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INTELLIGENT CAE SYSTEM OF CYCLONE TYPE
CYCLOTRON MAIN MAGNET AND ITS APPLICATIONS

Zhang Tianjue Chen Yong Fan Mingwu

(CHINA INSTITUTE OF ATOMIC ENERGY, BEIJING)

ABSTRACT

The main magnet that represents the feature of the cyclotron is the most
important part in a cyclotron construction. Though there are many codes devoted
to solve magnetic field computation problems, the results from them depend on the
user's skill and experience very much. To help cyclotron magnet designer get
acceptable result an intelligent CAE system for CYCLLONE type cyclotron magnet
design and machining has been developed. A reasonable good results in the design
could be got even the designer is a beginner because the help from an expert

knowledge library installed in the program.



INTRODUCTION

There are many magnetic field computation software packages in the world today
to help people in magnet design. The results from the codes depend on the user’s skill
and experience very much. Sometimes the results are completely wrong even the input
data are right according to the usre’s manual of the codes. Reason for that is the user
lacks of the knowledge of the magnet engineering conception. The casc can be found in
cyclotron magnet design too. To help cyclotron magnet designer get acceptable results a
CAE system for CYCLONE type cyclotron main magnet was developed. The intelligent
CAE system—CYCCAE allocates and works on VAX-11/780 and PC 386. Computa-
tion and analysis of the magnetic ficld were based on the codes which had been used in
many practical applications. To make the ficld isochronous, a CAM program provides a
date file designed compatible with numerical control manufacture center to machine the
scctor shimming bar. The iteration procedure may be necessary when the phase shift is
too large to be accepted. Two examples were given to show how CYCCAE works.

1 SCHEME OF CYCCAE

The scheme of CYCCAE shown in Fig. 1 consists of three parts: intelligent CAD,
beam dynamics analysis programs and CAM. Because 3D ficld computation and analy -
sis requires large RAM, VAX/VMS was chosen as the working environment for CYC-
CAE. In order to make the program work on PC, CYCCAE had to be divided into
many independent modules written in FORTRAN except an assembly connected to the
graphic interface. Because DOS manages 640 KB RAM only, the program runs as a sc-
rics of executable files rewritten by MS FORTRAN:; 3 (Graphic intci'facc is rewritten by
MS assemblers.o). Executable file connections are based on data communication. The
files are called by 2 management code written in DOS command. :A multi-level menu
makes user choose the exccutable files easily. The main managc:mcnt menu page is
shown in Fig. 2.
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Fig. 1 The Scheme of CYCCAE
CYCCAE Version 1. 00 3/15/91
1. Contents ——Files on CYCCAE system
2, DEIE ——2D FEM &. 3D 1EM ficld computation
3. OS shell —Opcration system shell
4. GRAPH ——Graphical support software
5. CYCCAD ——CAD for cyclotron magnet system
6. DE2D/POISSON ——2D field computation
7. DE3D ——3D magnetic ficld computation
8. VACUUM/FOURRIER
+  VACUUM ——Vacuum correction
¢« FOURRIER ——Fourricr analysis
9. OREIT/DYNAMICS
»  ORBIT ——Calculate the orbit in magnetostatic
ficld, use for extraction & injection
computation
DYNAMICS Frequences of betatronic oscillations,
phase shift, equilibrium orbit
0, POILC Pole CAM

Sclect a number to continue;

(ESC to Exit)

Fig. 2 'The main management menu page




2 INTELLIGENT CAD
2.1 Intclligent CAD

A designer of the cyclotron magnet should possess good background of cyclotron
knowledge such as theory, engineering and technology expericnces. It is not easy to get
a rcasonable results for a beginner even he knows how to use the magnetic field soft-
ware packages. For this reason a library of the expert knowledge was developed to ad-
vise beginers to chose the magnet parameters when some parameters such as type of the
accelerated ion, final energy, etc. are given. For example, to accelerate minus hydro-
gen particle to 30 MeV, the following table will be shown on screen for user’s reference
once the program starts out to run;

Table | Design parameters for main magnet

Particle Parameters

Energy Rest Mass Acc. Mode Charge Number
E =30 MeV A =938. 27 MeV MD={ g=-—1

Magnetic Parameters

Ficld in Full Field in Valiey Height of Ring Sector Angle
By =1.7T Be =0.12T He =0.15m a =51
Coil and Gap
Height/ Width Conductor/Coil Current Density Gap
PHW=1.5 ETA=0. 67 AJ=1 A/mm? I, =0, 03 m

The parameters on the table can be changed by moving the cursor to a correspond-
ing position or kept the default values. The extraction radius of the accclerated ion
should be;

Ry = Moypfe
g<B>
From the relation of Rex 4 £ 4 and IT, , the library of expert knowledge will provide the

radius of scctor Ry and s :Rz“ Ky Iiay By =0.8508, and Rs = !’659[_7; + R,

244 ctc. will be found by u::iijg magnetic circuit analysis. The basic dimensions of main
magnet will be determined in one or two minutes on PC.
Two examples; 30 Mcv and 10 Me:V proton cyclotron were done by CYCCAE.
I ! ! 5



The basic parameters are very close to existed CYCLONE 30 and CYCLONE 10/5 de-
veloped by IBA, but the power needed is slizhtly reduced.

2.2 Interactive 1/0

Once the dimensions of the magnet are known, CYCCAE would go on into the in-
teractive graphics system for further analysis or save the data, or print a hard copy,

ete.
3 ANALYSIS PROGRAM

3.1 Magnetic Field Analysis

A g}oup of data files are ready for further analysis in more detail after CAD. The
most important task is the ficld computation to make sure whether the magnet can pro-
vide the request field including the magnitude ang distribution. A group of output data
files of the CAD are designed compatible with input data of field computation soft-
wiaes. Though the input data files seem large and troublesome, what CYCCAE user
docs is to choose a number from the menu and strike the key, for example 6 or 7, the
main menu tells the computer what to do next. The functions of each module are listed
in Refs [1~3]. The computed ficlds of a cyclotron CYCLONE 30 against the mea-
sured ficlds are given in Fig. 3.
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" 14.00}

12,000
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800
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0, on . i " " Pt
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Fig. 3 ''The computed and measured fields of a cyclotron CYCLONE 30
Though the f:i;:ld on the symmetry plane both in the valley and oﬁ the hill can be
found appoximaxcluy by 2D ficld computation, only 3D software can compute the real
threc dimensional ficld and check whether the design is acceptable or n‘ot. To keep the
results with enough precision VAX has to be used for the problem with more elements
and nodes. Data prc-proccssor and post-processor of 3D field analysis arc on PC.
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Besides the real three dimensional field analysis, ancther approximate mcthod
called integral algorithm is used for estimation of the magnet basic structure. The
method is established by integral of magnetization of the iron clements which can be
found based on the fieclds of the symmetry planes both in the valley and on the hill ob-
tained by using 2D codes. The ficld at any point can be computed by integral of all
sources; conductor currents and magnetized iron elementst™). In this way, the codes
can work on PC because smaller RAM is needed. Of course, it takes CPU time.

So far all informations of magnetic ficlds both in azimuthal and radial are given
and ready for beam bynamics analysis.

3. 2 Bcam Dynamics Analysis

Magnetic ficlds computed and measured in atmosphere conditions have to be cor-

rected on account of the particles accelerated in vacuum. The correction formula s -
Biw = a;Bas + a9
Where ag,a; are variable with radius R .

Fourier analysis was taken for the field before the orbits being computed. The
Fouricr cocfficients a,, b,(n =1,40) and the average field in radial order are shown in
Fig. 4.

3.3 Central and cxtraction region

There in no clectric ficld in the extraction region. In the central region, the ficld
in the injector electrostatic deflector can be replaced by using an equivalent magnetic
ficld. The orbit is computed by the module based on the charged particle motion equa-
tion in magnetostatic ficld(s), The computation results of orbit are shown in Fig. 5.
3.4 Phase Shift, Equilibrium Orbit and B Oscillation

There is difference between the actual and the ideal isochronous ficld anyway, so
the phase shift is produced. The revolution time ¢ of the charge particle is calculated by
integral of motion. The phase shift can be found by comparing { with R. F. period 7'.
The module PHASE in program DYNAMICS does this calculation. The phase shift is
shown in Fig. 6.

Not only the phasc shift of ion influences the particle accelerated to the final ener-
gy, but also the B oscillation is an important factor too. They represent the stability of

transverse motion. According to the transmission matrix ( m; )zxz of motion, the fre-

g X N
2x

and N is the number of magnctic“ ficld periods. The frenquency of radial oscillation », is

shown in Fig. 7. It is calculated by the module FREN in prograni DYNAMICS.

quency of B oscillation v is » = . Where ¢ is defined by coso =% (my + ma2),

| | | 7
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Fig. 5 The computation results of orbit
Fig. 6 The phase shift

4 CAM FOR MAIN MAGNET

After the iteration of intelligent CAD, magnetic ficld and becam dynamics analysis,
CYCCAE gives the basic dimensions of the magnet. The magnet can be divided into many
parts ; top yokes, return yokes and rings. The mechanical drawings are made and the ma
chining can be startc& except the scctor edge. The isochronous ficld will be obtained by
shimming the sector ¢dgc main}y. Therefore, the sectors remain the same in the machin
ing itcration. What needs to be modified is the sector edge shimming bar. The CAM pro
gram was developed for machfning the shimming bar. The curved face of the bar is so
complicated that it cah be expreéssed by a group of data ( r;, 4 ) only. Based on the (r,,
¢ ) and the doublc-ci;cular splihe approximation output data files from CAM program arc
designed compatible V:Vilh numc:rical control manufacture center. After machining and in
stallation, the mcasur‘fcd rcsults: of magnetic ficld is used ?gaip for further itcration to mod

8 | ! C



ify the shimming bar and improve the ficld. The measured dcta have the same structure
as computed. The phase shift (r,, p ) is automatically given by the module PHASE ac
cording to the measured ficld, once the user has chosen the function of beam dynamics
compulation in the main menu. Then the CAM program calculates the correction ( ry, ¢
) by ihe following formulas;

Lh=134+7rn X (10 —13)/(R—0) a=fi X p X BJ/b

a=nrnXa Lt=L+aq

Bi, =B X (14 p)
where f.is a factor of correction. Ri.is the ficld provided by the new bar. The data will be
recatled by module PHASE to check the new phase shift. Iteration docs not stop until the
ficld is acceptable.

5 WORK ENVIRONMENT

Hardware configuration

The computer hardware is VAX- 11/780, VT- 125 terminal or IBM PC.; CPU-
80386, RAM-2MB, 80387 coprocessor, VGA or EGA graphic adaphic. Plotter can be
DMP-52 or DXY-1100. Printer is chose HP laserjet I or Brother M202 1.
Software Environment

Operation systems are VMS 4. 5 on VAX or MS-DOS 3. 3 & XENIX 2. 3. 2 on PC.
Three dimensional graphics system is GRAPH developed by FORTRAN and ReGIS (MS
assembler 5. 0 on PC). It abides by graphic standard CODE.
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