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Abstract

With the integration of treatments with MRI-linacs to the clinical workflow, the understanding
and characterization of detector response in reference dosimetry in magnetic fields are required.
The external magnetic field perturbs the electron fluence. The degree of perturbation depends on
the irradiation conditions and on the detector type. The purpose of this study is to evaluate the
magnetic field impact on the electron fluence spectra in several detectors to provide a deeper
understanding of detector response in these conditions. Monte Carlo calculations of the electron
fluence are performed in six detectors (solid-state: PTW60012 and PTW60019, ionization
chambers: PTW30013, PTW31010, PTW31021,and PTW31022) in water and irradiated by a7 MV
FFF photon beam with a small and a reference field, at 0 and 1.5 T. Three chamber axis orientations
are investigated: parallel or perpendicular (either the Lorentz force pointing towards the stem or
the tip) to the magnetic field and always perpendicular to the photon beam. One orientation for the
solid-state detector is studied: parallel to the photon beam and perpendicular to the magnetic field.
Additionally, electron fluence spectra are calculated in modified detector geometries to identify the
underlying physical mechanisms behind the fluence perturbations. The total electron fluence in
the Farmer chamber varies up to 1.24% and 5.12% at 1.5 T, in the parallel and perpendicular
orientation, respectively. The interplay between the gyration radius and the Farmer chamber cavity
length significantly affects the electron fluence in the perpendicular orientation. For the small-
cavity chambers, the maximal variation in total electron fluence is 0.19% in the parallel orientation
for the reference field. Significant small-field effects occur in these chambers; the magnetic field
reduces the total electron fluence (with respect to the no field case) between 9.86% and 14.50%,
depending on the orientation. The magnetic field strongly impacted the solid-state detectors in
both field sizes, probably due to the high-Z components and cavity density. The maximal
reductions of total electron fluence are 15.06 = 0.09% (silicon) and 16.00 & 0.07% (microDia-
mond). This work provides insights into detector response in magnetic fields by illustrating the
interplay between several factors causing dosimetric perturbation effects: (1) chamber and
magnetic field orientation, (2) cavity size and shape, (3) extracameral components, (4) air gaps and
their asymmetry, (5) electron energy. Low-energy electron trajectories are more susceptible to
change in magnetic fields, and are associated with detector response perturbation. Detectors with
higher density and high-Z extracameral components exhibit more significant perturbations in the
presence of a magnetic field, regardless of field size.

© 2022 Institute of Physics and Engineering in Medicine
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1. Introduction

With the integration of magnetic resonance imaging with clinical linear accelerators (MRI-linacs), the
characterization of different types of detectors for reference dosimetry measurements in MRI-linacs has been
under investigation (Meijsing et al 2009, Reynolds et al 2013, O’Brien et al 2016, Wolthaus et al 2016, Malkov and
Rogers 2017, Spindeldreier et al 2017, de Prez et al 2019, Pojtinger et al 2019, Billas et al 2020, Cervantes et al
2020). The majority of these studies focus on the characterization of ionization chamber responses and the
calculation of correction factors in the presence of magnetic fields, either by experimental measurements, Monte
Carlo calculations or both. Detector response depends on the detector geometry, magnetic field strength and
orientation, beam quality, field size, and the potential presence of air gaps around the chamber (de Pooter et al
2020). Nevertheless, the behaviour of detector response in the presence of a strong magnetic field is still not fully
understood and remains a question of interest.

The presence of any detector perturbs the particle fluence at the point of measurement compared to thatin
the absence of the detector. The degree of the perturbation depends on the detector design and materials and on
the irradiation conditions, i.e. magnetic field strength and direction, beam quality, and field size. Particle fluence
perturbations are more pronounced for detectors with materials differing drastically from water in terms of
atomic composition and density. For small field dosimetry, when the field size is comparable to the detector size,
the particle fluence perturbations increase, mainly due to volume averaging perturbations, and in the case of
ionization chambers, also due to density perturbations (Scott et al 2012).

The underlying physics behind the magnetic field effect on detector response, along with the effect of the
irradiation field size, were investigated in previous work (Cervantes et al 2021). Perturbations coming from
extracameral components (stem, cavity wall, central electrode), atomic composition, density and volume of the
detector were studied. The results showed that for small-cavity ionization chambers, the impact of the magnetic
field was stronger in the density perturbation factor irradiated by fields smaller than 1 x 1 cm®. On the contrary,
for solid-state detectors (silicon diode and microDiamond detector), the magnetic field strongly increases the
perturbations from extracameral components in fields larger than 1 x 1 cm?. Even though this work provided
an overview of dose perturbation factors, the interplay between cavity geometry, density and magnetic field was
not fully described.

The objectives of this work are to detail the following effects due to the presence of a magnetic field: (1)
fluence perturbations enhanced by high-Z components and cavity density, (2) the sensitivity of low energy
electrons to fluence perturbations, (3) various geometrical effects related to cavity dimensions and orientation
with respect to electron energy and field strength, and (4) fluence perturbations due to the presence air gaps of
different shapes. Firstly, to demonstrate the first objective, the theoretical basis demonstrating the link between
electron fluence perturbations and low-energy electrons with small gyration radii is presented in section 2.1,
along with restrictions of Fano’s theorem in the presence of magnetic fields. Secondly, to provide insights into
the drastic effects of density and high-Z components, the variations in electron spectral fluence in six different
detectors (one Farmer ionization chamber, three small-cavity chambers and two solid-state detectors) are
characterized in narrow and broad beams coupled to magnetic fields, using different configurations. Thirdly to
describe the impact of detector geometry on electron fluence in the presence of magnetic fields, in section 3.4, a
simple detector model is presented where the variation of electron pathlength due to the magnetic field explains
the shape of the electron fluence spectra. Finally, the electron fluence perturbations due to symmetrical and
asymmetrical air gaps surrounding different ionization chambers are evaluated.

2. Materials and methods

2.1. Theory

This section demonstrates that density fluctuations and small curvature radii have significant anticipated effects
on fluence perturbations. Additionally, a particular condition applicable to the external beam setup is proposed
to fulfil the special conditions to validate the Fano theorem in the presence of magnetic fields (Bouchard and
Bielajew 2015) and perform special Fano cavity test in the Monte Carlo simulations of radiation transport.

2.1.1. Definitions

Considering the following variables in the laboratory frame:

+ r:the vector corresponding to the particle position in space
+ p:thevector corresponding to the particle momentum

+ #: the unit vector in the direction of the particle momentum
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+ (:speedin units of ¢
. . . . 2 1
+ 2 :mass macroscopic cross-section (incm”g™ )

* f{r, p): the particle type i fluence differential in energy and direction corresponding to the number particles at
rwith momentum p per unit energy, per unit area perpendicular to # and per unit solid angle dii = sin 0d0d¢

+ F{r,p): the spectral distribution of a given f,(r, p) integrated over all directions, defined as

E(r, p) zj; £.(r, p)dS. 0))

+ The spherical coordinates convention for representing p = pil are
il = sin 0 cos px + sin @ sin ¢y + cos 62
6 = cos 6 cos @xX + cosfsin py — sin 62
(25 = —sin ¢x + cos ¢y
szﬁi+912+¢3 L9
op p oo psinf 0¢
dii = dcosfdo

+ S = S(r, p): the primary source term representing the number of particles of momentum p generated at rby an
external source per unit mass, energy and direction (ing ' MeV ™~ 'sr ).

« I(f; r}: the interaction term is an operator representing the production of secondary particles (ing ' MeV !
1
sr).

+ R:the gyration radius of charged particles subjected to a magnetic field of strength B.

2.1.2. Radiation transport equation in the presence of magnetic fields

The Boltzmann radiation transport equation predicts the charged particle fluence rate by balancing the number
of particles entering, created in and leaving the point of interest. It has been adapted to account for the presence
of external electromagnetic fields by adding a term describing the effect of the Lorentz force on particle fluence
in references (Bouchard and Bielajew 2015, Bouchard et al 2015). Considering the case free of an electric field,
the radiation transport equation for charged particle fluence in the presence of an external magnetic field, Bis

iV f=p[S+I(f;r}] — qii x B-V,f. ®)

For choice of coordinates such that B = BZ, and using the equation (A2) derived in the appendix A for the
Lorentz force term, then the transport equation becomes

19
Rp g |

Note that the energy-dependent gyration radius and the mass density are in the denominator of the last term
on the right-hand side of the equation. Therefore, the impact of the magnetic field on electron fluence are
expected to increase with small gyration radius and low-density materials. The electron gyration radius increases
with increasing kinetic energy and decreasing magnetic field strength. Hence, in a constant magnetic field, low-
energy electrons have small gyration radii.

u-Vif=p|S+I{f;r) - &)

2.1.3. Special Fano conditions

Under classical Fano conditions (Fano 1954), the following is fulfilled: (1) the atomic properties of the medium
are homogeneous, hence Z{f; r} = Z{f},and (2) the source produces equilibrium, i.e. S is such that

VSeq = 0. Then, equation (3) becomes

N 1 of
“Nf =p|Seq + Z{f} — —— |,
-V f p[ o T Z{f} Rpa¢]
_ Lo
0= Seq + Z{f} 590" 4)

and since the density is present in the last term, the secondary fluence is no longer independent of the density in
the presence of an external electromagnetic field, hence Fano’s theorem is no longer valid (Bouchard and
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Bielajew 2015). Bouchard et al (2015) and De Pooter et al (2015) identified two special conditions to obtain
equilibrium in this case. Fano’s theorem is applicable in magnetic fields with the fulfilment of one of the
following conditions:

The magnetic field strength is proportional to the mass density spatial distribution, such that V(Rp) = 0.

- .. 0S, 08 . . . ~
The source is isotropic, i.e. 5 eq = 6; = 0, which causes f. to be also isotropic, hence q(é x B) -V, feq =0.

Since condition 1 imposes a restriction on the magnetic field and not on the source (as condition 2 does),
then it is more representative of an external beam geometry. Thus, the transport equation is

R 1 9L,
Ul = | S TU) — 5ot
1 9
0=Seq + Z{f,,} — ——2, 5)
4 17 Req 09

with Req = Rp = q%. To fulfil the magnetic field proportionality to mass density in condition 1, the calculations

of particle fluence can be performed in water, then the solution corresponds to the CPE spectrum prescribed by
Fano’s conditions, which is the same as in the absence of a magnetic field.

2.1.4. Electron fluence spectra

To benchmark the electron fluence spectra calculations in the presence of magnetic fields, in this section, it is
shown that the electron fluence spectrum is the same in the absence and presence of magnetic fields when the
first special Fano condition is fulfilled. For this, the transport equation (5) is integrated over all directions

A
0= | SeqdQ+ | ZI{f, }dQ2 — | ——2dQ, 6
S, st [ 2a0 - [ s ©
defining a spectral source S as
So = j; so(r, p)dQ, @

and the integration of the interaction term given by

j; I(f(r, )}dQ = —S(p)F(x, p) + fp TN - pE, pdp
= I{F(r, p)), ®)

with Fthe spectral distribution of f, defined in equation (1). The complete integration of the interaction term is
presented in appendix B. Finally, the last term to integrate is

T 27
[ L o= L (7 sinoas [ U gs—o. o)
4T RBp 8¢ RBp 0 0 8¢>
Then, the direction-integrated transport equation is
0=Sq+ I{E(r, p)}. (10)

The solution to this equation is independent of magnetic fields. Hence, the electron fluence spectrum is the
same in the absence and presence of magnetic fields when the first special Fano condition is fulfilled.

2.2.Monte Carlo calculations

2.2.1. Validation of Monte Carlo calculations of electron fluence spectra in the presence of magnetic fields

As shown in the theory (section 2.1.4), under the first special Fano condition, the Monte Carlo calculations of
electron spectra in magnetic fields can be benchmarked with calculations in the absence of magnetic fields.
Furthermore, an additional comparison can be made with the analytical approximation of the electron fluence
spectra established by Kawrakow (2000). For this, the electron fluence is scored in a water voxel of 1 mm® at

10 cm depth inside a 30 x 30 x 30 cm’ water phantom irradiated by a monoenergetic 1.25 MeV beam at 0 and
1.5 T, using the user code cavity from EGSnrc (Kawrakow et al 2017).

2.2.2. Electron fluence in detectors

Monte Carlo calculations of the electron fluence differential in energy (or electron fluence, as it is referred to
throughout the article) in six detectors are performed in the user code cavity from EGSnrc (Kawrakow et al
2017). In this code, the electron fluence differential in energy is normalized by the total incident photon fluence,

4
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Figure 1. Diagram of three orientations for ionization chambers and one orientation for the solid-state detectors. (1) The chamber
axis is parallel to the magnetic field, (2a) the chamber axis is perpendicular to the magnetic field and the Lorentz force (Fy) points
towards the stem, (2b) the chamber axis is perpendicular to the magnetic field with F; pointing towards the tip and (3) the solid-state
detector axis is perpendicular to the magnetic field and parallel to the beam.

Table 1. Detector specifications, taken from the manufacturer catalogue.

PTW60012 PTW60019 PTW31022 PTW31021 PTW31010 PTW30013
Type of detector Silicon diode microDiamond Pinpoint 3D Semiflex 3D Semiflex Farmer
Sensitive volume diameter [mm)] 1.0 2.2 2.9 4.8 5.5 6.1
Sensitive volume length [mm] 0.03 0.001 2.9 4.8 6.5 23.0
Nominal sensitive volume [mm°] 0.25 0.004 16 70 125 600

F;°". The six detectors studied are a Farmer-type ionization chamber PTW30013 (PTW, Freiburg, Germany),
three small-cavity ionization chamber models PTW31010, PTW31021, and PTW31022, the unshielded silicon
diode PTW60012, and the microDiamond detector PTW60019. Detector size specifications are listed in table 1.
The ionization chamber’s active sensitive volumes were previously defined in Cervantes et al (2020) and Shipley
et al (2019) for the small-cavity chambers, and for the Farmer-type chamber, respectively. The detector is
positioned at 10 cm depth in a water tank phantom of 30 x 30 x 30 cm”. The 7 MV FFF photon beam phase
spaces of the Elekta Unity MR-Linac (Elekta Instrument AB Stockholm, Sweden), kindly provided by the
manufacturer, are used. The source-to-surface distance (SSD) is set to 133.5 cm. The reference field size is

10 x 10 cm® and the small field is set to 1 x 1 cm?at the isocenter for all detectors except for the Farmer type
chamber, for which a small field of 3 x 3 cm? is used to cover the full sensitive volume. The 1.5 T magnetic field is
perpendicular to the irradiation beam, consistently with the Elekta Unity MR-Linac.

For the ionization chambers, three detector orientations with respect to the photon beam and the magnetic
field are studied. The chamber axis always remains perpendicular to the photon beam and three orientations
with respect to the magnetic field are considered: (1) parallel, (2a) perpendicular with the Lorentz force pointing
towards the stem, and (2b) perpendicular with the Lorentz force pointing towards the tip, as illustrated in
figure 1. For the solid-state detectors, one orientation is studied: (3) the detector axis is parallel to the photon
beam and perpendicular to the magnetic field, as shown on the right of figure 1. Only the recommended
measurement orientation is considered for the solid-state detectors since the purpose is to evaluate the impact of
high-Z components and density for these detectors. In a previous study (Cervantes et al 2021), detector dose
perturbations in different orientations in these detectors has been investigated.

The magnetic field is implemented with the enhanced electromagnetic field macro (Malkov and
Rogers 2016) with the recommended step value of EM ESTEPE = 0.2. The default parameters are used except
for the threshold energy for electrons AE = 0.512 MeV and for photons AP = 0.001 MeV. No variance
reduction techniques are applied for the electron fluence spectra calculations accordingly to the EGSnrc code
recommendations.

For each detector, the electron spectra simulations are performed in three different geometries, as shown in
figure 2: (1) the entire detector, (2) the bare cavity with the medium replaced by artificial water, i.e. an artificial
medium, denoted w*, having the same atomic properties as water including stopping-power density corrections
but with the electron density of the original sensitive volume material (i.e. silicon for PTW60012, diamond for
PTW60019 and air for the ionization chambers), and (3) the bare cavity filled with water.

To quantify the effect of the magnetic field, the difference between the differential electron fluenceat 1.5 T
and at 0 T is normalized by the total electron fluence at 0 T:
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> D

Dget DW*, cav DW, cav

Figure 2. Scheme of the three detector geometries where the electron fluence is calculated. On the left, the full detector, on the middle
the bare cavity with artificial water w”, having the same atomic properties as water with the electron density of the original sensitive
volume material, and on the right, the bare cavity filled with water.

Photon .
beam B

Photon _
B
—_—

(a) Symmetrical air gap. (b) Asymmetrical air gap.

Figure 3. [llustration of the modeled air gaps surrounding the chamber in the parallel orientation.

_ EQ.5T) — E(0T)

A
? E°'(0T)

an

For the uncertainty of the electron fluence only the statistical uncertainty from the Monte Carlo simulations
is considered.

2.2.3. Presence of air gaps around ionization chambers

In reference dosimetry measurements, air gaps surrounding the detector partially or totally can occur, for
instance, between a non-waterproof chamber and its water sleeve or between a chamber and a solid water
phantom. In the absence of magnetic fields, the effect of the air gaps has negligible perturbation effects.
However, several groups (Hackett et al 2016, Malkov and Rogers 2016, Agnew et al 2017, O’Brien and
Sawakuchi 2017) have shown that these air gaps can strongly affect the chamber response in the presence of an
external magnetic field.

Due to the nature of the air gap formation, the location, distribution and size are usually unknown. Diverse
situations have been explored, Agnew et al (2017) investigated the effect of the location of the air gap around the
chamber, Malkov and Rogers (2016) studied the variation of chamber response due to air gaps for multiple
magnetic field strengths, and O’Brien and Sawakuchi (2017) investigated the effect of the shape of the air gap,
either symmetrical (i.e. with uniform thickness around the chamber) or asymmetrical (i.e. uniform thickness

6
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Figure 4. Normalized electron fluence simulated with cavi ty (EGSnrc) in a water voxel of 1 mm?at 0 and 1.5 T and the theoretical
prediction from Kawrakow (2000).
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Figure 5. In the top row, Monte Carlo calculated electron fluence spectra per total incident photon fluence, at 0 and 1.5 T, in each
ionization chamber (from left to right: PTW30013, PTW31010, PTW31021 and PTW31022), in the parallel orientation. In the bottom
row, the corresponding electron fluence differences due to the presence of the magnetic field in each field size and chamber model.
The vertical dashed line is at the energy at which the gyration radius equals the cavity diameter, explained in section 3.4.

x107 Parallel 5% 107 Parallel 107 Parallel 107 Parallel
- - ™ b PTW31010, 1x1, 0T PTW31021, 1x1,0T PTW31022, 1x1, 0T
_— . —I- PTW31010, 1x1, 1.5T Y —I- PTW31021, 1x1, 15T —T- PTW31022, 11, 1.5T
N 4t PTW31010, 10x10, 0T 4k PTW31021, 10x10, 0T 4t PTW31022, 1010, 0T
———— \_\ — I~ PTW31010, 10x10, 1.5T \* — I PTW31021, 10x10, 1.5T N —I— PTW31022, 10x10, 1.5T|
“ = -
=< = L \ \ \
e < - =
3\ 3 3 a 3 s
*J-\ . I N e - ‘ S -
\;\. '\x e ~ N — - ==z -
g < -
3 2070 . 1SRN o 2t g, \
% e \ e \ ~&, AN
T PTW30013, 3x3, 0T kY e Sem=smT RN TEEETTOTRN
—T- PTWB30013, 3x3, 15T X 1 U 1 A 1 X
PTW30013, 10x10, 0T 5 ek Y [N
—I- PTW30013, 10x10, 15T, Y <
35 s 5 <%
~ A . .
0 0 0
10" 10° 102 107! 10° 102 107! 10° 102 10! 10°
Energy [MeV] Energy [MeV] Energy [MeV] Energy [MeV]

Effect of the magnetic field

|

I

I

I

- |
T

I

I

I

I

I

I

I

~T— PTW30018, 3x3 !

—F—PTW30013, 10x10| |

— — 2.28MeV !

: r——
10! 10°

Energy [MeV]

Effect of the magnetic field
0.04

0 oz}:&\} Bogs
o THR Iy P ey

-0.02

—I—PTW31010, 1x1
-0.1 —I—PTW31010, 10x10
f — — 2,01 MeV

102 10! 10°
Energy [MeV]

A

tr

0.02

0

-0.02

-0.04

B,

T N
AT

f ~

-~

Effect of the magnetic field

—I—PTWa1021, 1x1
—I—PTW31021, 10x10
— — 1.71 MeV

102 10! 10°
Energy [MeV]

7,

i I/H/M\L

r
I
I
I
—I-PTWa1022, 1x1 ||
—I—PTW31022, 10x10 |
— — 0.89 MeV J

Effect of the magnetic field
I
I
I

”Hg\l/\z {%}—;{» ?;—

gt/
H

102 10! 10°
Energy [MeV]

but only in one side of the chamber). Most of the studies were performed for Farmer-type chambers. In this
study, the effect of symmetrical and asymmetrical air gaps on chamber response in a Farmer-type chamber and
in a smaller chamber, the semiflex PTW31010 is evaluated via the calculation of electron fluence spectra.

The influence of air gaps surrounding the detectors is evaluated in the same experimental setup described

previously. The Monte Carlo calculations are performed in two chambers (PTW30013 and PTW31010) fora
reference field, at 0 and 1.5 T, in the parallel orientation. Considering two types of air gaps: (1) symmetrical air
gaps are modelled as air layers with uniform thickness (0.2 mm, 0.5 mm, 1.0 mm and 1.5 mm) surrounding the
chamber, and (2) asymmetrical air gaps are modelled as air layers with uniform thickness (0.2 mm, 0.5 mm,

1.0 mm and 1.5 mm) placed only in the upper part of the chamber, as shown in figure 3. The air gap effect with or

with B;either 0 Tor 1.5T and E,

without magnetic fields is evaluated with the electron fluence spectral difference:

Ez,airgap (Bz) - Ee,noairgap(Bi)

Aalir gap(Bi) =

tot : :
‘noairgap the total electron fluence when there is no air gap.

to
F,

t

oairgap (B)

>

(12)
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Figure 6. In the top row, Monte Carlo calculated electron fluence spectra per total incident photon fluence, at 0 and 1.5 T, in each
ionization chamber (from left to right: PTW30013, PTW31010, PTW31021 and PTW31022), in the perpendicular orientation 2a

(F, — stem). In the bottom row, the corresponding electron fluence differences due to the presence of the magnetic field in each field
size and chamber model. The vertical dashed line is at the energy at which the gyration radius equals the cavity diameter, explained in

section 3.4.
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Figure 7. In the top row, Monte Carlo calculated electron fluence spectra per total incident photon fluence, at 0 and 1.5 T, in each
ionization chamber (from left to right: PTW30013, PTW31010, PTW31021 and PTW31022), in the perpendicular orientation 2b
(Fy — tip). In the bottom row, the corresponding electron fluence differences due to the presence of the magnetic field in each field
size and chamber model. The vertical dashed line is at the energy at which the gyration radius equals the cavity diameter, explained in

3. Results and discussion

3.1. Validation of Monte Carlo calculations of electron fluence in the presence of magnetic fields

If Fano conditions are fulfilled, electron fluence spectra in the presence of a magnetic field are identical to the
electron fluence spectra in the absence of magnetic fields. Therefore, the Monte Carlo calculations of electron
fluence spectraat 1.5 T can be validated against the electron fluence spectra at 0 T. For this, a geometry fulfilling
the first special Fano condition is simulated, the comparison between Monte Carlo simulations of electron
fluence in the absence and presence of an external magnetic field is shown in figure 4. The agreement is good and
consistent with the statistical uncertainty of the simulations (<0.1%). An additional comparison with
Kawrakov’s analytical approximation (Kawrakow 2000) is presented.

8



10P Publishing

Phys. Med. Biol. 67 (2022) 035001

Y Cervantes et al

e
=
B
2,
2
=)
)
&
Perpendicular 2
orientation e

FL towards stem

e

(FA5T-FOTF0T)

el

Perpendicular
orientation

FL towards tip

in each orientation.

—
Fr
0.02
Photon =
beam o 001
o
=
e
u®-0.01
=
2 0,02
Parallel G

orientation ~ 003

-0.03

e
o
2

—I—PTW30013, 10x10
—F—PTWB30013, 3x3
— — 2.28MeV

107 10°
Energy [MeV]

—F—PTWB30013, 10x10
—F— PTW30013, 3x3
— — 0.50 MeV

— — 2.28 MeV

107" 10°
Energy [MeV]

—F—PTW830013, 10x10
—F— PTW30013, 3x3

— — 0.50 MeV
t|— — 2.28Mev

107 10°
Energy [MeV]

1 o 1 1
I I I 0.02 | |—E—Water cavity, 10x10 I '
[ | —F— Water cavity, 3x3 |
1 = 1 = — — 228 MeV |
1 o 1 o 001 1
1 5, 1 5, 1
| [ o 1 w o |

= = ”*"‘“’*EM

o o ettt
: L®-0.01 : L°-0.01 :
1 = 1 = 1
1 0 .0.02 1 v .0.02 1
1 =, ! = |
| [ | w’ |
\ -0.03 \ -0.03 \
1 1 1
L 0.04 1 -0.04 1

107 10° 107 10°
Energy [MeV] Energy [MeV]

i ! | !
| 0.03 | | —E— Water* cavity, 10x10 | 0.03 | | —— Water cavity, 10x10 | | '
1 3 —F— Water* cavity, 3x3 1 —F— Water cavity, 3x3 | |

= — — 0.50 MeV \ e — — 0.50 MeV | 1
=3 0.02 |— — 2.28 MeV ] o 0.02 f — — 2.28 MeV | ]
! 5, 1 5, i I
1 [ 1 [ 1 l
\ = oo \ = oot | \
1 S 1 S 1 1
1 o0 1 N I
1 . 1 .
1 e 1 e 1
1 v 0,01 1 © 0,01 1 1
| = | = 1 |
| w’ A | w’ | |
| -0.02 %7 | -0.02 | |
1 1 1 | 1
! -0.03 : ! ! -0.03 : bl
107" 10° 107 10°
Energy [MeV] Energy [MeV]
— . ! | |
1 TF 0.03 | [—F—Water cavity, 10x10 0.03 [ |[—F—Water cavity, 10x10| 1
1 & —JF— Water* cavity, 3x3 | —J— Water cavity, 3x3 | |
= — — 0.50 MeV 1 = — — 0.50 MeV | 1
o 002 _ 528 Mev 1 I S 00211 _ 228 Mev | l
3 1 1 3 1 1
| Lo 001 | | we 001 | |
1 = 1 1 g | |
| e, ° | | S SO L = ;-
1 e 1 1 e |
1 L 1 1 . 1
| & 001 | i & 001 | |
1 0 1 1 ] 1
\ = 002 \ | =, 002 | |
| w | 5 | |
1 -0.03 1 -0.03 | |
1 1 | 1
! -0.04 ! ! -0.04 ! !
107" 10° 107 10°
Energy [MeV] Energy [MeV]

Figure 8. The electron fluence spectral differences due to the magnetic field in each Farmer-type chamber geometry considered in the
parallel orientation on the top row and perpendicular orientations with F; pointing towards the stem on the middle row and F.
pointing towards the tip on the bottom row. The geometries are the Farmer type chamber (left), the bare cavity with artificial water
(middle) and the bare cavity filled with water (right) at 0 and 1.5 T for fields of 10 x 10 cm 2and 3 x 3 cm? The vertical dashed line at
the energy (2.28 MeV) at which the gyration radius equals the cavity diameter. The vertical dashed line at the energy (0.50 MeV) at
which Al = 0. Both dashed lines are explained in section 3.4. On the left, an illustration of the sensitive volume in the smallest field size

Table 2. Percentage of total electron fluence variation due to the magnetic field in the ionization

chambers.

Parallel

Perpendicular
(F, — stem)

Perpendicular
(FL — tip)

PTW30013

PTW31010

PTW31021

PTW31022

10 x 10 cm?
3 x 3cm’
10 x 10 cm?
1 x 1cm?
10 x 10 cm?
1 x lem?
10 x 10 cm?
1 x 1cm?

—0.08 £ 0.00%
—1.24 £ 0.00%
0.14 £ 0.00%
—11.60 & 0.03%
—0.19 £ 0.00%
—10.56 £ 0.03%
—0.18 £ 0.00%
—9.96 £ 0.04%

4.42 £ 0.00%
4.75 £ 0.00%
—2.56 + 0.00%
—10.62 £ 0.03%
—6.08 £+ 0.01%
—11.85 +0.03%
—4.58 + 0.01%
—11.08 £ 0.04%

5.12 £ 0.00%
2.35 £ 0.00%
—0.24 £ 0.00%

—11

.39 £0.03%

—1.27 £+ 0.00%
—14.50 £ 0.04%
—0.90 & 0.00%

—12

.34 £ 0.04%

3.2. Electron fluence in ionization chambers
Electron fluence spectra normalized by the total incident photon fluence are scored in each ionization chamber
for areference and a small field, at 0 and 1.5 T, in the parallel and in the two perpendicular orientations, results
are shown in the top row of figures 5, 6 and 7. The spectral differences due to the magnetic field (equation (11))
are presented in the bottom row of each figure. Additionally, the variation in the total electron fluence due to the
magnetic field is presented in table 2. In the three orientations, the magnetic field impact is more significant in
small fields than in the reference field in all chambers, but it is especially relevant in the small-cavity chambers.
In small fields, the electron fluence decreases at 1.5 T compared to the 0 T case. In particular, in the small-

cavity chambers, the electron fluence decreases with decreasing energy. This is in agreement with the reduction
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Figure 9. The electron fluence spectral differences due to the magnetic field in each semiflex chamber geometry considered in the
parallel orientation on the top row and perpendicular orientations with F; pointing towards the stem on the middle row and Fy,
pointing towards the tip on the bottom row. The geometries are chamber (left), the bare cavity with artificial water (middle) and the
bare cavity filled with water (right) at 0 and 1.5 T for fields of 10 x 10 cm?and 1 x 1cm?. The vertical dashed line is at the energy at
which the gyration radius equals the cavity thickness, explained in section 3.4. On the left, an illustration of the sensitive volume in the
smallest field size in each orientation.

in absorbed dose previously observed in the presence of a magnetic field (O’Brien et al 2016, van Asselen et al
2018) because electrons deposit their energy closer to the point where they are created due to the Lorentz force
(de Pooter et al 2020).

The electron fluence spectra vary with orientation; the magnetic field influence is more significant in the
perpendicular orientations because there are larger perturbations coming from the extracameral components
than in the parallel orientation. In orientation 2a, electrons, on average, are deflected towards the stem, while in
orientation 2b, they are deflected towards the tip. In magnetic fields, the total fluence is reduced up to 11.6% in
the parallel orientation and up to 14.50% in the perpendicular orientations.

Another effect of the extracameral components can be observed in chamber PTW31021; there is a reduction
in the low-energy electrons for both field sizes. This is due to the presence of an inner air layer between the
graphite and the PMMA wall, as pointed out previously in Cervantes et al (2020).

The magnetic field effect on electron spectra follows a similar trend in the small-cavity chambers in all
orientations. On the contrary, there is a different trend between the parallel and the perpendicular orientations
for the Farmer-type chamber. The magnetic field effect is more or less constant in the parallel orientations, while
in the perpendicular orientation, the variations with energy are more important. This is mainly due to the cavity
length and is discussed in detail in the following sections.

3.3. Effect of detector geometry and density
3.3.1. Farmer-type chamber
Electron fluence spectral differences due to the presence of an external magnetic field for two irradiation fields
(10 x 10 cm?and 3 x 3 cm?) in the Farmer-type chamber geometries, in all orientations, are presented in
figure 8. The three different geometries are the cavity of the full detector (left), the bare cavity filled with artificial
water w* (middle) and the bare cavity filled with water (right).

In the parallel orientation, shown in the top row of figure 8, the magnetic field has a stronger impact in the
small field than in the reference field in the three chamber geometries. The largest fluctuations occur for the
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Figure 10. Electrons entering an infinite slab at the same position in a vacuum in the presence of an external 1.5 T magnetic field. Eggg
is the energy at which the gyration radius equals the cavity thickness. On the left, electrons with enough energy to fully traverse the
slab. On the right, electrons with energy to return to the incident wall.

second geometry (middle), i.e. when the only difference between the cavity and the medium is the density,
especially for the small field. These results confirm that the density is one of the main causes for the small-field
effects as previously seen in the absence of magnetic fields (Scott et al 2012) and in the presence of magnetic fields
(Cervantes et al 2021). The perturbations mainly come from low-energy electrons since in a constant magnetic
field, the lower the energy, the smaller is the gyration radius which results in an increase in the magnetic field
term in the radiation transport equation (equation (3)). Note that the perturbations in the full chamber
geometry (left) are smaller than in the w* geometry; this indicates that the extracameral components
perturbations are in the opposite direction, i.e. they increase the electron fluence which compensates the density
perturbations.

In the perpendicular orientations, shown in the middle and bottom rows of figure 8, there are no significant
variations for the water cavity. For the other two geometries, the magnetic field effect varies considerably with
energy, and it does not vary significantly with field size. In this case, the cavity is so large that low-energy
electrons deposit their energy locally, and perturbations from lateral electrons are less significant, which explains
the lack of small-field effects.

The general trend of the magnetic field effect comes mainly from the density differences, as can be seen in the
middle column of figure 8. The trend variations are due to the cavity dimensions, and the explanation is in
section 3.4. As in the parallel orientation, perturbations are smaller for the full chamber (left) because the
extracameral components are compensating the electron loss, especially at low energies.

The variations on electron fluence are smaller in the parallel orientation than in the perpendicular
orientations because the extracameral components play a more critical role in the perpendicular orientations,
which the Farmer chamber length emphasizes.

3.3.2. Small-cavity chambers

The differences in electron fluence due to the magnetic field are similar in the three small-cavity chambers in all
orientations. They are shown in figure 9 only for the chamber PTW31010 and its corresponding geometries. The
magnetic field impact depends strongly on chamber geometry, the Farmer-type chamber and the small-cavity
chambers are impacted differently. There are two main geometrical differences between these types of
chambers: the length of the cavity (see table 1) and the shape of the tip, which is semi-spherical for the small-
cavity chamber and conical pointed for the Farmer chamber.

For the reference field, the magnetic field effect fluctuates around zero with spectral differences within 1.5%
in all orientations except in orientation 2a for the full chamber geometry (left). The reason being that the stem
perturbations increase in this orientation; electrons are, on average, deflected towards the stem reducing the
electron fluence, especially the low-energy electrons.

When the chamber is irradiated with the reference field, there is charged particle equilibrium (CPE), and if
the sensitive volume is filled with water, then the first special Fano condition is fulfilled. Hence, the electron
fluence remains the same in the absence and presence of a magnetic field, as shown in the right of figure 9. In
contrast, when the irradiation field size decreases, the electron fluence decreases significantly with decreasing
energy in the presence of magnetic fields. The fluence reduction is due to the loss of lateral CPE in small fields,
which is amplified by the asymmetry introduced by the Lorentz force.

When the cavity electron density equates that of air (middle), the magnetic field effect follows the same trend
as in the water sensitive volume, but the electron fluence is further reduced in this case. Density perturbations
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Figure 12. Symmetrical air gaps around chambers PTW30013 (left) and PTW31010 (right) at 1.5 T. In the top row, the electron
fluence spectra per total incident photon fluence in the chamber for air gaps of different thicknesses. In the bottom row, the effect of
the air gap is evaluated with respect to no air gap in the electron fluence in the presence of magnetic fields.

increase in the presence of magnetic fields (Cervantes et al 2021), in low-density materials, fewer secondary
electrons are produced, and the electron mean free path generally increases, thus becoming susceptible to the
Lorentz force.

When the full chamber (left) is simulated, the magnetic field impact also follows the same trend as in the
other two geometries for small fields. However, there are slight variations associated with the influence of
extracameral components that changes with orientation. In general, the perturbations are smaller, as the
extracameral components seem to compensate the electron fluence reduction.

3.4. Effect of the cavity size

The cavity size is relevant for small fields dosimetry in the absence and presence of magnetic fields. The relation
between the cavity size and the magnetic field can be approached by considering an electron travelling in vacuum
through an infinite slab with the same thickness as the cavity, as shown in figure 10. Depending on its energy, an
electron can either traverse the cavity (left of figure 10) or it can fully return to the incident wall (right of

figure 10). The behaviour change occurs when the gyration radius is equal to the cavity thickness at a certain
energy, named Eggg. This ERE energy is presented as a dashed line for each detector in figures 5-16(b). In these
figures, for the magnetic field effect at small fields, the ERE energy is near the convex region at high energies
where there is alocal minimum. Note that the ERE energy is only an approximation, and the true scenario is
much more complex: electrons enter the cavity in different positions, electrons interact with the medium and
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Figure 14. Asymmetrical air gaps around the PTW31010 chamber at 0 T (left) and at 1.5 T (right). In the top row, the electron fluence

spectra per total incident photon fluence in the chamber for air gaps of different thicknesses. In the bottom row, the effect of the air
gap is evaluated with respect to no air gap.

lose energy, there is lateral gain and loss of electrons, the thickness cavity is not uniform, and the fluence varies
with detector orientation.

In the parallel orientation, electrons coming in the main direction encounter a plane with approximately the
same thickness and length (i.e. sensitive diameter of table 1), as illustrated on the left figure of 11. Whereas, in the
perpendicular orientation, the encountered plane has a thickness equal to the sensitive volume diameter and the
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Figure 15. Ratio of dose in the cavity with an air gap relative to that with no air gap at 0 and 1.5 T for chambers PTW30013 (left) and
PTW31010 (right).

length of the sensitive volume, as illustrated on the right of figure 11. For the pinpoint 3D (PTW31022) and the
semiflex 3D (PTW31021), the diameter and length of the sensitive volume are equal, the semiflex (PTW31010) is
slightlylonger than wider, and the Farmer chamber is almost four times longer than wider. The latter case
approaches the infinite slab geometry in the perpendicular orientation and explains the remarkable trend
change of the Farmer between the parallel and perpendicular orientation.

To explain the magnetic field effect trend in the Farmer chamber in the perpendicular orientation, see
figure 8, the cavity can be approximated to an infinite slab where only the effect of the magnetic field is
considered. Then a pathlength correction, Al, due to the magnetic field can be defined as

Al=m xR — d, (13)

where 7 * R is the electron pathlength in magnetic fields, and d is the electron pathlength in the absence of
magnetic fields which is equal to the cavity thickness. For energies below Eggg, three cases can occur

If Al < 0, then the electron pathlength is smaller in magnetic fields than without it.
If Al =0, then the electron pathlength is the same with and without magnetic fields.

If Al > 0, then the electron pathlength is bigger in magnetic fields than without it.

The variation of Al explains the trend of magnetic field effect, the minimum of the curves in the middle and
bottom row of figure 8 occurs close to the energy at which Al = 0. For the chamber PTW30013 dimensions, this
energyis 0.50 MeV. Even though these cases depict a simplistic scenario, they provide a good enough
approximation of the full radiation transport scenario.

Itis worth noting that such a simplistic scenario cannot fully explain the perturbation effects of any radiation
detector. While evaluating pathlength differences with an infinite slab might be valuable in large air cavities, for
small cavities, it cannot suffice since the geometry is more complex with a central electrode and a wall tip in the
vicinity, which produces additional electrons entering the cavity for which the trajectory cannot be addressed
analytically. For solid detectors, the situation is even more complex. In such cases, one needs to fully consider
what transport equation implicates and how the electron fluence is perturbed compared to ideal conditions,
such as in Fano conditions. Unfortunately, in the presence of homogeneous magnetic fields, Fano’s theorem
cannot hold, and therefore conventional simplifications cannot be used. Monte Carlo remains the only valid
method to approach this problem.

3.5. Air gap effect on electron fluence spectrum

3.5.1. Symmetrical air gaps

The influence of the symmetrical air gaps on electron fluence is presented in figure 12 for the Farmer chamber
and the semiflex chamber. In general, there are no significant differences among the thicknesses considered, and
the air gap effect on electron fluence is 1% or less with respect to the no air gap case for all thicknesses for both
chambers.
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Figure 16. In the top row, the electron fluence per incident photon fluence for the full solid-state detector (top left), for the bare cavity
with artificial water (top middle) and for the bare cavity filled with water (top right) at 0 and 1.5 T for square irradiation beams of
2 2 o .
10 X 10cm”and 1 x 1cm”. In the bottom row, the relative difference between the electron fluence at 0 and 1.5 T for each field size
and each geometry considered. The vertical dashed line is at the energy at which the gyration radius equals the cavity thickness,
explained in section 3.4.

3.5.2. Asymmetrical air gaps
The electron fluence spectra normalized by the total incident photon fluence at 0 and 1.5 T for chamber
PTW30013 surrounded by an asymmetrical gap are shown in figure 13. Even in the absence of magnetic fields,
there is an air gap effect, and the fluence perturbations increase with air gap thickness. In the presence of an
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Table 3. Percentage of total electron fluence variation due to the magnetic field in the
ionization chambers surrounded by an air gap. The uncertainty is below 0.01% in all cases.

PTW30013 PTW31010
Air gap
Thickness Symmetrical Asymmetrical Symmetrical Asymmetrical
[mm] [%] (%] [%] [%]
0.2 0.04 —0.75 —0.31 —0.83
0.5 0.02 —2.25 —0.19 —2.44
1.0 —0.04 —4.08 —0.25 —4.73
1.5 0.08 —5.13 —0.45 —7.04

external magnetic field, illustrated on the right of figure 13, there is a further reduction of low-energy electrons;
the reduction becomes more pronounced with increasing air gap thickness.

The results for the asymmetrical air gap surrounding the small-cavity chamber are presented in figure 14. In
this case, the electron fluence perturbations are 2.52% or less at 0 T and they decrease as much as 8.63%at 1.5 T.
The influence of the magnetic field is present along all the energy spectrum, but it increases, once again, at low-
energies. The presence of asymmetrical air gaps has a bigger impact in chambers with smaller cavity sizes in the
presence of an external magnetic field.

3.5.3. Chamber dose response

In the case of symmetrical air gaps, the 1% variation in electron fluence due to the magnetic field corresponds to
avariation of the chamber dose responses within 0.5% as shown in figure 15. These results are consistent with
O’Brien and Sawakuchi (2017), where results showed that symmetrical air gaps around the chambers have a
minimal effect.

For the case of asymmetrical air gaps, the variation in electron fluence in the Farmer chamber corresponds to
amaximal dose reduction of 2.95% and 6.26%, at 0 T and 1.5 T, respectively, as observed in figure 15. For the
small-cavity chamber, the dose is further reduced, by as much as 7.55% in a magnetic field, as shown in figure 15.

The total fluence variation due to the presence of the magnetic field in all the air gap cases is presented in
table 3.

3.6. Solid-state detectors

The electron fluence spectra normalized by the total incident photon fluence in the solid-state detectors are only
calculated in orientation 3, in which the detector axis is aligned with the photon beam, and it is perpendicular to
the magnetic field. These spectra are calculated in three detector geometries (shown in figure 2) in two square
fields 10 x 10cm*and 1 x 1 cm?*for 0 T and 1.5 T, the results are presented in the top rows of figures 16(a) and
(b) for the silicon diode and the microDiamond detector, respectively. The corresponding spectral differences
due to the magnetic field are presented in the bottom row of each figure.

The electron fluence decreases in both solid-state detectors in the presence of magnetic fields, as shown on
the left columns of figures 16(a) and (b). The effect is very similar in both field sizes for the silicon diode and
almost identical for the microDiamond detector, indicating the strong magnetic field impact even in large field
sizes, as previously seen in Cervantes et al (2021). The magnetic field effect is more pronounced for the low-
energy electrons.

When comparing the effect of the magnetic field in the full geometry to the one in the water” cavity, the
behaviour is different, particularly in the reference field. Perturbations seem to be strongly amplified by the
extracameral components. The density effect can be evaluated by comparing the spectra in the second and third
geometry (middle and right columns of figures 16(a) and (b)). The trends are very similar for each field size,
agreeing with previous results (Cervantes et al 2021) where it was shown that the magnetic field effect on the
density perturbation factors is not significant, 1% or less in the dose response. Differences in behaviour between
the two field sizes come from the lack of lateral CPE in small fields that is amplified by the asymmetry introduced
by the Lorentz force.

4. Summary

Electron fluence spectra have been calculated for six detectors in a reference field and in a small field, in different
orientations, in the absence and presence of a magnetic field. The magnetic field effect in the electron fluence in
each detector was different. To identify the underlying mechanism behind the magnetic field impact, additional
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calculations of the electron fluence were performed in two modified detector geometries: the bare sensitive
volume filled with artificial water having the same electronic density as the original material, w*, and filled with
water. In solid-state detectors, the extracameral component perturbations increase in the presence of a magnetic
field. In ionization chambers, the density variations increase the electron fluence perturbations in the presence
of magnetic fields, as previously observed in Cervantes et al (2021).

Three chamber orientations are investigated, the variation in total electron fluence due to the magnetic field
is presented in table 2. In the Farmer chamber case, the magnetic field impacts less in the parallel orientation
than in the perpendicular orientation. In the latter, the interplay between the gyration radius and the cavity size
(the cavity length is 3.77 times larger than the cavity diameter) dramatically affects the electron fluence, as
explained in section 3.4.

For the small-cavity chambers, in the reference field, the magnetic field impact on total electron fluence
drastically increases when the Lorentz force points towards the chamber stem. A smaller effect appears in the
other two orientations. Contrary to the Farmer chamber, the cavity length is comparable to the cavity diameter
in these chambers, explaining the similar behaviour among these two orientations. A significant impact of the
small field size is observed in the small-cavity chambers (note that the narrow field used in the Farmer-type
chamber is not that small) for all orientations; the magnetic field reduces the total electron fluence between
9.96% and 14.50% depending on the orientation.

The cases of symmetrical and asymmetrical air gaps (thicknesses between 0.2 and 1.5 mm) surrounding a
Farmer chamber and a small-cavity chamber are also investigated. The variation in the total electron fluence due
to the magnetic field in these cases are presented in table 3. For all the symmetrical air gaps, the variation is equal
or below 0.08% for the Farmer chamber and below 0.5% for the semiflex. In the case of the asymmetrical air
gaps, the magnetic field effect in total fluence increases with the gap thickness up to —5.13% and 7.04% for the
Farmer chamber and semiflex chamber, respectively.

The magnetic field strongly impacted the solid-state detectors in both field sizes. The total fluence is
reduced by as much as —15.06 £ 0.09% and —16.00 £ 0.07% for the silicon diode and the microDiamond,
respectively. The high-density extracameral components seem to be responsible for the strong effect of the
magnetic field.

5. Conclusion

This investigation provides physical insights on the response of different detectors—one Farmer chamber, three
small-cavity chambers and two solid-state detectors—when irradiated with megavoltage photon beams coupled
to an external magnetic field. The electron fluence differential in energy in the detector cavity can be severely
modified in magnetic fields, and fluence perturbations are generally more apparent for low-energy electrons.
The electron fluence simulations presented in this study illustrate the interplay between several factors that can
make perturbation effects unpredictable in photon beams coupled to magnetic fields: (1) chamber and magnetic
field orientation, (2) cavity size and shape, (3) extracameral components, (4) air gaps and their asymmetry, (5)
electron energy, and (6) field size.

For reference fields, perturbations in electron fluence in ionization chambers due to the magnetic field are
small or even negligible in some cases. However, for small fields,i.e. 1 x 1 cm?, the presence of a magnetic field
leads to significant perturbations on electron fluence, especially in the low-energy region. Therefore, the
determination of quality correction factors for small-cavity ionization chambers is crucial for small fields.
Further investigations and corroboration of these factors from independent research groups are still needed.

The magnetic field strongly modifies the electron fluence in solid-state detectors for reference and small
fields; hence they should be avoided in the clinic. Similarly, situations, where asymmetrical air gaps could occur,
should be avoided, especially for the small-cavity chambers. The performance of detectors dedicated to
dosimetry in the presence of a magnetic field can be improved by avoiding high-density materials surrounding
the sensitive volume and non-uniform internal air layers.
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Appendix A. Magnetic-field term in the radiation transport equation

The term due to the presence of the magnetic field in equation (2) can be developed as follows
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choosing the coordinates such that B = BZ and recalling that the gyration radius is defined as R = qul B.Then
for electrons, g = —|q| and therefore
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Appendix B. Radiation transport equation for the electron fluence spectrum

Considering a geometry in which the medium atomic properties are homogeneous, i.e. the first classical Fano
condition is fulfilled, but with an arbitrary mass density distribution given by p = p(r) and defining a particle
source as sg = sq(r, p) and an homogeneous magnetic field B = Bz. The transport equation is given by

0,
ﬁ-v,f—p[sow{f} - éé], (B1)
0

the solution of this equation is unique and defined by Q, Band p, noting the solutionas f = f/ . To integrate the
transport equation of fover all directions, each term is integrated separately. First, the integration of the left term
in equation (B1)is
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defining position-dependent and momentum-dependent functions
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note that fé’B as well as the functions in equation (B3) are entirely defined by Q, Band p. Thus, their explicit
dependence on fcan be omitted and be reported in terms of Q, Band p.
Defining the spectral source S as

So = f so(x, p)d<L. (B5)
4m
Recalling that the interaction term is given by
If G p)) = =S()f e p) + [ dpf [ fx p)a(p' = p)d (B6)
P s
with the mass macroscopic cross section differential in momentum only defined as
Sp—p) = [ olp—prasy (B7)
4

and the mass macroscopic cross section defined as
p
2(p) = [ 20— p)dp (BS)
then, the integration of the interaction term over all directions is
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Finally, the last term to integrate is
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From these results, the direction-integrated transport equation is
0., . 0 ., . 4. 0
8—x[<sm9 cos #)5, F1 + 5[( sin @ sin ), F] + 5[( cos )5, F1 = p[Sq + I{F}] (B11)

with the solution expressed as F = F/_(x, p) being unique and entirely defined by Q, Band p.
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