at the point
of measurement were performed. A suitable carbon
ion energy with an electron spectrum similar to the
highest proton energy available (252.7 MeV) was iden-
tified using Monte Carlo simulations. GATE version 9.2
based upon Geant4.11.00p01 was used for simula-

MEDICAL PHYSICS -

tions, employing the MedAustron research room beam
model 2?21 The experimental set-up without magnetic
fields was recreated, scoring the electron spectra at
a water-equivalent depth of 2 cm. Multiple carbon ion
energies were tested. In Geant4 cutoffs are specified in
terms of range in the respective material. A production
cutoff of 1 um for secondary particles was used, cor-
responding to an energy cutoff well below 10 keV for
electrons in water.

The electron spectrum of a carbon ion energy of
272.5 MeV/u was found to match the proton electron
spectra of 252.7 MeV closely (see Figure 2). Conse-
quently, the Bragg peak, Farmer, as well as the PinPoint
detector were also investigated at 252.7 MeV protons
and 272.5 MeV/u carbon ion beams.

At these energies, carbon ions created about 33 times
more electrons of an energy above the cutoff compared
to protons, whereas the total stopping power was about
36 times higher.

2.6 | Data analysis
Absorbed dose values in water with an ionization cham-
ber were determined according to TRS-398 (Equation 2)

Dy,q = MoNp w q,ka,q 2)

where Q is the reference beam quality, Q is the cali-
bration beam quality, Np , q, the calibration coefficient
in terms of absorbed dose to water, and kqq, the
beam quality correction factor. We followed the proce-
dure described in Fuchs et al.'? and defined a magnetic
field correction factor kg ys o accounting for the change
of detector response due to an applied magnetic field
(Equation 3):

kemao = —%x (3)

where ME is the detector reading with and Mg to the
detector reading without applied magnetic field B. This
evaluation was performed with Mg, and Mg after per-
forming temperature and pressure correction according
to TRS-398."" No further corrections were applied.
Data analysis was performed using Python 3.9.15
employing numpy, pandas, scipy and the statistics
package. The normality of the distribution of the mea-
surement data was evaluated using a Shapiro—Wilk test.
For the Bragg peak detector, a small drift, similar as
reported for protons,'? was observed during the mea-
surements. This drift was found to be small, not requiring
a correction. However, it resulted in a non-Gaussian
distribution, rendering the Student’s t-test not applica-
ble. For consistency, we evaluated all data employing

85U0|7 SUOWILIOD aA 181D 3ol dde a3 Aq pausenob afe s9joie YO ‘8Sn JO S3|nJ Joj AkeiqiauljuQ 481 UO (SUONIPUCD-pue-swelwWoo" A8 IM Azelq 1 pu|uo//:Sdny) SUonIpUoD pue swie | 8y18es *[9202/S0/TT] uo Ariqiaullug 48| ‘80us|BoX3 818D pue LifesH Jojamnsu| fuolieN ‘3OIN Aq TE99T dw/200T 0T/10p/woo Ao Im Arelq 1 pul|uo-widee//:sdny wo.y pspeojumoqd ‘TT ‘€202 ‘602VELYC



DETECTOR RESPONSE DURING C12 MRgIT

™ | \EDICAL PHYSICS

L
0.1 |
0.01

0.001

0.0001

1e-05 ;

Normalized particles [a.u.]

1e-06
1e-07 ¢

1e-08 3

‘ ‘ ‘
—— C12 186.1 MeV/u |
—— C12 2725MeV/u |
—— C12 402.8 MeV/u |

P 252.7MeV |

1e-09

FIGURE 2

0.2 0.4
Energy [MeV]

1 L
0.6 0.8 1
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protons (black dashed line), and 186.1 ,272.5 , and 402.8 MeV/u carbon ion beams (solid red, green, and blue lines, respectively).

the two-sided Mann—-Whitney-U test with a significance
level of P < 0.05. The standard deviation of the means
(STDOM) was calculated and used to describe the
type-A measurement uncertainty.

3 | RESULTS

A summary of the measurement data for all four ion-
ization chambers can be found in Tables 3 and 4, with a
visualization of the measured data displayed in Figure 3.

3.1 | Magnetic field dependence
In a first step, the magnetic field correction factor kg o
was investigated at the highest carbon ion energy
(402.8 MeV/u) (see Figure 4). All investigated detectors
exhibited a change of chamber response dependent on
the magnetic field. Most kg q factors were found to
be highly statistically significantly different from unity,
with P-values below 0.001. For the Farmer and the
Semiflex detector, kg o at 1 T was found not to be
distinguishable from the value at 0 T.

kgmq increased with increasing field strength,
reached a maximum and then reduced at higher field
strengths, for some detectors returning to unity. The
effect appeared to be correlated with the diameter of
the active volume in beam direction, with higher effects

for the smallest diameter (see Table 1). The highest
deviation of 1.1% compared to the response at 0 T was
found for the PinPoint detector at 0.5 T.

3.2 | Energy dependence

Overall, kg s was shown to increase with increasing
carbon ion energy, although the detector behavior was
similar for all energies (see Figure 5). For the Bragg peak
detector, the highest deviation from 0 T was found with
0.9% for 402.8 MeV/u at 0.5 T.

3.3 | Dose constancy at the
measurement position

The cp factor for the Bragg peak detector geometry,
the used particles and energies, calculated from Monte
Carlo simulations can be found in Table 2 with the
largest difference to unity of 0.9984 for carbon ions of
186.1 MeV/u.

3.4 | Comparison to protons

Overall, the behavior of the detectors was found to be
similar for protons and carbon ion beams (see Figure 6).
The effect was larger for carbon ion beams and more
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0.016 cm?®), (c) Farmer (act. volume 0.6 cm?), and (d) Semiflex (act. volume 0.3 cm?) chamber for all measured carbon ion energies and all four
magnetic field strengths (0, 0.25, 0.5, and 1 T). The shaded area indicates the standard deviation of the means (STDOM).

pronounced for smaller detector diameters. Carbon ion
correction factors kg ) o were found to be consistently
higher compared to protons.

4 | DISCUSSION

The chosen point of measurement was found to be at
the edge of the homogeneous magnetic field. Repeated
modeling calculations showed a deviation of the mag-
netic field strength at the EPOM of less than 3%. We
kept the measurement position to allow an easy com-
parison to the previous publication as well as to benefit
from the low changes in beam trajectories.

The change in detector response between differ-
ent detectors, appears to be influenced by the cavity
dimension in the beam direction and only indirectly
by the active volume itself. This was supported by the
relatively minor difference between the Farmer and
Semiflex detector, exhibiting a factor of two difference in

active detector volume, but similar cavity diameters (see
Figure 4 and Table 1).

Only a very minute difference of the dose to water at
the point of measurements with and without an applied
magnetic field was found. We believe that this can be
attributed to two factors. First, the irradiation field was
not compensated for the lateral displacement due to the
magnetic field. However, maximum displacements were
found to be 5 mm for protons which, given the field size
of 10 x 10 cm?, should be negligible. We decided to keep
the same irradiation field to enable easier comparison
with previous measurements.'? Second, a reduction of
the range in the initial beam direction owing to the bend-
ing of the beam trajectory due to the magnetic field. For
protons of 252.5 MeV, the total range reduction of 2 mm
was larger than for carbon ion beams. In our case, the
measurements were performed at approximately 5% of
the total range, consequently only a submillimetric shift
due to the range reduction should be present at the
measurement position. The results indicate that lateral
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FIGURE 4 Magnetic field correction factor kg y o for four commercial ionization chambers (small diameter Bragg Peak (act. volume 2.5
cm?), PinPoint (act. volume 0.016 cm?), Farmer (act. volume 0.6 cm?), and Semiflex (act. volume 0.3 cm?)) using the highest carbon ion energy
(402.8 MeV/u) and four magnetic field strengths (0, 0.25,0.5,and 1 T). The shaded area indicates the standard uncertainty envelope based on
the standard deviation of the means (STDOM) of the individual data points.
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FIGURE 5 Relative detector response for the Bragg peak detector, measured with carbon ion beams of 186.1,272.5, and 402.8 MeV/u for
magnetic field strengths of 0,0.25, 0.5, and 1 T. The shaded area indicates the standard deviation of the means (STDOM).
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FIGURE 6 Relative detector response for the Bragg peak (act. volume 2.5 cm3), Farmer (act. volume 0.6 cm3), and PinPoint (act. volume
0.016 cm?®) detector for protons and carbon ion beams for magnetic field strengths of 0,0.25,0.5,and 1 T, measured at an energy with
comparable secondary electron spectrum. Solid lines mark measurements using carbon ion beams, dashed lines for proton beams. The shaded

area indicates the standard deviation of the means (STDOM).

displacements of the irradiation field due to the mag-
netic field of up to 5 mm, as well as the small changes in
penetration depth, do not make a relevant contribution
to the overall detector response change.

Our set-up enabled the irradiation at multiple mag-
netic field strengths for protons and carbon ion beams
without repositioning, considerably reducing set-up
uncertainties. For the Bragg peak detector, proton mea-
surements performed earlier'? were repeated, resulting
in very similar kg )/ g values as reported earlier with devi-
ations of less than —0.1% for all magnetic field strengths.

Overall, the behavior of the detector response for pro-
tons and carbon ion beams was found to be similar,
with a considerably larger effect for carbon ion beams.
Similar to protons, besides a dependency on the mag-
netic field strength, a dependency on the primary beam
energy was observed. The effect was found to be more
pronounced for higher energies.

It was expected that the differences in detector
response in magnetic fields due to the particle type
were caused mainly by the different secondary elec-
tron spectra and maximum electron energies. Our initial
hypotheses was that if an ideal match of the sec-
ondary electron spectra of protons and carbon ion
could be achieved, both particle species should observe
the same changes in kg q due to the presence of
a magnetic field. A matching of the beam quality of

the secondary electrons as close as possible was
performed, trying to match the beam quality in the nan-
odosimetric sense. A matching in the presence of the
magnetic field was not investigated. However, only sub-
millimetric changes were observed in the remaining
range and thus a close match can be expected? Still, the
carbon ion kg s o was found to be higher compared to
protons. A 9% difference between the dose and stopping
power ratios was observed using Monte Carlo simu-
lations, but it seemed unlikely that this accounted for
the observed differences. To further investigate this, the
restricted as well as the nonrestricted stopping power,
following the formalism described in Paganetti et al.??
were evaluated for protons and carbon ion beams. A
cutoff of 81 keV, as used for the electron spectra sim-
ulations above, was employed. The ratio of restricted
versus nonrestricted stopping power for proton and car-
bon ion beams was almost identical with a ratio of
0.88. This indicates that the matching was as good as
we could achieve it. The choice of the applied energy
cutoff of 1um was somewhat arbitrary, and chosen to
evaluate also the low energy part of the secondary
electron spectra.

The detailed reason for the difference in kg q
between proton and carbon ions with closely matched
secondary electron spectra remained unclear and
needs to be investigated in more details, for example,
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using Monte Carlo simulations, which include the effect
of magnetic fields on particle transport and dosimetry.

5 | CONCLUSION

Four ionization chambers, three thimble type, and a
plane parallel detector were investigated concerning
their change in response due to the presence of
magnetic fields, resulting in a small, but statistically sig-
nificant change in detector response, dependent on the
magnetic field strength, for all detectors. The effect is
more pronounced for higher energies. Highest effects
were found at 0.5 T for the PinPoint detector with a
correction factor 1.1% different from unity. The cavity
diameter in beam direction seems to be the dominant
factor for detector response differences. For carbon ion
irradiations with comparable energy spectra to protons,
the change of chamber response was found to be
higher.
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