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1. - INTRODUCTION

This paper present the results of an extensive analysis of the internal beam dy-
namics for the Milan superconducting cyclotron.

The aim of this work is to establish the conditions under which a sufficient beam
to beam separation can be achieved at the extraction radius while preserving the accel
erated beam quality in phase space.

As customary in cyclotrons, the method is to excite the %,. =1 resonance with a
first harmonic field component.

Since our cyclotron will accelerate a number of ions over a wide range of energies,
beam dynamics studies have been carried out on a set of twelve ions representative of
the entire operating range. This both in terms of the charge to mass ratio and of the ma
gnetic field level,

The feasibility of accelerating 3Hett has also been explored,

This study differs from the previous one, reported in ref, (1), mostly because of
the different field maps used in the computations., As apparent in the following, only
field maps pertaining to the final iron configuration have been used. The results thus
obtained are deemed sufficiently consistent and reassuring, so that no further analysis

will be carried out until magnetic field measurements are available.



2. - GENERAL CONSIDERATIONS

The features of the Milan superconducting cyclotron are extensively reported in
ref, (2). Here we just recall the main characteristics of the extraction system, which

is presented in Fig. 1.
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FIG. 1 - Median plane sketch showing the extraction system,

It consists of two electrostatic deflectors spanning an azimuthal range of 52 deg
and 40 deg respectively, followed by seven passive magnetic channels. Another channel
will be positioned in the yoke. For this one, however, it is still undecided whether it
will be also passive or active, i. e. with some type of coil.

Also part of the extraction system are the iron bars Cqp, ClB and C, that com-
pensate for the first harmonic field perturbation produced by the iron channels. The
first two, Cyp and C;p, compensate the first two magnetic channels, M; and M,,
which are closest to the accelerated orbits. The overall effect produced by the

other five Mg to My, which are considerably farther out radially, can be compen

sated by a single bar, namely Cs.

A detailed discussion of the characteristics and performances of the extraction

system is found in ref. (3).



The cyclotron operating diagram
is shown in Fig. 2 in the (Z/A,B,) plane, 50
Bo being the central field and Z/A the
charge to mass ratio of the ions. The

diagram is defined by the bending limit
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The ions energy as a function of
the rf frequency is plotted in Fig. 3 for

various harmonic modes.
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FIG. 2 - Operating diagram in the (Z/A,
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for this study,
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FIG, 3 - Energy per nucleon at extraction as a function of the rf frequency.



As already mentioned, twelve ions have been used to investigate the dynamic fea
tures of the machine, These ions, also listed in Table I, corresponds to the dots inthe
(Z/A, B,) diagram of Fig. 2 and are identified

TABLE I - Charge to mass ratio

central field levels and energy
per nucleon after extractionfor the The eight ions on the limits of the operat

twelve studied ions.

by their Z /A/B_, numbers.

ing diagram define the extreme running condi-

Z/A | Bo(kG) | T/Ap(MeV/n) tions of the machine, while the other four allow
Kk . ;

0.5 31. 3 100, 42 to check the regularity of the beam behaviour at
0.5 26. 5 67.12 intermediate conditions.

0.5 22 43.92 -

0.4 99 97. 48 The process of determining the proper ac
0.3 41. 4 59, 57 celerating conditions in order to get the required
0.3 22 15. 04 beam to beam separation at extraction, while

0.25 | 45.5 49, 317 P ’

0. 25 40 37,11 preserving the beam quality in phase space, is

0. 25 38 33. 26 ; . - -
: : b 1 t .

0. 25 30 20. 22 obviously an iterative one, However only the fi

0.1 47,5 8. 01 nal results will be presented here.

0.1 25 2.12 First for each ion equilibrium orbit pro-

perties have been investigated. This has been
carried out via an equilibrium orbit code using field maps with 120 deg symmetry. All
maps are computed with an azimuthal step of 1 deg, a radial step of 1 cm, and accord
ing to the final coils and pole tip geometry as described in detail in ref. (4). Here we
briefly revall that:

i) The average field produced by the iron is computed as a function of the coils excita
tion via the bidimensional magnetostatic code POISCR(S).

ii) The field produced by elements without cylindrical symmetry such as the center
plug, hills, valleys etc. is computed as a function of radius and azimuth in the hy
pothesis of full saturation,

iii) The total average field is isochronized with a least square fitting procedure. The
latter uses both the main coils and trim coils and takes into account, as a function
of the coils excitation, the variations in the field produced by the iron,

Accelerated beam properties have been studied via the SPIRAL GAP code(6) on

360 deg maps which include the perturbing effects of the magnetic channels and com-

pensating bars,

To provide realistic 360 deg maps, the magnetic field produced by the iron chan
nels and compensating bars is required. This is computed as a function of azimuth and
radius, in the hypothesis of full saturation, for the channels plus bars configuration

required by every ion of Table I. The uncompensated first harmonic C; and second



harmonic C2, produced by the magnetic channels, are plotted in Fig, 4 together with
the compensated ones, for the ions with Z/A =0.5 and central field values of 31,3 kG

and 22 kG,
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FIG. 4 - 1st and 2nd harmonics produced by the channels and com-
pensating bars needed for extraction of the ions with Z/A = 0, 5.
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The compensated average field thus pro- FI.ELD PRODUCED BY ]
. . . . i MAGNETIC CHANNELS
duced is also included in the fitting procedure. . AND COMPENSATING BARS
One such field, namely that produced by the chan 100 -
- Z/A=0.5 By=31.1 kG 1

nels plus bars configuration for the ion with Z/A

= 0.5 and B, = 31.1 kG, is shown in Fig, o.

FIG, 5 - Average field produced by the ma-
gnetic channels plus compensating bars con
figuration required by the ion with Z/A=0,5

and B, =31.1 kG,




This field has been actually used in the fitting procedure at all field levels because
the differences in the average field produced by the channels plus bars configurations
needed by the different ions are confined to a few gauss.

The need of including this field in the fitting procedure is evident in Fig, 6 where
the beam phase as a function of energy is plotted for the ion with Z/A =0.5 and B,=31.1
kG. The solid curve corresponds to the acceleration in a perfectly 120 deg symmetric
field. The dotted one comes from acceleration in a field where B has been
added after the isochronizing procedure. In the latter case larger phases at the extrac
tion radius are obtained, reflecting a sensible non isochronism of the field thus pro-

duced,
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FIG. 6 - Beam phase with respect to the rf plotted as a function of the energy
for the ion with Z/A = 0.5 and B,= 31.1 kG. The lower curve correspond to a
perfectly 120 deg symmetric field. The upper one comes from acceleration in
a field where B has been added after the isochronizing procedure.

To obtain the 360 deg maps for acceleration studies the B contribution from chan
nels and bars used in the fitting is subtracted from the 120 deg maps. Thereafter the
360 deg field map produced by the channels plus compensating bars configuration is
added.

As stated above, a first harmonic field component is used in proximity of the
v, = 1 resonance to excite the radial precession and therefore to maximize the turn
to turn separation at the deflector entry. The adjustment of the amplitude and phase

of the first harmonic will be achieved through the 19th and 20th trim coils. They

are wrapped around each hill and the independent excitation of the three sections



allows the control of the first harmonic amplitude and its phase.
An example of the first harmonic form factor produced by a combination of the
19th and 20th trim coils with opposite currents is shown in Fig, 7. However calcula-

tions presented in the following use a flat first harmonic form factor, which is eas-
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FIG. 7 - Form factor of the 1st harmonic produced by the 19th and 20th
trim coil, for opposite currents in the two.

ier to handle. In this respect several tests performed on the most critical ion i, e,
the one with Z/A =0.5 and Bo = 31. 3 kG have shown that there is no appreciable
difference if the form factor of Fig. 7 is used in the computations., Physically this
can be easily understood since what really matters is the first harmonic amplitude
at the resonance, and therefore the details of the form factor at radii other than

that of the resonance have little effect on the overall beam motion.

3. - EQUILIBRIUM ORBIT PROPERTIES

Equilibrium orbit properties like the average radius, EEO’ the radial and axial
focusing frequencies, v,., 7,, and the phase, ¢, have been computed for the ions of

Table I at a number of energies using a code performing Runge-Kutta integration with



an azimuthal step of 2 deg,

The behaviour of v, near the extraction

11 - is of key importance for the design of the ex-
traction system, and for four ions it is plotted

as a function of the equilibrium orbit radius in

1.0 ] Fig. 8.
It can be seen that any given %, value
7 occurs at different radii depending upon the
type of particle and field level. For example
09 N for LR 0.76, which corresponds to the mini
Ey - mum extractable energy for the ion with Z /A=
= 0.5 and B, =31.3 kG, the total radial span is
0.8 N about 2.5 cmm, The curves of Fig. 8 show that
_ at a fixed radius the range of V. is rather lar
ge. For example at 85 cm, Y varies from
0.7 ] 0,65 to 0.92. These features have some con-

sequences on the machine operation, like:

i) The radial span of the v, =1 resonance dic

! ! ' ' ! tates the use of both the 19th and 20th trim

80 Ry, (cm) 85 90

coils to produce the first harmonic at the
resonance,as anticipated in Par, 2,

FIG. 8 - 7. as a function of the aver
age equilibrium orbit radius for four ii) The extraction radius cannot be held con-

of the studied lons. stant and therefore a radially moveable ex
traction system has to be built.

Similar features are observed for the V. = 1, v, = 2v, and A + 2'vz = 3 resonances,
whose positions have been located for all ions of Table I. The values of the average ra
dius and energy corresponding to the crossing of these resonances are listed in Table IL
The most pronounced effect is the shifting of the resonances radius, for a fixed ion, as
a function of the field level. For the sake of example this is visualized in Fig, 9 for the
ion with Z/A =0.25.

Overall, the beam dynamics with respect to the resonances is best presented in

the customary (v

l""v

Z) plots. These are shown in Figg, 10 through 13 for the ions with,

respectively, Z/A =0.5, 0,25, 0.1 and 3He'™. Two or more field levels are considered
for each ion, spanning the entire anticipated range,

The following features emerge from an examination of these figures:



TABLE II - Average equilibrium orbit radius and energy at which the dif-
ferent ions cross the resonances,

vr—2fvz vr—l vr+2fvz—3
. By | Reo | T80 | Beo | T2mo| Feo | T/ mo
(kG) | (cm) | (MeV/n)| (ecm) | (MeV/n) (cm) | (MeV/n)
0.5 31. 3 83.7 95,7 83.9 96, 0 87.0 100, 9
0.5 26, 5 81.9 63.1 83. 0 64, 2 85, 7 67.7
0.5 22 55,7 18.9 82. 3 42, 2 84, 3 44, 0
0, 4 22 52,4 10,7 82. 0 26, 4 83. 9 27,3
0.3 41, 4 84. 0 57, 3 83,1 56,1 (%) (#)
0.3 22 50.1 5.4 81, 8 14,5 83,7 15,0
0. 25 45, 5 83. 7 47,1 83,1 46, 4 () ()
0. 25 40 83. 6 35,7 83,0 35,2 (%) ()
0. 25 38 83, 3 31, 8 82, 8 31,5 (%) (%)
0. 25 30 81.1 18,5 82,3 19,1 85, 7 20, 2
0.1 47, 5 83. 2 7.6 82. 0 7. 4 (%) (%)
0,1 25 57.3 1.0 81, 8 2.0 84,7 2.1

(*) The resonance is not observed before extraction,

' | ! | ! | J | I |
Z/A=0.25
Vr:1 Vr2Vz
Bo=45.5 kgauss
Yrsl Vra 2V2
‘ \ Bo- 40 kgauss
Yr:l Vr.2V2
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’l’r-?'l’z VYral ’Vr+2’Vz=3
l Bo s 30 kgauss L
! ] ) ] 1 ] ! | ! |
81 82 83 84 85 86

REO (cm)

FIG. 9 - Resonances positions as a function of the average equilibrium
orbit radius for the ion with Z/A =0,25 at different field levels.
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i) The w%.+2w, =3 resonance, which cannot be crossed since it produces a very strong
axial blow-up(7), sets in at progressively inner radii the lower the average field lev
el. Physically this derives from the flutter increase proportional to 1/B2 at lower
fields.

ii) As a consequence beam extraction must take place at progressively more internal
radii,

iii) A further consequence is that the presence of the resonance effectively determines
a lower field limit, below which the beam cannot be extracted, In our case this limit

turns out to be approximately 22 kgauss.

4, - ACCELERATED BEAM STUDIES

4, 1, - Accelerated Orbits

All studies of accelerated orbits reported here use 360 deg maps obtained as de-
scribed in Par, 2,
Everyone of the twelve ions has been accelerated starting from 0=0 deg and an

initial energy per nucleon, T/AI, corresponding to at least ten turns before the wv.=1

resonance., The starting conditions for the central ray, i.e. the radius, RI' the radial
momentum, PrI, and the phase, ®¥;, with respect to the rf are given bythe equilibrium
orbit data and arelisted in Tablelll, together withthe axial, &,, andthe radial, &,, emit-
tance ofthe accelerated beam, The latter is around 5-7 mm mrad both inthe axial and

radial phase space. Each phase space is represented by eight particles whose initial con-

TABLE III - Starting conditions (8 = 0 deg) for the acceleration of the twelve ions
studied,

A B, T/A, R, Pr, ®, &, g,
z/ (kG) (MeV/n)| (cm) (cm) (deg) (mm#*mrad) (mmzxmrad)
0.5 31.3 93 84,12 6. 00 - 39, 99- 5.4 5.1
0.5 26, 5 60 81. 64 8.43 - 20, 96 5, 8 5, 8
0.5 22 38 79. 39 11, 26 - 7,76 6.9 7.1
0. 4 22 17 64, 93 8.63 - 7,27 7.2 7.1
0.3 41,4 55 83. 44 4,71 - 34,75 5.1 5.6
0, 3 22 10 67.13 9, 53 - 5,35 6. 4 7, 2
0, 25 45, 5 45 82. 89 4,43 -33.10 5.3 5.0
0. 25 40 33.5 82,14 5. 29 - 25,73 5.4 5.1
0, 25 38 30. 7 83.10 5.23 - 25, 69 6.1 5.3
0. 25 30 18. 3 82. 22 7.10 -12,57 5.9 5.6
0.1 47,5 7.3 82, 27 4, 39 -17.17 5, 2 5 0
0.1 25 1.5 69, 76 9. 08 - 0.9%4 6. 3 6. 2
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FIG. 30 - Radial phase space at extraction for the ion with Z/A = 0,5 and
B_ = 31,3 kG accelerated with the actual dee shape,
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FIG. 31 - Radial phase space at extraction for the ion with Z/A =0,5 and
Bo = 22 kG accelerated with the actual dee shape,
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TABLE IX - Acceleration parameters for the three ions accel
erated with the actual shape dee.

B v v B b
Z/A o rf h 1 1

(kG) (kV) (MHz) (gauss) (deg)
0,5 31,3 100 24, 03 1 1, 25 225
0,5 22 70 16, 89 1 2 240
0, 25 45, 5 100 17, 47 1 4 229

TABLE X - Beam condition at the extraction turn at 8 =100 deg for the
ions accelerated with the actual shape dee,

o B Rp Pro 2, T/AF AR | zmayx

(kG) (cm) (cm) | (deg) (MeV/n) | (mm) | (mm)
0.5 31,3 86, 74 6,43 46, 98 100, 49 0,7 2.6
0.5 22 83. 94 9,76 9,20 43, 97 2,2 4, 8
0,25 45, 5 86, 70 4, 38 29, 34 49, 33 1.4 5.8

The most critical ion is the one with Z /A = 0,25 and By = 45,5 kG, which exhibits

a large axial dimension (5.8 mm) at the crossing of the %, =2%, resonance. By chang

ing slightly the acceleration conditions it is possible to reduce the maximum axial di-

splacement by 10%, but the beam to beam separation becomes much smaller and some

distortions become evident., We have decided to choose the solution which allows a

good radial phase space behaviour.

As a conclusion ‘we can say that:

i) With a proper choice of the first harmonic amplitude and its phase, the beam to
beam separation, as well as the phase space behaviour are comparable to those ob
tained with a continuous spiralling dee as presented in the previous paragraphs,

ii) The amplitudes of the required first harmonic component remain around a few gauss
and therefore they can be easily provided by the 19th and the 20th trim coils.

Further tests will be made when data on the electric field in the region around

R =87 cm, where the dee shape changes, will be available.

5. - CONCLUSIONS

On the basis of the results presented here the following considerations can

be outlined:
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a) The twelve ions used in this study seem completely sufficient to describe the operat
ing characteristics of the machine, In fact none of the ions in the middle of the operat
ing diagram has shown behaviors markedly different from those on the borders.

b) The magnetic field used in beam dynamics studies must be the actual one in every
detail. Any attempt to analyze beam dynamics features without accurate values of
the isochronous field and its harmonics will give unreliable results.

¢) The beam dynamics is indeed very critical near extraction. Therefore not only the
magnetic field but also (see par. 4. 3) the electric field used in the acceleration must
be known with very high precision.

d) The centering of the beam is of paramount importance for the beam dynamics, The
results presented here are valid only for centered beams, An investigation of off-
-centering effects is presently underway.

An important feature observed during this work (par. 3) is the shifting of the ra-
dial position at which a given ion crosses the resonances as a function of the field level,
The "radial movement of the resonances" in the Milan superconducting cyclotron is
larger than that of the MSU K=500 cyclotron(7). This is due to the larger operating
range, in terms of field level, of the Milan cyclotron,

This, while by no means jeopardizing the overall cyclotron performances, has
some consequences on the operation of the machine, namely:

i) The radial span of the v, =1 resonance dictates the use of two trim coils to produce,
at the proper radius, the first harmonic field component required to extract each
ion,

ii) The w»,+2w, =3 resonance (see par. 3.4.1) poses a limit on the lower magnetic field
at which the ions can be successfully extracted. This limit seems to be 22 kG.

iii) As a consequence of the ¥,+2v, =3 resonance and of the limit of 140 kV/cm on the
electric field in the deflector, any attempt to reduce the radial span of the deflectors
below 3 cm has failed, The choice of a radially moveable extraction system is there
fore mandatory.

iv) SHe'" can be accelerated only in a very narrow range of energies (89-99 MeV/n).
This indicates that the possibility of accelerating particles with higher Z /A values,
such as protons, is, at best, remote.

This survey of beam dynamics shows, nevertheless, that no difficulties are ex-
pected in obtaining proper beams for the subsequent extraction, provided that the ma-
gnetic field is close to the one used here, both in terms of isochronism and harmonic

content,
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Since  these results are deemed sufficiently consistent, no further analy-
sis will be carried out until magnetic field measurements are available except the one,

mentioned above, on the effect of centering errors,
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