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Abstract METHODS

MedAustron [1], the Austrian hadron therapy center iS\Scanning Method
currently under construction. Irradiation will be perfarth
using active scanning with proton and carbon ion pencil |n depth the target is divided into layers of a few mm,
beams. Major beam delivery system contributors to dosgach layer corresponding to the penetration depth of a spe-
heterogeneities are evaluated: beam position, beam siific extraction energy. Every iso-energy layer is divided
and spot weight errors. Their individual and combineghto spots and two orthogonal dipoles (scanning magnets)
effect on the dose distribution is quantified, using semiguide the beam from spot to spot during irradiation. The
analytical models of lateral beam spread in the nozzle angéam is fixed upon each spot until a pre-determined amount
target and depth-dose curves for protons and carbon iorg.dose has been delivered and then guided to the next spot.
Deduced requirements on critical parts of the beam delivFhe distance between two neighboring spots is typically

ery system are presented. Preventive and active methorlg of the FWHM {1) of the beam size.
to suppress the impact of beam delivery inaccuracies are

proposed.
Beam Delivery Imperfections

INTRODUCTION An example of the horizontal and vertical beam profile is
shown in Fig. 1. In the vertical plane, the beam is Gaussian,
MedAustron will provide proton and carbon ion beamsvhile in the horizontal plane, the beam profile is trape-
for tumor therapy by means of active scanning. In orzoidal due to the horizontal8integer resonance extraction
der to specify performance requirements on vital aspectgechanism.
of the beam delivery system (BDS), such as synchrotron

extraction stability or scanning magnet accuracy, the rela 12 ‘ _Beam profile
tion between BDS imperfections and resulting dose errors 1.0f
must be clear. In this paper, the resulting target dose er- 0.8
rors from different types of beam delivery errors are sum- 0.6f
marized and fundamental BDS performance specifications 041
based on clinical dose homogeneity requirements are pre- g'g’
sented. =15
Main parameters of the MedAustron BDS are summa-
rized in Table 1. Figure 1: Horizontal and vertical beam profile at the

isocenter (FWHM=10 mm, scattering is neglected).

Table 1: Main BDS Parameters of MedAustron

Min Max In order to produce a homogeneous dose from over-
Proton energy range [MeV] 60 550 lapping G{;\ussian profiles, if suffic.es that< 0.7W [2].
Carbon energy range [MeV/n] 120 400 The combined dose from 0\_/erlapp|ng trapezoids, hovx_/ever,
Protons per spill €10° 1x10l0  canonly be homogeqeous if the unscattered FWHM is ex-
Carbons ions per spill 4107 4x 108 actly an integer multiple of the spot-to-spot distance, i.e
Spill duration [s] 1.0 10 § = W/n. The horizontal width of thg beam must there-
Beam FWHM at isocenter [mm] 4 10 fore exactly mgtch the spot-to-spot distance and_ an erro-
Time to irradiate 1 Spoyfs] =300 neous beam width would cause dose heterogeneities.
Time to move between neighboring <200 Other BDS sources of dose heterogeneity are random
spots [is] spot-to-spot errors of beam positioning (caused by current

ripple in the scanning magnets), spot weights (caused by
intensity fluctuations of the extracted beam) and beam size
(caused by e.qg. currentripple in optical elements along the
* e-mail: marcus.palm@cern.ch transfer line).
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Dose Homogeneity Calculations static beam width error can be as high as 8% per 4xii.

In order to quantize the impact of mentioned beam de- The high sensitivity to a static beam width error can be

livery errors on dose homogeneity, a spot scanning dog‘legnmcantly suppressed by modifying the treatment plan-

calculator has been implemented. The 3-dimensional dogleno(‘:]t rscf)vf/)thgrsldl;eaesn Ssi?frt]e:jn bFI% ;g;’n\gg;e _?\r/zzasrﬁgond
distribution of each spat, ¢;(z,y, 2), is calculated using P y ‘

. ! i . spot width error has been applied, but since the sharp, mis-
the beam profiles (trapezoidal/Gaussian) given by the ex* ! .
X ) - . matched, edges are no longer aligned vertically, the dose
traction process, a semi-empirical scattering model [8] an :
; . . error is reduced to 0.3%.
parameterized proton and carbon ion Bragg curves in watér

from GEANT4 simulations. An example of the dose dis- | jDose Gyl (-=4.0cm) . 1.0Rose [Gyl (z=4.0cm) .
tribution in the horizontal planey€0) of a single spot in 102 Aiddaiadis 102
water is shown in Fig. 2 for proton and carbon ions. L0 100 _ OSptitit it g
f= 099 E cie & el 0.99
S 00 0.98 O 0.0p i 1|{0.98
Horizontal plane, y=0 1.00 > 097 > tliledelits 0.97
1.0 ’ -0.5 0.96 —05h - aie e .eiae.44096
0.75 0.95 : ; 0.95
z 05 10 0.94 1ottt §0.94
S 00 0.50 ~1.0-0.5 0.0 0.5 1.0 =1.0-0.5 0.0 0.5 1.0
= 0.5 0.25 z [cm] x [cm]
-1.0 . . . .
. . - o. . 0.00 (a) Cartesian spot grid (b) Shifted spot grid
Depth, = [cm]
(@) 8 mm proton beam Figure 3: Dose distribution with static beam width error
Horizontal plane, y=0 1.00 AW - —025 mm at a” SpOtS.
= 075 |ntegral Dose-driven Scanning
= 050 T .
0.25 Two methods of deciding when to trigger the beam to

000 Move from spot have been considered:

10 15 20
Depth, z [cm]

1. When spot has receivedV; — N4 particles, where
N; is the nominal spot dose and;,, the expected
number of particles delivered during the time it takes
reach to the next spot.

(b) 8 mm carbon beam

Figure 2: Normalized dose distribution(z,y = 0, z), of
a single spotin watedf¥ = 8 mm) with 26 cm range. Top: _
protons. Bottom: carbon ions. Note that different color 2. When &otal dose of(Z;:1 N;) — Niqq has been de:
scales have been used. livered up to the:th spot.

The dose calculator generates a treatment plan for prohe final dose of spatdepends on how much the intensity
ducing a homogeneous dose in a rectangular target in watinctuates during the time it takes to reach the next spot.
The impact of BDS errors is studied by applying intentionalWith Method 1, the dose counter must be reset each time
errors (position, weight, size) to the optimized treatmerthe beam reaches a new spot, and the dose error at-spot
plan and then calculating the resulting dose errors in theill be independent from the the dose error at spdith
target volume. Method 2, however, an underdosage at gpol forces the

The standard deviation (rms) of the dose err@p, beam to stay longer at spatin order to reach the proper
should not exceed 3.5% [4] wheH error sources are taken integral dose. Thus, the error delivered to one spot is au-
into account. In this paper, an upper limit@)H=2.0% is tomatically subtracted from the nominal dose of the next
used, taking only mentioned BDS errors into account. Asspot. One advantage with Method 2 is that low-frequericy
suming these are independent from other error types, suearriations of the extracted particle rate are automaticall
as patient setup misalignments and range errors, a margiompensated for: if the the beam intensity is only 86%

of 2.9% remains (quadratic addition). of anticipated, 0.8 N;,, particles will be delivered during
spot transition. With Method 1, this would mean system-
RESULTS atic under-dosage; with Method 2 only the first spot will ize
affected.
Satic Beam Width Errors

Fig. 3(a) shows the central dose distribution at the Braggandom Spot Errors

peak of a %3 cn? field (5=3.33 mm,W=10 mm) with The standard deviation of the dose error caused by beam
spots arranged in a conventional Cartesian grid. Each spi#livery imperfections depends on many factors: beam

is subject to a small beam width error Afi’=-0.25 mm type (proton/carbon ions), target shape, number of layers
in the horizontal and vertical plane. Vertical stripes of ugetc. The beam delivery system must be designed to detiver
to 2% local overdosage are seen where the edges of thdhomogeneous dose in all cases. The "worst case” target
trapezoidal beam profiles no longer overlap perfectly. Dewvould be a single-layer target to be irradiated with a car-

pending on the beam size, the relative dose error due tdan ion beam, since carbon ion beam profiles are sha:per
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Relative error [%] (:=8.5cm) Measured rel. dose error [%]

than protons and dose heterogeneities in the proximal pa .
of multi-layer targets are statistically averaged out. He t
random dose error calculations, a single layer at 4 cm dept > )
has been assumed (taking scattering in the nozzle into ag )\ Sts W . \
count [3]). The standard deviation of the relative dosererro ~ -1/ \ @r -4 760 s
op, has been calculated by applying uniformly distributed -2¢ f S\ @ s oECEA
‘% "L el R 20—0%\9

i 52 Y\ﬁ

errors to the spot weights (relative weight errors within LA (I
Zfl; 40 60 80 100 120 140

2

+F,), spot positions£E,,;) and beam widths¥Ey) EEE {;gm]l 2 0 &0

fOI’.(S = W/3 and a shifted spot g_”d- It s found Fhab (a) Simulated dose error (b) Measured dose error

is linear to all three, and quadratic addition applies when

combining different error types: Figure 4: Error dose distribution: each spot is subject to a

random weight error within-40%
oD = [ (bpos Epos)? + (b Bw )2 + (knEn)? ()
rors causing over- or underdosage.

Implementing integral dose-driven scanning will make
the beam delivery system robust against low-frequency
variations of the beam intensity. It is also the preferred

wherek,,s = 0.08 mm~, ky, = 0.04 mm~! andk,, =
0.10 (for Method 2} With equal contribution from all error
sources andp <2.0%, the BDS must ensure that:

E, < 12% method for reducing dose heterogeneities caused by ran-
Epos < 0.15mm (2) dom beam intensity fluctuations.
Ew < 0.3mm To keep the standard deviation of the relative dose er-

Th dit fici ; b . b ror below 2% in a "worst case” target (single layer, carbon
ese conditions are sufficient for all beam sizes ET'E)ns) requires that intensity fluctuations (in a 2@9inte-

tween 4 and 10 mm. gration window) are kept below 60%, that the current of

With a nommal carbon dose of 0.7 Gy (ph_ysmal dose}he scanning magnet power supplies is accurate to within
about 400,000 ions per spot are needed, which takes 1 M350 ppm and that the beam width is constant within
to deliver at maximum extraction intensity. For spot weighti

errors caused by intensity fluctuations during the 280
spot transition, intensity fluctuations of up to 60% woul

0.3 mm from spot to spot. For more realistic, multiple
ayer-targets, these requirements can be relaxed.
An even higher tolerance to random spot errors than
. . : Ebecified in Eg. 2 can be achieved with a tighter spot grid
be translated into stability requirements on the synchrotr (6 = W/4). This reduces the nominal spot doses by a fac-
magnet _currents ofa few_ppm. ) tor 9/16 and may require using a lower extraction intensity,
The size of the scanning field 100 mm, so the re- since no spot can be shorter than 360 Whether the im-

quired posmomng accuracy af0.15 mm(;z equwe}lent to proved homogeneity of a tighter spot grid justifies the re-
ascanning magnet current accuracy-a00 ppm o max- sulting increase in effective irradiation time must be jadg
imum current. However, low energy protons require °n|¥rom patient to patient

1/6 of the maximum scanning magnet current to reach the
edges of the scanning field, which tightens the requirement
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