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RF knock-out extraction in HITFiL *
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Abstract: A compact facility for cancer therapy has been designed and is presently under construction. A

slow beam extraction system using the RF-Knock Out method and 3rd-order resonance is adopted in the

synchrotron of this facility. Eight sextupoles are used, four of them are for correcting the chromaticity and the

rest for driving the 3rd-order resonance. In order to save the aperture of vacuum chamber, a 3-magnet bump is

adopted during the extraction process. The extraction phase space map and the last 3 turns’ particle trajectory

before extraction are given. The matching betatron functions with HEBT (high energy beam transport) are

also presented.
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1 Introduction

Cancer therapy with protons and light ions [1] has

developed considerably in recent years. Several facili-

ties have already been built or are under construction

world-wide. The HITFiL (Heavy Ion Therapy Facil-

ity in Lanzhou) is the first carbon ion cancer ther-

apy facility in China. The project is supported by

the Lanzhou municipal government, funded by the

SHENGDA Company, and designed and constructed

by the Institute of Modern Physics. The facility has

been designed based on the experience of the con-

struction and operation of the HIRFL-CSR [2, 3].

Figure 1 shows the layout of the HITFiL. An ECR

ion source is put under the cyclotron, which produces

the C5+ beam. The beam will be injected into the

cyclotron from the axis direction, and be accelerated

from 29 keV/u to 7 MeV/u, then injected into the

Fig. 1. (color online) General layout of the HITFiL.
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synchrotron by the charge exchange injection method.

There are four treatment rooms with one shown in

the figure. The energy of the beam delivered to the

treatment room can be changed from 80 MeV/u to

400 MeV/u in a step length of 1.5 MeV/u.

2 Design of the RF-knock out extrac-

tion

2.1 Lattice of synchrotron

The synchrotron has a circumference of 56.2 m,

and has a two-fold symmetry structure which is com-

posed of 8 dipoles and 12 quadrupoles, as seen in

Fig. 2.

Fig. 2. (color online) Layout of the HITFiL

synchrotron.

Table 1 lists the parameters of the synchrotron

and Fig. 3 shows the twiss functions. In order to ful-

fill the Hardt condition [4], the electrostatic septum

(ES) is put in the descending part of the dispersion

bump.

2.2 Distribution of the sextupole

The normalised sextupole strength is given by [5]:
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where k′ is the normalized sextupole gradient,

k′ =
1

Bρ

(

d2Bz

dx2

)

,

and ls is the length of the sextupole, βx is the hor-

izontal beta function in the sextupole. For several

sextupoles distributed in a machine, the combined

effect can be described by [6]:
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where the Svirt is called virtual sextupole strength,

Sn and µx,n are the strength and phase displacement

of the single sextupole, respectively.

Fig. 3. Twiss parameters. The last dipole

in the figure is the magnet septum (MS1 in

Fig. 2), and the last third dipole is the elec-

trostatic septum. The phase advance between

the two septa is 75 degrees.

Since the horizontal work point has been cho-

sen as 1.68 just near the even number, and the

super-period is 2, the chromaticity and the resonance

driving function can be achieved separately from

Eq. (2). Therefore the 8 sextupoles are distributed

Table 1. Parameters of the synchrotron.

C/m Bρ/(T·m) βxmax/βymax/m Dmax/m Qx/Qy super period γt

56.2 0.76–6.62 10/15 5.4 1.68/1.23 2 1.74
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symmetrically in the ring; 4 of them are used to con-

trol the resonance excitation and the others are used

to adjust the chromaticity. The dynamic aperture

will be considerablely reduced when the sextupoles

are working, but it is still large enough for the beam

operations.

2.3 Extraction state at the ES

Similar to the CSRm, the RF-KO method [7] has

been proposed, which has many advantages compared

with other methods, such as responding fast to beam-

on/off [8], producing static target beam spots during

extraction, keeping the lattice of the synchrotron con-

stant, changing the spill intensity easily [9], etc.

Figure 4 shows the phase space simulated by

MAD-X [10] at the entrance of the electrostatic sep-

tum. The blue dots describe the maximum stable

area, and the red dot is the same as the blue dot but

the transverse RF is switched on. The dashed line

represents the position of the ES wires, which are

positioned at 60 mm from the center of the vacuum

chamber. The emittance in the stable area is about

40 π ·mm ·mrad, and the spiral step is about 10 mm

(it also can be seen from Fig. 7).

Fig. 4. The separatrices and outgoing trajecto-

ries at the entrance of ES.

Figure 5 shows the limiting trajectories of the sep-

aratrices over the last three turns before they are ex-

tracted and the extracted beam segment between the

electrostatic and magnetic septa. The angle of the

electrostatic septum is −8 mrad; just parallel with

the extraction spill. The extraction orbit has been

bumped by a 3-magnet bump (Bpe1, Bpe2, and Bpe3

in Fig. 2), which raised a height of 20 mm at the en-

trance of ES during extraction.

Fig. 5. The trajectory of the last three turns

before extraction and the extracted segment

between ES and MS.

2.4 Spill feedback

The spill feedback controlled by fast quadrupoles

has been successfully realized in CSRm, the ampli-

tude of the spill ripple within 1000 Hz can be reduced

to 1/10 times [11] from the conventional mode. The

power supply ripple of the quadrupole in HITFiL is

similar to CSRm. In order to suppress the spill rip-

ple, a group of fast quadrupoles is adopted, which are

distributed symmetrically in the synchrotron. The

fast quadrupoles are positioned near the horizontal

focus quadrupoles, which produces a large horizon-

tal betatron amplitude function (see FQ in Fig. 2).

The parameters of the fast quadrupoles are listed in

Table 2.

Table 2. Parameters of fast quadrupole.

number 2

strengthmax/(T/m) 2

effective length/mm 150

aperture 150 mm×80 mm

response time/ms 0.2

2.5 Electrostatic septum

Since the beam enters the ES with a negative an-

gle relative to the synchrotron chamber, and the ES

is placed at the same angle as the extraction beam,

the effective aperture for the storage beam will be de-

creased at the injection process. In order to reduce

the voltage of the ES and keep the aperture effective,

a new design of electrostatic septum has been created.

The septum wall formed by tungsten wires has been

bent into a curve from a straight line, and the radius

of the curve is 400 meters. 3 mm horizontal aperture

will be saved in this situation, and the voltage of the

ES will be reduced by 20%. Fig. 6 shows the spill

trajectory and electrostatic channel, the yellow part

in the figure represents the spill which enters the ES,

and the dotted region represents the ES channel. The

effective length of the electrostatic septum is 1.4 m,
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the diameter of the wires is 0.1 mm, and the maxi-

mum tolerance voltage is 160 kV.

Fig. 6. The spill orbit vs. the ES channel.

2.6 Matching to the HEBT

In the horizontal phase-space, the extracted par-

ticles are distributed, for all practical purposes, in

a long and thin rectangle, referred to as the “bar”

of charge, which is the part of the extraction sep-

aratrix cut by the electrostatic septum. However,

the extracted beam in the vertical phase-space has

the same betatron functions as the synchrotron. The

horizontal emittance will change its shape due to the

unavoidable variations in the closed orbit or other

relevant parameters such as the ripple of the power

Fig. 7. The ellipse and the extraction bar in

the phase-space at the electrostatic septum.

The red and green dots represent the extrac-

tion beams, which have a momentum spread of

1j and −1j, respectively. The result is simu-

lated by using WinAgile [12], which is slightly

different from Fig. 4 (simulated by MAD-X).

supply. The change of the shape in the phase space

requires a new matching of the beam lines. So an un-

filled ellipse is chosen such that the “bar” of charge is

nearly a diameter of the ellipse, and the whole ellipse

will be treated as the matching emittance, as seen in

Fig. 7.

The match parameters are listed in Table 3 after

using the matching ellipse. Taking into account the

uncertainties such as the close orbit and power sup-

ply ripple, the dispersion function has a range, which

means the position of the ellipse shakes with the un-

certainties, and will be considered in the design of the

HEBT.

Figure 8 shows the twiss parameters from ES to

MS. Since the extracted particles do not pass the

quadurpoles in the center line, the quadrupoles are

treated as dipoles but contain a quadrupole compo-

nent. The last three dipoles represent the three ex-

tract magnet septa: MS1, MS2, and MS3.

Table 3. The matching parameters at ES.

βx/m 4.0

αx 0.49

D/m −0.45–−0.75

D′ 0.05–0.25

βy/m 7.24

αy −1.69

Fig. 8. Twiss parameters from ES to MS.
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3 Conclusion

The 3rd resonance slow extraction of the HIT-

FiL has been described. The extraction simulation is

done with the accelerator codes MAD-X and WinAg-

ile. To save enough vacuum chamber space for beam

injection, the 3-bump orbit has been adopted in the

extraction process, and a new electrostatic septum

has been proposed. The spill matching to the HEBT

has also been taken into account.

The authors want to thank Dr. S. Y. Lee from

Indiana University for his discussions and help.
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