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Abstract 

A new idea. of a.n o:ff-a.xis a.xia.l injection method ha.s 
been studied numerica.lly for the CYRIC 680 AVF cy
clotron. Ba.sic notion of the method a.nd some calcula
tion results a.re presented. 

1. Introduction 

In the previous studies of particle orbit behaviors in 
the 680-cyclotron central region11l, we knew tha.t axially 
injected beams ha.ve large betatron a.mpli tudes in the 
both ra.dial a.nd. vertical planes in comparison with the 
particles frorri the internal ion source. The expected am
plitude, for example, in the vertical plane wa.s about ± 
10 mm for the starting condition of (0 mm,100 mra.d) 
in the upright phase ellipse at an infl.ector exit for pro
ton injection energy of 10 keV. Hence the vertical accep
tance in the central region is mainly restricted by the dee 
aperture of 26 mm. Therefore the maximum allowable 
divergence of the injected particle should not exceed ± 
100 mra.d. 

On the other hand, an electrostatic mirror, which 
would have a. 23 mm outer diameter of the electrode 
housing wa.s selected a.s an inflector due to the small 
space in the central region. We further studied the beam 
orbit through this mirror,a.nd found that it should be po
sitioned off-a.xis from the a.xial hole center. The optimum 
o:ff-a.xis distance of the beam a.t the entrance of mirror 
wa.s found to be about 15 mm a.s shown in Fig.l. In 
this report we show that the displacement of the bea.m 
mentioned above is indeed possible. 

We a.ssume that inside the axial hole the residual mag
netic field ha.s the rotational symmetry. It is noted that 
the beam will be bent toward the field a.xis if the initial 
beam direction is off-axis and parallel to the axis of the 
symmetrical magnetic field. This can be compensated 
by placing correction elements such a.s electrostatic de
flecting plates in the beam line. 

Fig.l Central region geometry with inflector housing of elec
trostatic mirror type which is positioned off-axis by 15 mm 
from axial hole center. 

2. Basic principle 

The equation of motion of a. particle of charge q and 
ma.ss m in a. combined electric and magnetic fields is ; 

fr = q • E + q • ( v X B) I (1) 

where the dot indicates differentiation with respect to 
time. In cylindrical coordinates (r, 0, z) the component 
ps, which acts on the particle a.s a rotating force in the 
axially symmetric magnetic field, is represented a.s ; 

= q · Es(r, z) + ;!;- • {PF • ( -psfr- q · Bz(r, z)) 
+ q • B,(r, z) • Pz}, 

(2) 
where the transversal momentum components p, and PB 
ca.n be considered to be negligibly small in comparison 
with the longitudinal momentum Pz ; on the other hand 
the radial magnetic field component B,(r, z) can not be 
ignored due to the condition of the off-axis injection. 
Then the force component PB can be reduced by making 
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a condition in eq.(2) as ; 

Ee(r, z) = -Vz • B,(r, z), (3) 

where B, ( r, z) is calculated by using the measured mag

netic field Bz(O, z) along the axial hole, and is repre
sented as ; 

B,(r, z) = _!. · B~(O, z). r +..!... B~"(O, z). r 3 • (4) 
2 16 

The measured fields Bz ( 0, z) inside the axial hole for 
various magnetic excitations are shown in Fig. 2 and 
the calculated B,(r, z) at an excitation current of 500 
A is plotted in Fig. 3. In eq.(3) the problem is how to 
produce such an electric field in the axial hole. 
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Fig.2 Magnetic field along the axis of the cyclotron axial hole 
for various excitations of the main coil. 
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Fig.3 Calculated radial magnetic field component B (r,z) in 
the axial hole for various radii at excitation current of 500 A. 

3. Electric field 

The characteristics of the electric field which sat

isfy the relation of eq.(3) is ; the strength of the field 
component E9 ( r, z) be proportional to the radial mag

field, however, can not be created for a finite region of 
the space due to the basic relation of Maxwell's equar
tions, div E = 0 and rot E = 0. Then it is necessary 
to substitute the ideal field by a practical one, which 
looks like a quadrupole field produced by a pair of elec
trodes. Schematic drawing of the electrode assembly is 
illustrated in Fig.4. The electrodes are to be located be
tween 6 em and 12 em from the median plane, where 
the strong B, components exist. An employed electric 
field strength for proton with the injection energy of 10 
keV and main magnetic field of 9.45 kG (see curve 1 in 
Fig.2) is about 3 kV /em at the middle point along the 
plate length on the axis of r = 1.5 em. 

Three dimensional electric field with these electrodes 
was calculated by using the code RELAX3D[2l. Exam
ples of the field characteristics are shown in Fig.5. 
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Fig.4 Schematic drawing of steering electrode assembly in the 

axial hole together with an electrostatic mirror type inflector. 
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netic field component B,(r, z) and increase with the rar- Fig.5 Equipotential lines at z=-8 em in the steering electrode 

dial distance from the hole axis. Such an "ideal" electric assembly calculated by using RELAXJD. 
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4. Orbit calculation 

A computer code was developed to calculate the par
ticle trajectories in the electric and magnetic fields with 
time as the independent variable. The code has been 
used to compute the particle trajectories not only in the 
axial hole but also inside the mirror. The ion of proton 
beam for 10 kV injection voltage and the central field 
value of B0 = 9.45 kG have been selected to study the 
particle trajectories from the starting point(S.P.) at z = 
-14 em down to the cyclotron median plane(M.P.) at z 
= 0. 

In the first place, the particle trajectories have been 
calculated for the ideal electric field for some test par
ticles contained in the emittance of 30071" mm-mrad up
right ellipse. The results are shown in Fig.6 as projected 
onto the X-Y median plane. Small circles are orbits of 
the particles projected onto the median plane. This cir
cular motion arises from the fact that we can not always 
keep ·h = 0 because at S.P. the momentum components 
of p, and P9 are not always zero. 

In the second place, particle trajectories have been cal
culated under the practical electric field produced by the 
suitable set of electrodes as described in sec.3. In this 
case the initial beam conditions at S.P. having Gaus
sian beam profiles in the X and Y planes with both the 
emittance of 30071" mm-mrad( ±20' ). 

Finally the study has been extended to calculate the 
particle trajectories through the mirror infl.ector. Here 
the parameters of the mirror are taken following the Bel
lomo's notation!'3l as ; 

1 2 2 ( ) -rv = tan a · 1 - cos rv , 
2 

(5) 

where rv is the transit time inside the mirror and a is the 
mirror angle of 46 deg. The trajectories for 100 particles 
were calculated from S.P. until the mirror exit. The re
sult of calculation for 15 mm off-axis injection is shown in 
Fig. 7. As can be seen in Fig. 7, however, the phase space 
increase at the mirror exit especially in the vertical di
rection is quite evident by the coupling effectl31 owing to 
the particle rotation around the z-axis. The cyclotron 
acceptances in the central region are restricted by . the 
dee aperture vertically and a narrow puller slit width rar 
dially. Both acceptances are estimated by calculation to 
be about 50011" mm mrad due to the maximum allowable 
divergence of± 100 mrad and± 250 mrad for vertically 
and radially, respectively. In order to control the phase 
space increase by the coupling effect, a further optimizar 
tion can be accomplished by some device like a. solenoid 
which produces a. longitudinal field component. 

5. Conclusion 

As described above the studies have been made under 
the condition roughly satisfying eq.(3). They show that 
an axial injection may be possible for the CYRIC 680 

AVF cyclotron, even if the injection is off-axis. The elec
trostatic mirror seems appropriate due to the space lim
itation in the central region. The injection scheme pre
sented here with the quadrupole like electrodes for steer
ing the particles off-axis seems a feasible option. How
ever, more detailed studies of the phase space matching 
at the mirror exit and shapes of the electrode as well as 

the pulle~ geometry will be needed if an actual system is 
to be built. 
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Fig.6 Projections of particle trajectories onto the x-y median 

plane, and phase space plots in the (x,x') and (y,y') planes 

at the starting point (left) and at the cyclotron median plane 

(right) in reference to x=15 mm off-axis ray for the idial 
electric field. 
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Fig. 7 Projection of particle trajectries onto the x-y median 
plane from the starting point to the exit of the mirror hous
ing, and phase space plots in the both (x,x') and (y,y') at 

the starting point (left) and (r,r'),(z,z') planes at the exit of 

mirror housing (right) in reference to x=15 mm off-axis ray 

for a practical electric field. 

References 

[1] Honma T. et al., CYRIC Ann. Rept. {1991) p.64. 

(2) Kost C.J., Jones F.W., RELAX3D,TRIUMF internal 
report TRI-88-01. 

[3] Bellomo G. et al., Nucl. Instr. and Meth., 206{1983) 
p.19-46. 

-302-


