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Abstract Generation of Artificial Field Distribution 

For a proposed RCNP ring cyclotron the focusing 
property, the stability limit, the deformation of 
radial phase space through resonance, the variation 
of energy spread and the phase compression effect of 
the accelerated beam are studied using measured 
field data from a model magnet and modified field 
data. The nonlinear effects of particle motion are 
investigated using static phase plo ts . 

Introduction 

The proposed RCNP accelerator system consists of 
two ring cyclotrons and an inj ector cyclotron. l The 
design of the first ring cyclotron (4 sectors, 
r (inj) = 135 cm, R(ext) = 340 em, K = 230) was made 
to provide energies up to 190 MeV and 56 "'leV/amu for 
protons and light ions, respecti vely. By using a 
1/3.5-scale model magnet with trim coils, various 
magnetic field properties and orbit analyses have 
been studied for the first ring cyclotron. 2 

Some modifications to the original design for the 
first ring cyclotron have recently performed in 
order to provide the acceleration of protons up to 
300 MeV. 3 The magnetic field for the high energy 
version has been designed by incre asing the 
azimuthal width of the magnet with increasing 
radius. An artifici al field for the spiral-sector 
magnet was generated by correcting the measured 
fiel d of the straight-sector model magnet and was 
used for orbit analyses. Recently the 1/3.5-scale 
straight-sector model magnet has been converted to 
the new spiral-sector model magnet, and studies on 
field characteristics and orbit analyses by using 
revised model magnet are in progress. 

N 

A computer code FIGER was developed to generate 
artificial magnetic field distributions of the ring 
cyclotron. The measured values are fitted by an 
analytical expression by the least square methods. 
The effective field boundary and the fring1ng field 
are parameterized and given as inputs of t he code 
FIGER. The artificial magne tic fields are 
calculated for the mesh points on the polar coordi
nates. The effect of the fringing-field overlapping 
is also taken into account for neighbouring magnets. 
The betatron frequencies vR and V z are calculated 
numerically for the measured field and the 
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Fig. 2. Phase plots of the proton beams. 
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Fig. 3. Radial phase space patterns, observeD at an azimuthal anyle uo, are shown ln every 20 turns. 

corresponding artificial field from injection radius 
through extraction radius. These results show 
extremely good agreement. This calculating method 
is applied to the spiral sector magnet of the first 
ring cyclotron. 

Orbit Propertles 

The isochronous tields for various particles and 
energies are used to study the oruit propertles of 
the beams with and without acceleration. The computed 
betatron frequencies (Vr ana Vz ) of protons are shown 
in Fig. 1. At extraction radius 375 cm, protons can 
be accelerated up to 3uO MeV. The proton beams are 
accelerated through vr = 4/3 resonance. The phase 
plots across the v r = 4/3 resonance are shown in 
Fig. 2. The phase plots show trlangular shape around 
the equilibrlum orbit and show the eXlstence of vr 

4/3 resonance. 

The orbit properties of accelerated beams are 
analyzed. The injection radius and extraction radius 
are 135 cm and 37S cm, respectively. A constant 
acceleration voltage 1.0 MV/turn is assumed for the 
calculation. The azimuthal angle 0° is chosen on 
the valley center at injection radius. Two RF 
cavities are located at the angles of ~Oo and 270°. 
The radial momentum of the beams without acceleration 
is zero at valley center of the radial sector. The 
beam on the phase ellipse is oscillated around the 
equilibrium orblt with acceleration. 

The phase ellipse traced from injection to ex
traction is plotted in Fig. 3. The beam emittance 
of the eigen ellipse is SO mm'mrad at injection radius, 
and the oeam is accelerated with a constant voltage 
1 MV/turn. Particles cross the resonance of the vr 
= 4/3 between 60 and tiD turns. The phase eillpse is 
slightly deformed in crossing this resonance as shown 
in the figure. Turn separation at the extraction 
radius is ~.2 mm. 

As shown in Fig. 3, the proton beam can pass the 
vr =4/3 reSonance in normal acceleration condition. 
But it a constant acceleration voltage 20U kV/turn 
is assillued as the extreme acceleration condition, 
the shape of phase ellipse is deformed considerably 
after passing through Vr =4/3 resonance as shown in 
Fig. 4. The variation of the phase ellipse in the 
case of a wrong matching condition at injection is 
shown in Fig. S. The beam emittance at the injection 
and the acceleration voltage are the same as that of 
Fig. 4, but the beam is injected to the point 12 mm 
different radially from the equilibrium orbit. Both 
the beam positlon and the radial momentum oscillate, 
and the phase ellipse near the extraction radius 
shows a large deformation. 

An acceleratl0n cavity has been studied by using 
a full-scale model of the cavity, and the voltage 

A:: 200 ·2 eM 
E:c 79.9 MEV 
T· O. 0 OEG 
NUA - 1·291 
NUZ::: 1· 109 

A '" 230. a eM 
E:: 109. 9 MEV 
T · 0 . 0 OEG 
NUA., 1. 34.2 
NUZ '" 1. 117 

{ClCLOJ 

Fig. 4. Radial phase space pattern lS deformed 

§ 

~ ! 
~ 
~ 

after passing through v r =4 /3 resonance, if 
low acceleration voltage (200 kV/turn) is 
asswaed in the calculation. The left figure 
shows the phase space pattern before resonance 
and the right figure shows after resonance. 
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Fig. 5. Radial phase space pattern in the case of 
a wrong matching condition at injection. 

distributions along acceleration gap were measured. 4 

Accelerated orbits were calculated by assuming the 
voltage distribution shows in Fig. 6, where the phase 
compression effect lS also shown. The beams injected 
with RF phase width 5.7° is accelerated, and at the 
extracted radius the phase is compressed to RF phase 
width 1.6°. This ratio corresponds well with the 
ratio of accelerating voltage at injection and 
extraction radius. 

Phase Plots 

The nonlinear effects of particle motion are in
vestigated using static phase plots. 

Fig. 7 shows the phase plots of the stable regl0n 
for protons at large radius for a spiral ring 
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cyc lotron with four magents. Outer eight islands 
are due to the stable fixed points of v;12/8 and 
inner five islands are due to the stable fixed 
points of v=8/5.. Many small i s lands are due t o 
higher order fixe d points. These islands are 
surrounded by random plots in higher energy and 
outer region. The phase plots s how stochastic 
behavior for the orbits apart from the equilibrium 
orbit. These phase plots are obtained for two types 
of isochron i zat i on ( isochronous field with circular 
approximation and orbital-shape approximation). The 
size of the s table region for orbital-shape 
approximation is larger than that for circular 
approximation. Fig. 8 shows the phase plots near 
extraction radius. The size of the stochastic 
region becomes larger at higher energy, and the 
stable region disappears at 35. 4.3 MeV. The,se phase 
plots give global characteristics on orbit 
stability. 

Fig. 6. The voltage distribution of cavities and 
the RF phase slip of beam show the phase 
compression of the accelerated beam by RF 
magnetic field effect. 

Fig. 9 shows the phase plots of protons at large 
radius for a straight-sector ring cyclotron with 
four sector magnets. The magnetic field at larger 
radius is slightly lower than isochronism. Three 
islands are appeared, and there is Vr ;4 / 3 resonance 
near 188 MeV. These phase plots are similar to 
those of vr ;3 / 3 resonance f o r three-sector AVF 
cyclotron near extraction radius. 

In some phase plots the large islands are 
surrounded by small islands and these small islands 
are surrounded by very small islands. Fig. 10 shows 
a typical example of the complicated phase plots. 
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Fig. 7. Phase plots above Vr =8/5 resonance . Five 
islands around the equilibrium orbit move 
outward with energy. 

Fig. 8. Phase plots at large radius (1). If the 
magnetic field is well isochronized to 
larger radius, the size of the stochastic 
region becomes larger and two islands due to 
the stable fixed points of v=4 /2 appear. 
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r'ig .10. Complicated phase plots. 
a. Outer five islands around the equilibrium 

orbit are due to the stable points of v=8/ 5. 
b. A magnification of the little box in A. The 

island is s urrounded by five small islands. 
c,d. Further magnifications of the small box in 

B. Figs. c and d show the same phase p l ots 
of the same small island with different 
starting conditions . They show very smal l 
islands around the small island. 
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