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Abstract. The IBA CP30 cyclotron was installed at the 108 Central Hospital in Hanoi, Vietnam.
A proton beam with energy range from 15 to 30 MeV can be delivered by this facility. Currently,
facility is mainly used for medical radioactive isotope production. There is an idea to use this
accelerator for scientific research as well. For this purpose, a new beam line should be designed.
A high energy resolution with minimum momentum spread is a key point for designing. A prelim-
inary design of the beam line using matrix codes, modeling 3D optical elements, magnetic field
calculations, and beam dynamics analysis is presented in this paper.
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I. INTRODUCTION

The IBA CP30 cyclotron was installed at the 108 Central hospital in Hanoi and it is being
operated since 2009 for producing radioactive isotopes (18F-FDG, 201Tl, 11C, 67Ga) for med-
ical use including positron emission tomography (PET), single proton computed tomography
(SPECT). Output energy of the proton beam can be changed from 15 to 30 MeV by variation of
radial position of stripping foil that is used for the beam extraction. The beam intensity reaches to
500 µA. Accelerating frequency is 65 MHz. The beam parameters at the exit of cyclotron, which
are used as initial values for designing the transport line including the horizontal and vertical geo-
metric emittances are presented in Table 1. The input Twiss parameters used for the simulation
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namely αx, βx, αy, βy were provided by IBA company which were measured using a similar CP30
cyclotron.

Table 1. Parameters of beam extracted from the cyclotron.

Parameters Value

εx 23.69 π .mm.mrad

εy 16.87 π .mm.mrad

αx -2.029

βx 2.2978 m

αy 0.00

βy 0.432 m

The requirements listed in Table 2 for designing the final beam are: beam transverse el-
lipses upright has the horizontal (x) and vertical (y) beam size should be 2.5 mm and 10 mm,
respectively. Furthermore, the energy spread should be below than 2%.

Table 2. The requirements of the transport beam line.

Parameters Value

Xmax 2.5 mm

Ymax 10 mm

αx 0

αy 0

Energy spread ≤ 2%

II. TRANSPORT LINE DESIGN

A problem of development and optimization of a transport line, intended for providing good
beam quality of the final beam, can be presented as two separate tasks. The first task is to control
of the beam envelopes. The second one is modeling of energy spread reducing system (ESRS). To
solve the first task it is necessary to use the computer codes for beam dynamics analysis. At the
first stage, the matrix codes such as Transport [1] or Trace3D [2], which allow fast definition of
the line parameters, can be used.

For the second task, we need to allocate free space for ESRS that can be achieved by using
a set of collimators. An analyzing magnet should be used downstream ESRS. The next step after
having information of beam envelopes and line parameters is to design the optical elements (such
as quadrupole and dipole magnets) and calculate 3D fields. When finishing design of the optical
elements and fields are in agreement with the requirements, full 3D analysis of the beam dynamics
can be obtained with tracing code.
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Fig. 1. Post-cyclotron transport line
preliminary design: Q – quadrupole,
BM – bending magnet.

Initial design of our beam line con-
sists of eight quadrupole magnets for con-
trol of the beam envelopes (Fig. 1). There
is a single 20-degree dipole, which can be
used as an analyzing device. Free space
after the dipole, where collimating system
can be located, is 1.3 m. The line has achro-
matic properties with dispersion about zero
at the final point. Total length of the line is
10.6 m. The beam envelopes do not exceed
30 mm and the final beam spot size is about
15× 15 mm2 (Fig. 2). The final beam has
the energy spread about ±1.1%, which is
not more than 2% as requested above.

 

 
Fig. 2. Beam transportation calculated with Trace3D code.

In order to investigate the beam spot size at the target position, the phase spaces contour plot
of beam distributions obtained by TRANSPORT code and TRACE-3D code has been compared,
which are shown in Fig. 9. As listed in Table 1, the transverse ellipse upright at final point need to
be satisfied the condition of Xmax = 2.5 mm and Ymax = 10 mm, that are the maximum horizontal
and vertical beam size.
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Fig. 3. Transport line consists
achromatic optics.

Another design, which is more powerful
and more complicated transport line was also de-
signed. In this design, the line has a length of
15 m and it consists of 12 quadrupoles and two
45-degree bending magnets as presented in Fig. 3.

The line consists of three parts including a
preparation part of the beam, an achromatic part
and a final beam preparation. The achromatic part
is a double-achromatic-bending system [3], which
contains two quadrupole triplets, and also two of
45-degree dipole magnets with mirror symmetry.
A distance between two quadrupole triplets in the
achromatic part is 1.5 m that is enough for in-
stalling a collimation system for limiting energy
spread. Energy dispersion is maximal at the mid-
dle point of achromatic part. An optimal condi-
tions for installation of the collimation system can
be obtained since the horizontal size of the beam should be maximal. The horizontal position of
the proton beam depends on its energy, and selection of energy spread can be done by variation of
horizontal size of the collimator slits. The dispersion value will be suppressed to zero at the final
point of the beam line in order to provide minimal size of the beam spot (see Fig. 4).

 
 

Fig. 4. Beam envelopes and dispersion obtained with Trace3D.
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III. 3D DESIGN OF OPTICAL ELEMENTS

For the first transport beam line presented in Fig. 1, we need to carry out a realistic 3D
design of elements. This task has been done by simulation with the help of TOSCA/OPERA3D
program. The main magnet parameters namely aperture radius, effective length, field gradient and
the good field region have been obtained by simulation using Trace3D. The beam transport line is
designed in such a way that the beam intensity loss should be minimal. A good field region (GFR)
of each element is two times larger than the maximum beam size.

III.1. Design concept of quadrupole magnet
The design of quadrupole is in symmetric case, and 45 degree skew to the upright geometry.

The quadrupole has 50 mm of aperture radius and the overall dimensions are 560 mm (height)
×560 mm (width) × 160 mm (length). In order to achieve the required nominal field gradient, each
coil should provide 7560 Ampere-turns. The main parameters of quadrupole magnet designed by
us are listed in Table 3.

Table 3. The parameters of quadrupole magnet.

Magnet name Value

Nominal field gradient 7.5 T/m

Effective length 215 mm

Gradient spread 1.4 %

Aperture radius 50 mm

Amperes turns per pole 7560 A.turns

Current density 7 A.mm−2

Coil cross section 13.5 cm2

Good field region (GFR) ± 30mm

Yoke height × width × length 560mm × 560mm × 160mm

Figure 5 shows the field distribution on the magnet surface obtained with OPERA3D. The
field gradient distribution along radius of the quadrupole is shown in Fig. 6. In addition, to achieve
the nominal field gradient ∼ 7.5 T/m, the realistic field gradient should be 10% higher than the
field gradient written in Table 3. The result of simulation presents the field ∼ 8.2 T/m in the good
field region which was shown in Fig. 7. It can be seen from this figure that the field gradient
slightly decreases at the end of the good field region because of the fringed field of the magnet.
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Fig. 5. TOSCA/OPERA-3D model of the quadrupole magnet.

 

 

 Fig. 6. Field gradient distribution along
Z-axis. 

 

 

Fig. 7. Field gradient along the radius of
quadrupole magnet.

III.2. Design concept of the dipole magnet
The dipole magnet has been designed by using TOSCA/OPERA-3D and the beam optic has

been designed with a requirement of minimal beam intensity loss. Thus, the GFR radius obtained
by TRACE-3D at the target position is double than beam size. The dipole is H-type curved iron
yoke with 539 mm of length and 20 degree of bending angle. Iron yoke is divided into upper
core and lower core as show in Fig. 8. The nominal magnetic field is 0.63 T, and the gap height
is 46 mm.
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Fig. 8. TOSCA/OPERA-3D model of the H-type dipole magnet.

Table 4. The parameters of dipole magnet.

Magnet name Value
Nominal field level 0.63 T
Good field region (GFR) radius ± 30mm
Maximum current density 7 A.mm−2

Bending angle 20o

Bending radius 1400m
Effective length 539 mm
Yoke length 488 mm
Weight 239 kg
Coil cross section 22 cm2

Pole gap height 46 mm

IV. BEAM TRACKING

To carry out a cross-check of calculations obtained with matrix codes, the beam dynamics
analysis has been performed using the tracing code. The 3D fields of elements were used in the
calculations. The field distribution of quadrupoles and dipoles cover their fringe fields. The 3D
bunch consisting of several thousand of macro-particles was generated at the entrance of the line.
An optimization of the system parameters was conducted under criterion similar for the beam
envelopes. The small corrections of the field levels of the elements were done. Calculations show
that the difference between beam envelopes obtained with Trace3D and tracing code SNOP [4] is
very small and can be ignored (Fig. 9). The transversal emittances at the interface point are close
to the requirements.

We are planning to perform more careful analysis of the beam dynamics with using tracing
code in the future and the space charge will be taken into account. It is noted that the SNOP code
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Fig. 9. Beam envelope comparison between using 3D field maps tracking code and ma-
trix code.

allows to estimate the particle losses at the surfaces of the structure elements, therefore the system
intended for control of energy spread can be also taken into account.

V. CONCLUSION

The conceptual design of two beam transport lines for scientific research has been pre-
sented. The design of the optical elements was carried out by using the computer-aided design
software. The 3D magnetic fields have been calculated by using TOSCA/OPERA-3D and the
beam dynamics analysis was done with 3D tracing code. Development of technical parameters
of magnets including the structure of the coil wires, cooling system, power supply, and other
should be done at the next stage to get following productions. In near further, the investigation of
feasibility the transport line, and the tracking of particles should be considered.
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