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Abstract

For an injector cyclotron to a ring cyclotron pro-
posed at RCNP, the second, third and fourth harmonic
modes are used for the light ion acceleration. To
accelerate ions in these harmonic modes without phase
space deformation, it is necessary to investigate the
effect of radial-longitudinal coupling. For single,
two and three dee configurations, the beam behavior in
radial phase space was studied numerically for each
harmonic mode and dee angle. 1In the case of the second
and third harmonic accelerations of protons with two
dees, dee angles between 60 and 75 degrees are accep-
table. The results are compared with 180-degree single
dee and 40-degree three dees for the third harmonic
mode.

Introduction

The propcsed RCNP accelerator complex consists of
two ring cyclotrons and an injector cyclotron.1 The
first ring cyclotron has been designed to accelerate
protons up to 300 MeV, and an injector cyclotron has
been planned to accelerate protons to 26 MeV. The
characteristics of the cyclotrons is given in reference
{1]. The range of the acceleration frequency for the
cyclotrons is 20 to 33 MHz. This accelerator system
has been designed to get high quality beams of protons
and light ions up to the intermediate energy region.
The orbit properties of beams in the first ring
cyclotron was studied numerically.2 For the beam
transport system between the injector and the first
ring cyclotron, a dispersion matching method was
investigated, and an achromatic transport system using
new flat-topping method was proposed, !

The magnetic field distribution in the central
ragion of the injector cyclotron was studied by using a
spall test magnet. The orbit analyses have been done
with a magnetic field including data from an existent
cyclokron.

Radial-Longitudinal Coupling

The injector cyclotron is an AVF cyclotron with
four sectors and two dees. The first ring cyclotron is
a ring cyclotron with four sector magnets and two RF
cavities, The injection radius of the first ring
cyclotron is twice as long as the extraction radius of
the injector cyclotron. The same RF frequencies are
used for two cyclotrons. To accelerate light ions, the
second, third and fourth harmonic modes are used for
the injector cyclotron, and the fourth, sixth and
eighth harmonic modes are used for the ring cyclotron.

If the off-peak acceleration is used, a radial
broadening of the beam is observed by the coupling bet-
ween the radial and the longitudinal motion of ions.3/,4
This effect is expected at higher harmonic-mode acce-
leration, lower energies and near the v, = 1 resonance.
For two-dee system with full-dee angle equal to 60
degrees, an off-peak acceleration is necessary for even
harmonic modes, and this affects the beam gquality by
the radial-longitudinal coupling at low energies. But
for two-dee system with full-dee angle equal to 90
degrees, a peak acceleration is allowed for the second
harmonic mode. It is necessary to study the effect of
the radial-longitudinal coupling in the function of dee
angle.

Dee Angle and Orbit Properties

The RF frequency ranges from 20 MHz to 33 MHz,

The orbital frequency for the acceleration of 25-MeV
protons is 15.89 MHz, and the second harmonic mode will
be used for an actual acceleration of 25-MeV protons.
To study the effect of the radial-longitudinal coupling
for the acceleration of 25-MeV protons, numerical
calculations have been done with fundamental, the
second and third harmonic modes and the full-width dee
angles of 60, 70, 75, 80 and 90 degrees.

In an ordinary orbit analysis we must consider the
effects of central and outer edge fields, but in the
present analysis we have used the isochronized field
with no central field bump and outer edge field for
simplicity. Next the effect of central field bump has
been considered.

After obtaining accelerated equilibrium orbit the
particle is decelerated to injection radius (about 3
cm) and injection energy (about 50 keV). The acce-
lerated equilibrium orbit is well centered, and the
time of gap crossing is chosen so as to get the same
energy gain at each dee gap. The results are shown in
Figs. 1 to 3.

In the case of the second harmonic acceleration
with 90-degree dee system and the third harmonic acce-
leration with 60-degree dee system, the coupling bet-
ween the radial and the longitudinal motion of the
particles is small and the beam with good quality can
be accelerated, However, in the case of the third har-
monic acceleration with 90-degree dee system and the
fourth harmonic acceleration with 60-degree dee system,
the radial-longitudinal coupling is very strong. This
effect is remarkable at the first few turns in the
inner region of the cyclotron, and causes nonlinear
radial phase-space distortions. Beam quality and
extraction efficiency become worse for this distorted
beam.

The beam distorticn in the radial phase space
occurs as follows in the two-dee system. When the dee
angle is narrower than that of the peak acceleration,
the radial beam width becomes broader at angles inside
the dees. When the dee angle is wider than that of the
peak acceleration, the radial beam width becomes
broader at angles outside the dees.

In the case of the fundamental-mode acceleratiocn
with 90-degree dee system and the second harmonic acce-
leration with 60-degree dee system, there are rather
strong radial-longitudinal coupling and the beam width
spreads to about three times. But by limiting the
phase width of the beam within 10 degrees and adjusting
the acceleration voltage in order to minimize the
radial beam width at the entrance of the deflector we
can extract the beam with good quality. Without the
restriction of the phase width and the optimization of
the acceleration voltage, the extraction efficiency and
the guality of the extracted beam become worse.

In the case of 180-degree dee system, the peak
acceleration can be used for the fundamental and the
odd harmonic mode, and the effect of the radial-
longitudinal coupling is small as shown in Fig. 5. 1In
the cyclotron with three dees and three sector magnets
the particles can be accelerated by the third harmonic
mode for example. If the full dee angles is less than
60 degrees, the off-peak acceleration is used.

However, when the radial betatron frequency is nearly
equal to 1, the effect of the radial-longitudinal
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Fig. 1. Beam behavior of protons in the fundamental mode acceleration with four-sector magnet and two-dee
system. Ar, APr and AE are radius, radial momentum and energy in cyclotron units in respect of a
static equilibrium orbit, respectively. fThe initial radial emittance of the proton beam is 70
mmemrad.
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Fig. 2. Beam behavior of protons in the second harmonic mode acceleration with four-sector magnet and two-
dee system.
DEE ANGLE = 60 DEG OEE ANGLE = 70 DEG BEE ANGLE = 75 QEG DEE ANGLE = 80 DEG OEE ANGLE = S0 DEG
N = O-TUAN 4-TURAN 125-TURN O-TURN 4-TUAN 127-TURN O-TuAN 4-TURN 122-TURN O-TURN 4-TURAN 127-TUAN O-TURN 4-TURN 127-TURNS
R = 3.15 12.77 67.87 3.18 12.67 B67.98  2.97 12.88 68.09  2.48 12.45 67.99  2.86 12.52 .58.05 wom
Ex = 0.05 0.85 25.05 0.06 0.84 25.12 0.05 0.87 25.20 0.04 0.8! 25.132 0.05 0.B2 25.17 M eV
a 2 ] 2 2 2 3 ] 2 3 ‘ 2 \ 2 S S ]
T s s = S s H s R S s S E ST
_o.0020  0.0poe® 0.0poa®  0.0poo®  o.opoo®  e.opae®  o.opos®  a.opoe®  o0.0poc®  0.0poo®  o.opoo®  g.shooS @ud 0. apog® a_uﬁmo 0.0020
= 3 3 3 5 g s 3 3 s | = z 3 4R
-8~ -8 -8 8 8 8 8 8 -8 & -3 -8 L -2 -3
3| s 3 |8 s CH I s |8 |3 s |
2 g g 2 g g g ] g 2 £ g
s- &F 38 &r & Sy Er- 3~ 8F EF S+ 3L B
I - A I < T - A - -
20
a- g 2 4 2 S 2 2 2 2 2 2 2 {3 g
N~g- sF & & 8- 81 8p Er- &g 8F 8 - SR 8 -
3 éca ] 3 dfa o S :‘;{3 3 3 o & S
¢ /
g g g g ] g g g g g 3 s g s
A RO Ao e o A B AR B s nt
-a.0020 E’.uLuu RuLoo F. opoo F.opoo  Ropoo B abon Goopoe  Foooo  Fogag fopoo  Fapeo  Fafwo £ abaa R\fi/wm Fapda  0.zozc
‘ = 2 8 ] 4
8 3 8 El
S S e ¢
g g E] z
e e 8 e
S = S S
7 7 ; i
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Fig. 4. Distortion of the radial
phase-space ellipse.
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