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Beam steering correction of the quarter wave resonator in the HISCL *

LIU Shu-Hui(4Ô¬)1) WANG Zhi-Jun(���)2) ZHANG Cong(Üh) HE Yuan(Û)3)

Insititution of Modern Physics, the Chinese Academy of Sciences, Lanzhou 730000, China

Abstract: The Intensity Heavy Ion Superconducting Linear Accelerator as the injector of the High Intensity Heavy-

Ion Accelerator Facility, which is a new project proposed in China has been designed. One of the design options in the

low energy part is based on Quarter Wave Resonators (QWRs). However, because of the unsymmetrical geometry of

the cavity, there are dipole fields near the beam hole, which may steer the beam vertically, thus leading to emittance

growth and beam loss. The effect of the dipole mode field is analyzed, and a method to overcome the beam steering

effect by placing QWRs with opposite orientation is proposed in this paper. The simulation results show that the

beam steering effect is reduced effectively by this method, and the deviation of the beam centroid is decreased from

2.87 mm to 0.1 mm. The emittance growth is also smaller.
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1 Introduction

The High Intensity Heavy Ion Accelerator Facility
(HIAF) is a multi-function, full ion species, national user
accelerator facility, and it is proposed by the Institute of
Modern Physics (IMP). The High Intensive Heavy Ion
Superconducting Linear Accelerator (HISCL) as the in-
jector of HIAF contains the Electron Cyclotron Reso-
nance Ion Source (ECRIS), the Low Energy Beam Trans-
port (LEBT), the Radio Frequency Quadrupole (RFQ)
and the superconducting (SC) section [1].

The low-β Quarter Wave Resonators (QWRs) are
applied extensively by existing and under construction
heavy ion accelerators to accelerate ions in the low en-
ergy part, such as Facility for Rare Isotope Beam (FRIB)
[2], spiral2 [3] and so on. The wide application of super-
conducting QWRs is due to its excellent properties, such
as the high accelerating gradient, high efficiency, small
volume and the possibility of accelerating particles with
different q/A in the same linac [4]. However, due to the
asymmetrical structure of the resonator with respect to
the beam axis, both asymmetrical magnetic and trans-
verse electric fields are produced and they have a net ver-
tical steering effect on particles, which will deviate the
beam centroid from the centre of the accelerator beam
axis, and the beam quality will be destroyed. Some so-
lutions have been proposed to compensate the steering
effect by some laboratories, for example, a compensation

method by tilting the drift tube face with a small an-
gle proposed in the Argon National Laboratory [5]. This
compensation method can effectively reduce the beam
orbit deviation, but the structure is complex which will
bring some difficulty for manufacturing.

In this paper, another solution of the compensation
steering effect is proposed, which suggests alternatively
placing the QWRs positively and negatively with each
other. The single cryomodule layouts of the common
lattice in which the cavities are placed with the same
direction, and the new lattice in which the QWRs are
placed with opposite direction are depicted in Fig. 1.
Based on the design of the SC section of the HISCL, in

Fig. 1. (color online)Layouts of common and new lattices.
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which the QWRs are adopted as accelerating elements to
accelerate the U34+ from 1.3 MeV/u to about 5 MeV/u
with a 2 mA beam current. The beam dynamic simu-
lation with the TRACEWIN [6] code, which is a design
and tracking code, has been performed. The simulation
results will be presented in the following sections.

2 Analysis of beam steering in QWR

QWR with a 81.25 MHz frequency and 0.085 optimal
beta is used in the design of the SC section of the HISCL.
The QWR geometric structure and field map are shown
in Fig. 2. As can be seen, it is asymmetric with respect
to the x-z plane and which will cause dipole component
fields. Both transverse magnetic and electric fields will
produce the steering effect in the y direction [7] which has
an impact on beam transport. An analytical formula of
the beam steering caused by transverse field components,
based on the homogeneous gap and constant velocity ap-
proximations, is shown in Eq. (1).
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where ∆U is the particle energy gain; ∆y′ presents the
deflection angle; m is the rest mass; φ is the rf phase;
d is the gap-to-gap (centre) distance; dy is an effective

gap-to-gap distance for the transverse electric field Ey;
KEY (y) and KBX(y) are the average values calculated in
one accelerating gap and normalized to the accelerating
field on the beam axis respectively. As can be seen from
Eq. (1), the deflection effect of the dipole mode field on
the beam includes the electric deflection and the mag-
netic deflection. There are several factors that impact
the steering angle. First, when the beam velocity and the
energy are low, the beam steering effect becomes more
serious. So, in the low energy part, the beam steering
effect must be resolved to avoid bad beam quality. Sec-
ond, the deviation angle will become large when the rest
mass of m is small, so, QWR is not fit for light particles.
Third, we can observe that the deflection angle strongly
depends on the rf phase φ. When φ=0 there is maximum
acceleration and no steering, while at φ=−90◦ (bunch-
ing) there is no acceleration and maximum steering. In
addition, it is noticeable that the magnetic deflection is
the dominant.

Figure 2 shows the field distribution of QWR. The
yellow line presents the longitudinal electric field Ez

along the cavity axis, the blue line presents the mag-
netic field Bx, and the red line presents the electric field
Ey.

Compared with the accelerating component Ez, the
transverse magnetic field Bx is shifted by 90◦ in the rf
phase and has a similar antisymmetric distribution; the
distribution of Bx is symmetric. All components act to
the beam with different strengths as a function of beam
velocity and rf phase.

Fig. 2. (color online) Structure map and cavity Field distribution of QWR. The upper picture: The structure of
QWR; the lower pictureµThe field distribution.
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3 Beam dynamic simulation

The dynamic analysis is carried out based on the
simulation results of the superconducting section of the
HISCL. Table 1 shows the basic parameters of the su-
perconducting section.

TRACEWIN is used for the beam dynamics simula-
tion. The initial parameters for simulation are presented
in Table 1, where εxy and εz are the initial normalized
RMS emittances in the transverse direction and longitu-
dinal direction. Fig. 3 shows the comparison of the beam
centroid deviation between two types of structure whose
cavities are alternatively placed positively and negatively
and placed in the same direction. It can be seen that the
new structure is good for cancelling out the steering ef-
fect, and the maximum centroid deviation is less than
0.1 mm. However, the maximum centroid deviation of
the common design is about 2.87 mm. We can observe
that the method of overcoming the steering effect is ef-
fective. To some extant, the bad influence on the beam
centre orbit is eliminated.

Table 1. The main parameters of the design results.

parameter value

frequency/MHz 81.25

ion species U34+

input energy/(MeV/u) 1.3

output energy/(MeV/u) 5

beam current/mA 2

εxy/mm·mard 0.2

εz/mm·mard 0.17

Fig. 3. (color online) Comparison of beam centroid
deviation. The red line stands for the cavities
placed in the same direction; the black line stands
for the cavities alternatively placed positively and
negatively.

Figure 4 shows the beam envelopes of the two types
of lattice structural layout in vertical plane. More ob-
vious evidence indicates that, for the common layout of

QWRs, the beam largely suffers the steering effect of the
dipole mode field, and the beam deviates from the ref-
erence orbit, and the beam envelope inclines upwards as
shown in the simulation results. For the new layout of
QWRs, the steering effects of QWRs are very weak, the
envelope is smooth, and the beam size is uniform along
the whole lattice.

The emittance growth is a very important criterion
for a lattice design. The comparison of the transverse
RMS emittance growths between the two types of lattice
layout are given in Fig. 5. The transverse RMS emit-
tance growth of the common lattice structural layout is
larger than that of the new lattice structural layout. In
this situation, the beam quality will become worse with
the increase of the number of the period. The details of
the emittance growth are listed in Table 2.

As it follows from the results of the beam dynamics
simulation, the deviation of beam centroid of the new

Fig. 4. (color online)Beam envelope of the super-
conducting section in the vertical plane. The up-
per picture: the common lattice layout; the lower
picture: the new lattice layout.

Table 2. The main parameters of the design results.

parameter common design new design

deviation of centroid/mm 2.87 0.1

RMS emittance x growth(%) 6 0.8

RMS emittance y growth(%) 3 0.8
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Fig. 5. (color online)The RMS emittance growths
for both two types of lattice structural layout.

lattice structural layout, in which QWRs are alterna-
tively placed positively and negatively, can be decreased

to less than 0.1 mm. Namely, this method is effective to
cancel out the steering effect from the dipole mode field
of QWRs, and it can meet the requirement of accelerat-
ing ions almost without beam steering. For the HISCL
project, this new lattice structural layout will be a good
option for beam acceleration in the low energy part.

4 Conclusion

In this paper, a new lattice structural layout with
QWRs which are alternatively placed positively and neg-
atively is proposed. The beam dynamics results show
that this lattice structural layout can eliminate the in-
herent steering effect of the QWRs, almost without cen-
troid deviation of the beam. The RMS emittance growth
is also lower than that of the common lattice structural
layout in which QWRs are placed in the same direction.
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