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Abstract

Beam trajectory is needed to be controlled in heavy ion accelerator system. Quadruple magnets are widely used in heavy ion
accelerator for focusing the transporting particles. A quadruple triplet system which consists of three consecutive quadrupoles, Q1,
Q2 and Q3, is used to control beam trajectory at a focused position. Q1 and Q3 have symmetry with respect to Q2. The beam
trajectory in magnet system is affected by higher order fields existed in real fields. For quadrupoles, the representation simulation
of beam trajectory was carried out to study the beam trajectory and to estimate an effect of higher order field in triplet system.
SCALA program was used to simulate the beam trajectory in Opera™. SCALA can analyze a large number of beam trajectories at
the same time by adjusting the size of finite element of the emitter. With Opera™™ and Matlab™ programs, the position of focused
beam spot in quadruple triplet system can be increased or decreased using evolution strategy (ES) method, therefore the length of
triplet system can be controlled. Finally, the quadruple triplet system with the appropriate length and expected beam spot range was

suggested in this paper.
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1. INTRODUCTION

In heavy ion accelerator system, quadruple magnets are
widely used for controlling the transporting charged
particles. The quadruple triplet consists of three
consecutive  quadrupoles.  With an  appropriate
configuration of quadruple triplet, the beam trajectory of
particles can be controlled to focus at an expected position.

Generally, the beam trajectory of charged particles is
calculated by using ion optical code such as COSY infinity
[1] or GICOSY [2], etc. The beam trajectory calculated by
using ion optical code based on matrices has limits in
representation of real beam trajectory. Because higher
order fields exist in real magnet fields and ion optical code
has limits in representation of real field. Therefore, it is
necessary to accurately represent the beam trajectory at a
certain position where there are ion optically relevant
positions such as focused positions. For the first step, the
beam trajectory of charged particles was calculated by
using beam tracking code (Opera™ program) to estimate
an effect of higher order field in quadrupole triplet system.

SCALA program was used to simulate the beam
trajectory in Opera™ program. SCALA can analyze a large
number of beam trajectories at the same time. In this paper,
based on a given triplet system, ideal field was imported
into the triplet model. By SCALA analysis, the range and
the position of the beam spot can be obtained. Then by
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changing the parameters of the triplet system with
evolution strategy (ES) method [3], the focused position of
beam trajectory can be controlled. Using ES method, a
shorter and a longer quadruple triplet system with the
expected beam spot range were suggested in this paper.

2. BEAM ANALYSIS

2.1. Triplet system
A three-dimensional quadruple triplet model for a heavy

ion accelerator was analyzed in this study. The quadruple
triplet which was consisted of three consecutive
quadrupoles, Q1, Q2 and Q3, is used to control beam
trajectory at a focused position. Q3 has the same
parameters with Q1 and Q3 is symmetry with Q1 as shown
in Fig. 1.

For simulating the process of the beam trajectory, the
sphere surface is used as the emitter surface in the triplet
system. The emitter structure is shown in Fig. 2.
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Fig. 1. Mesh distribution for one fourth triplet model.
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(b)

Fig. 2. Emitter of the triplet system: (a) the structure of the
emitter (b) the emitter surface.
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Fig. 3. Flow chart for importing magnetic flux density to
the triplet model.
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Fig. 4. 1deal magnetic flux density for the triplet: (a) ideal
field for the triplet (b) magnetic flux density in Opera™.

The particle U/],; was used in the study. The ideal

quadrupole field was used to study the beam trajectory in
the triplet system [4]. With Opera™ program and Matlab™
program, the magnetic flux density was imported to the
triplet model [5]. The follow chart of the process is shown
as Fig. 3.

Firstly, according to the dimension of the triplet system,
a *.op3 database file of the triplet model is built in

Opera-Modeller program. Then, the coordinate table of the
*.0p3 database model is created in Opera-PostProcessor
program. Next, the field table is created according to the
coordinate table in Matlab™ program. Finally, the field
table is imported into the *.op3 database model in
Opera-PostProcessor program to create the ideal field for
beam anaylsis. The higher order field also can be imported
with the ideal field when the field table was created.

B distribution was checked in longitudinal direction at
aperture, whose radius is 120 mm, shown in Fig. 4.

2.2. Beam trajectory of the triplet system

The beam trajectory with the ideal field is shown in Fig.
5. Fig. 6 shows the view of the beam trajectory in x and y
direction. The beam spot range with respect to z axis is
shown in Fig. 7.

From the result, the focused beam spot is located at z =
3400 mm. The range of focused beam spot in x direction,
Xmax, is 0.2 mm, and the range of focused beam spot in y
direction, Ymax, is 1.4 mm. The beam spot at the focused
position z = 3400 mm is shown in Fig. 8.
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Fig. 5. The beam trajectory for the triplet model.

z = 3400 mm

Fig. 6. The view of the triplet beam trajectory in x direction
and in y direction.
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Fig. 7. Beam spot range with respect to z.
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Fig. 8. Beam spot at focused position.

3. THE FOCUSED LENGTH CONTROLLING

To control the focused position, the parameters of the
triplet system were defined as the following:

a) B1 and B2 are the magnetic flux density of Q1 and Q2.

b) Liets and Loess are the effective length of Q1 and Q2.

¢) C,and C,are the center coordinates of Q1 and Q2.

By adjusting the defined parameters of the triplet system,
the appropriate triplet model with the expected beam range
of beam spot and beam spot position can be obtained.

Fig. 9 shows the flow chart to adjust these parameters
and to control the length of beam trajectory.

3.1 Decrease the length of beam trajectory

The position of focused beam spot in triplet can be
decreased by ES method.

The purpose in this section is to find appropriate design
variables x = [B1, B2, L1, L2, C1, C2]" and minimize
the object function OF1

OF1=2Z, 1)

where Zg is the beam focused position. The constraint is set
as

Xmax <1 (2)
Ymax <1
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Fig. 9. Flow Chart for controlling the triplet system length.

TABLE |
RESULT FOR SHORTER TRIPLET MODEL.
Variables
Model Zr  Xmax Ymax
[B1, B2, Lles, L2, C1, Co]
rI:(I)t(IiZlI [1.4516,-0.8796,550,900,775,1700] 3400 0.196 1.425
Sn:‘g;t;r [1.4579,-0.8786,561,886, 386,1356] 3178 0.41 0.51
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Fig. 10. Result for the shorter triplet model.
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Fig. 11. Focused beam spot in the shorter triplet model.
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Fig. 12. The beam spot at the focused position in shorter
triplet model.

After using ES method, a shorter triplet is obtained. The
position of the focused beam spot is decreased to 3178 mm.
The results and the parameters of the shorter triplet are
shown in Table I.

The beam trajectory of the particles for the shorter triplet
was shown in Fig. 10. The beam range with respect to z axis
isshown in Fig. 11. Atz =3178 mm the maximum range of
the focused beam is 0.41 mm in x direction and 0.51 mm in
y direction. The beam spot at the focused position z = 3178
mm is shown in Fig. 12.
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3.2 Increase the length of beam trajectory

Using ES method, the position of focused beam spot in
triplet also can be increased. Because of the shape of
emitter, the longer focused position is more difficult to get
for the triplet system. Therefore the design variables are
reduced in this section.

For each quadrupole, the produce of the effective length
and the magnetic flux density are considered as a constant
for reducing the design variables. The constants are got
from the initial model shown in (3). Therefore, the design
variables are reduced to x = [L1e, L2, C1, C2]".

Blx L1, =1.4516x550=798.38 ©)
B2x L2, =-0.8796x900=791.64

B1 and B2 can be obtain from (3)

B1=798.38/L1, 4)
B2=791.64/L2,

The object function OF2 is given as
OF2=1/Z, (®)

The used constraint is

Ymax < 2

Because of the shape of the emitter, the constraint is a
little increased to get the longer triplet system. After using
ES method, a longer triplet is obtained. The position of the
focused beam spot is increased to 3445 mm. The results
and the parameters of the longer triplet are shown in Table
Il. From (4), B1 is equal to 1.1104 T and B2 is equal to
-0.8712 T.

The beam trajectory of the particles for the longer triplet
was shown in Fig. 13. The beam range with respect to z axis
is shown in Fig. 14. Atz = 3445 mm the maximum range of
the focused beam in x direction and in y direction is 1.58
mm and 1.60 mm respectively. The beam spot at the
focused position z = 3445 mm is shown in Fig. 15.

TABLE Il
RESULT FOR LONGER TRIPLET MODEL.
Variables
Model Zr Xmax  Ymax
[Lleff, Lzeff ’ CL CZ]
Initial model [550,900,775,1700] 3400 0.196 1.425

Longer model [549.6, 908.7, 845,1767] 3445 1.58 1.60
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Fig. 13. Result for the longer triplet model.
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Fig. 14. Focused beam spot in the longer triplet model.
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Fig. 15. The beam spot at the focused position in longer
triplet model.

CONCLUSION

Based on the triplet model, the beam focused position was
controlled by changing the parameters of the triplet system
with ES method in this paper. A shorter triplet model and a
longer triplet model were suggested in this paper. Therefore,
the length of beam trajectory in the quadruple triplet system
can be changed according to the focused position. The
simulation of the beam trajectory with higher order field
components separately will be the next work.
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