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Abstract A proton therapy facility based on a linac injector and a slow cycling synchrotron is proposed. To

achieve effective treatment of cancer, a scanning gantry is required. The flexible transmission of beam and

high beam position accuracy are the most basic requirements for a gantry. The designed gantry optics and

scanning system are presented. Great efforts are put into studying the sensitivity of the beam position in the

isocenter to the element misalignments. It shows that quadrupole shift makes the largest contribution and

special attention should be paid to it.
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1 Introduction

Therapy with proton or carbon has showed es-

sential advantages compared with conventional X-ray

therapy [1]. More and more hadron therapy facili-

ties based on linac, cyclotron or synchrotron are run-

ning or being built nowadays. To achieve effective

treatment of cancer, scanning gantry and pencil beam

scanning technique have been proposed and exploited

from the middle of 1990s [2]. The Advanced Proton

Therapy Facility (APTF) based on a linac injector

and a slow cycling synchrotron is proposed, with de-

tailed introduction in Ref. [3]. As an important part

of the facility, a scanning gantry is designed to pro-

vide a size-adjustable beam with any direction to the

patient and sub-millimeter position accuracy in the

isocenter.

This paper is arranged as follows. The overall

requirements for the gantry are discussed in Section

2; the designed gantry optics, scanning system and

beam position accuracy analysis are presented suc-

cessively; some conclusive remarks are given at last.

2 Considerations for gantry design

The optics matching between the fixed transport

line and the gantry is the primary requirement for the

gantry design. Until now, there have been roughly

four kinds of matching methods, i.e., “symmetric-

beam method”, “round beam method”, “equivalent

beam divergence method” and “rotator method”.

The first method suits the beam with equivalent emit-

tances, e.g., the beam extracted from cyclotron. The

other three methods accommodate for the beam with

unequal emittances, as in our case, the beam from

slow cycling synchrotrons by resonance extraction.

It becomes difficult to match the optics with the

second and third method in case that large difference

exists between the horizontal and vertical emittance.

The fourth method based on the “empty ellipse”

approach can completely solve the non-symmetrical

beam transfer problem, however, the additional “ro-

tator” increases the length of transfer line and thus

the cost significantly (For more detail, see Refs. [4]

and [5]). On the other hand, one can change the non-
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symmetrical beam to be symmetrical with solenoids

[6] or thin scatter [7] in the fixed transport line,

thus the first method can also be used for the non-

symmetrical beam. We use solenoids to balance the

beam emittance and “symmetric-beam method” for

optics matching, i.e.

Ex = Ey,

βx = βy; αx = αy; γx = γy, (1)

Dx = Dz = 0; D′

x = D′

z = 0,

where Ex and Ey are the horizontal and vertical

emittance, α,β,γ, are the Twiss functions, Dx and

D′

x are the horizontal dispersion and its derivative.

Fig. 1. Layout of the scanning gantry.

Fig. 2. Four extreme cases of the Twiss functions along the gantry.
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There are some other conditions the gantry op-

tics should obey. The optics should be achromatic so

as to minimize the effect of energy spread. It is re-

quired that the beam size should be variable from 4

to 10 mm and the beam position from −10 to 10 cm

in the isocenter.

3 Gantry optics

Thanks to the “symmetric-beam method”, the op-

tics will not vary with rotation angle, thus we can

design the lattice with only one specific rotation an-

gle, like zero degree. The layout of the iso-centric

and cylindrical gantry is illustrated in Fig. 1. Three

dipoles are used for bending up and then bending

down the beam. Seven quadrupoles are adopted to

satisfy the achromatic condition and to control the

beta functions along the gantry. Keep the Twiss func-

tions at the entrance of the gantry constant, and make

sure the beat function at the exit of the gantry is able

to be changeable by 12.5 times. Fig. 2 shows four ex-

treme cases of Twiss functions along the gantry. To

save space, we would like to reduce the radius rather

than reduce the length, thus we place the scanning

system in the upper straight section (1.56 m) of the

gantry. For the beam should be scanning in the re-

gion of ±10 cm, the last dipole should have a large

gap, thus the vertical beta function at the exit of the

last dipole is strictly controlled.

4 Scanning system

Two scanning magnets are applied to vary the

beam position in the isocenter. The scanning system

has nearly no influence on the optics properties of

the gantry, dispersion is low because of low deflecting

angle [5]. The action of the last dipole’s fringe field

plays a small role in the gantry optics, but it is impor-

tant to produce an approximate parallel beam. The

parallelism of the beam should bring a lot of practical

advantages: for therapy planning, for patching fields

techniques, to provide lower skin dose, etc.

The scanning magnets’ strengths are calculated.

The transfer matrixes from the horizontal and verti-

cal scanning magnet to the exit of the last dipole MH

and MV are obtained by multiplying the matrixes to-

gether, with the fringe angle of the last dipole as vari-

ables. Then the relationship of the beam coordinates

at the exit and entrance of the scanning system can

be written as
(

x

x′

)

ExitDipole

= MH(θ1,θ2)

(

x

x′

)

InHScan

, (2)

(

y

y′

)

ExitDipole

= MV (θ1,θ2)

(

y

y′

)

InVScan

, (3)

where θ1 and θ2 are the rotation angle for the entrance

and exit pole face of the last dipole, respectively.

It is reasonable to assume that the incident beam

is ideally along the axis in the scanning system, i.e.,

xInHScan = 0, yInVScan = 0, then we have

x′

ExitDipole = MH(2,2)x′

InHScan , (4)

y′

ExitDipole = MV (2,2)y′

InVScan . (5)

To produce a parallel beam, it requires

x′

ExitDipole = y′

ExitDipole = 0, MH(2,2) and MV (2,2)

should be zero. There is no positive real solution,

however, we can plot the variations of MH(2,2) and

MV (2,2) with the rotation angle θ1 and θ2 (Fig. 3) and

find the optimal solution which minimizes both the

target values. From Fig. 3, one can see that θ1 = 0◦

and θ2 = 24.2◦ give the best result.

Fig. 3. MH(2,2) and MV (2,2) variation with θ2

while θ1 = 0◦ (a) and with θ1 while θ2 =24.2◦

(b).

The first order estimation is direct and intuitive

but rather rough, for it neglects high order effects of

dipole fringe fields [8]. A geometrical optical tracking

code is programmed to simulate the concrete beam

Table 1. Scanner strength first order estimation and correction.

position Hor. scanner strength Ver. scanner strength corrected Hor. corrected Ver.

(H/V)/cm estimation/mrad estimation/mrad scanner strength/mrad scanner strength/mrad

10/−10 73.67 28.78 67.0 30

10/10 73.67 −28.78 67.0 −30

−10/10 −73.67 28.78 −70.65 27.3

−10/−10 −73.67 −28.78 −70.65 −27.3
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trajectory, and the scanner strengths are corrected.

Several characteristic cases are listed in Table 1. One

can see that the difference of scanner strength calcu-

lation with two approaches can be up to 3 mrad.

5 Beam position accuracy analysis

To achieve sub-millimeter positioning precision, it

is necessary to investigate the sensitivity of the beam

position accuracy to the misalignments of gantry ele-

ments. The misalignments can be classified into two

kinds, systematical and random. Systematical mis-

alignments are reproducible, like the elastic deforma-

tions as a function of gantry angle. Random mis-

alignments represent errors caused by uncertain and

non- reproducible factors, typically temperature fluc-

tuation [9].

The systematical misalignments can be compen-

sated by an orbit correction system in advance. But

the beam position divergence in the isocenter caused

by random misalignments which have gaussian dis-

tribution in theory, is inevitable. So we study the

effects of the element position random displacements

in the gantry beam transport system. The action of

the scanning magnet is not taken into account. It is

assumed that the monitors and steering units in the

upstream line will guide the beam into the gantry

perfectly on axis, i.e., no error is transmitted from

the upstream line to the gantry. The magnets are

considered to have ideal field quality as well. Four ef-

fects, i.e., the quadrupole shift, the qudrupole tilt, the

dipole shift and the dipole tilt are considered. Turn

on and off the errors respectively, and calculate the

beam position in the isocenter by tracking the beam

through the misaligned transport line with computer

code AT.

The “reference” random errors set for all elements

are, 3σshift = 0.1 mm, 3σtilt = 0.1 mrad. The simula-

tion shows that the beam position possible displace-

ment is a little bigger in the case of 0◦ than the case

of 90◦ gantry angle, and in the former case, the maxi-

mum overall beam position distribution 3σtotal in the

iso-center is 0.57 mm and 1.52 mm (horizontal and

vertical plane respectively, see Fig. 4). Quadrupole

shifts make the largest contribution to the beam

position deviation. The sub-millimeter beam posi-

tion precision can be achieved only if the quadrupole

shift limit is changed to 0.06 mm. For the dipole,

the tilt angle misalignment is more critical than the

shift. Controlling the dipole tilt misalignment, e.g.,

0.05 mrad, will benefit the release of the quadrupole

shift limit.

Fig. 4. Beam position uncertainty 3σ due to

reference random misalignments.

It should be mentioned that the analysis is done

using the lattice with small beta functions in the

isocenter (up right in Fig. 2), corresponding to the

beam scanning with the smallest beam size. Similar

results are obtained with the other cases.

6 Conclusion

We present the physical design of scanning gantry

for APTF, including the gantry optics, the scanning

system and the beam position accuracy analysis. The

designed gantry satisfies the requirements for the ac-

tive scanning treatment. The scanning magnets with

optimal dipole fringe angle lead to approximate par-

allel beam scanning, and the correction of the scanner

strength from the first order calculation is described.

The beam position accuracy in the isocenter is an-

alyzed at last. Special attention should be paid to

controlling the most critical error-quadrupole shift.

References

1 The author recommends: Pedroni E. Status of Hadronther-

apy Facilities Worldwide. Proc. EPAC08. 978

2 Pedroni E et al. Med. Phys., 1995, 22: 37–53; Haberer T

et al. Nucl. Instrum. Methods Phys. Res. A, 1993, 330:

296–314

3 FANG Shou-Xian et al. Proposal of a Dedicated Proton

Therapy Facility, to be published on Chinese Physics C

4 Badano L et al. CERN/PS 1999-010 DI, Geneva. 143–154

5 Pavlovic M. Nucl. Instrum. Methods Phys. Res. A, 1999,

438: 548–559

6 LI J H, TANG J Y. Nucl. Instrum. Methods Phys. Res. A,

2007, 574: 221–225

7 Furukawa T, Noda K. Nucl. Instrum. Methods Phys. Res.

A, 2006, 565: 430–438

8 Eickhoff H et al. United States Patent 6693283, 2002

9 Reimoser S A, Pavlovic M. Nucl. Instrum. Methods Phys.

Res. A, 2001, 456: 390–410


