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DESIGN OF THE MAGNETIC FIELD FOR THE MILAN SUPERCONDUCTING CYCLOTRON

G. Bellomo , C. De Martinis , L. Serafini

University of Milan and Istituto Nazionale di Fisica Nucleare

, Milan , ITALY

Abstract.- A detailed presentation of the magnetic field properties of the machine is given. The anticipated
operating conditions and the resulting beam dynamics properties are also discussed.

1. Introduction.- The main characteristics of the mag-
netic field for the K-800 Milan Superconducting Cyclo-
tron have been analyzed to verify that the expected per
formances of the machine can be met. Acceleration of
fully stripped light ions up to 100 MeV/n and a wide dy
namic range, with a 22 kgauss field low limit are anti-
cipated. The overall iron geometry is described else-

wherel). This paper will present the results of field
trimming calculations and the most relevant equilibrium
orbit properties.
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Fig.l - Operating diagram of the machine in the (Ia'Iﬁ)
plane. Also indicated are the constant B, and Z/A
lines. The dots mark the points of Poisson calculations.

2. General characteristics of the magnetic field.- The

average field produced by the iron, Biron(r’I“’I ), was

p

computed with the code Poisson, together with the model
described in ref.l . Poisson computations were carried
out at 23 (Ia’Iﬁ) values, shown by the dots in fig.l .
This grid covers the machine operating range for the in

i, E

terpolation of B
P iron ar

IB) at any intermediate value
of (Ia’Iﬁ)‘ The bending and focusing limits, correspon-

ding to a K=800 and K c=200, together with Z/A=.5 and

fo
7Z/B=.05 lines are the boundaries of the operating dia-
gram. The Z/A=.67 line corresponding to different cen-

++
ter field levels for the 3He ions is also plotted.
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Fig.2 - 3rd harmonic amplitude and phase (solid lines).
6th (dashed line) and 9th (dashed-dotted line) harmonic
amplitudes are multiplied by the indicated factors.

The azimuthal modulation produced by the pole tip
geometry was calculated according to the full saturation
hypothesis of the pole tip surface, with a uniform mag-

2)

netization of M=2.14 T directed along the z-axis  ’. The
amplitude and phase of the 3rd field harmonic, with the
6th and 9th harmonic amplitudes are plotted in fig.2.
The field modulation is kept constant with respect to
(Ia'Ig) in all the calculations, while the variations

/

of §A (r,Ia,I ) with the main coils excitation is en-
iron B

tirely taken into account by the Poisson calculations.
At a current density of J,=3000 A/cn? and JB=—1500 A/ cnd,

close to the one needed for fully stripped light ions

at 100 MeV/n, the calculated average iron field is given
by the solid line of fig.3 . Also plotted, dashed line,
is the theoretical best field needed to minimize the
trim coil power requirements, computed according to the
method described in ref.3 . The agreement, up to r=84 cm
which is the last radius used in the isochronous field
fitting, is excellent. A maximum difference of +20 gauss
is observed, well within the uncertainties of the B
computations.

At the innermost radii, rsld cm, the average iron
field presents a central cone which has been added for
the use of the machine with an internal ion source. This
cone field is produced by the dashed iron shims indica-
ted in the left part of fig.4, added to the circular and
hill part of the plug. Without these auxiliary shims
one would obtain an average field equal to the theoreti
cal best field. To adjust the shape and the level of
the cone field a small coil is inserted in the plug.

iron
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Fig.3 - Average field produced by the iron (solid line)
compared with the theoretical best field (dashed line).
See text for details.

Having a 3.7 cm inner radius, 5 cm outer radius and 3
cm height, at a minimum distance of 5 cm from the median
plane, it produces an air core field as shown in fig.4.
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Fig.4 - On the left: plug and hill central region radial
profile. The dashed shims produce the iron cone field
shown on the right. The air core field at 300 A for the
coil O, inserted in the plug, is also plotted.

3. Field trimming.- To properly shape the total avera

ield B =B 1.,I,) +B . I,,I
ge field Btot(r'Id'Iﬁ) irOn(r, @ ﬁ) COllS(r’ ar ﬁ)
and fulfil the isochronism requirement, twenty trim

coils, wound around the hill upper partl), are availa-
ble. Their form factors can be seen in fig.5 at an exci
tation of 300 A, with the radial position on the hill
shown at the bottom.
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Fig.5 - Air core average field at 300 A for the indica
ted trim coils. The geometry of all the twenty trim
coils is also shown at the bottom.

The results of the isochronous field fittings, car-
ried out via a least squares procedure are so far quite
good. Isochronism is obtained over the entire operating
diagram with rather low trim coil powers. The latter
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Fig.6 - Operating diagram of the machine in the (B, +,2/R)
plane with the lines of constant energy per nucleon and
the trim coil power needed to achieve isochronism.

are presented in fig.6 fqox ten yepresentative ions along
the contour of the operating diagram and two representa

tive cases for 3He++. The fitting procedure has been
carried out by fixing a maximum current of 400 A for
every trim coil and a very precise isochronous field has
nevertheless been obtained for all cases (AB/B<.0l%).

4. Eguilibrium orbit properties.- The total average
field resulting from the fitting procedure, together
with the axial focusing frequency and phase are presen
ted in figs.7 and 8, as a function of the E.O. radius,
for two pairs of representative ions. One corresponds
to the fully stripped light ions for the highest (31.3
kgauss) and the lowest (22 kgauss) center field level.
The minimum /% value reached is about .18 for the

100 MeV/n case, implying a fairly large margin in axial
focusing. The oscillations in the 1% curves due to the

field gradients produced by the trim coils are guite
small, as expected by the low power levels. The phase
curves show the effect of the central cone field and of
the acceleration above isochronism (¢hiﬁ=-350) before

the extraction radius. The latter is carried out in or-
der to increase the axial focusing in the high field gra
dient region. Extraction takes place, however, at a ma-
ximum positive phase of +35 for the most energetic

ions.

The anticipated radial cut of the sectors at the out
ermost radii seems sufficient in lowering the 1; for the
lowest center field levels, thus avoiding an excessive
. 1
inward movement of the 1; + 21% = 3 resonance
5. Influence of trim coils on E.Q. properties.- The

trim coils excitation produces both the average field
needed for fitting the isochronous field and an azimu-
thal modulation due to the geometry of the trim coils
themselves. The resulting trim coil modulation for exam

ple adds a 3rd harmonic amplitude C;C(r)58o gauss for
the case of the 100 MeV/n ions. A perturbative effect
OCi(r), of the same order as C:c(r), is thus produced
on the Ci(r) plotted in fig.2 ((Sci(r)/ci(r)sl.%). This
causes the isochronous field B,

(r), which is a func-

tion of Ci(r) and their derivatives ', to be perturbed
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Fig.7 - Average total field, ¥
tion of the radius, for an ion
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Fig.8 - Average total field, 7 and phase, as a func-
tion of the radius, for an ion” with Z/A=.16 and a cen
ter field level of 22. and 47. kgauss.

too. Let stoc(r) be this perturbed isochronous field;

then a new set of trim coil currents will be needed to

fit stoc(r)' therefore producing a new 5C‘(r) perturba
i 2

tion which may be different. An iterative procedure is
thus needed. The iteration is stopped when the differen

+1
ce 08" (r)y = 8"
1s0cC

n

(r) - B, (r) between the perturbed
isoc isoc

isochronous fields in two successive cycles is

.002% of
the B;Zoc(r) for all the r values. The final field map
is obtained by fitting the B’i‘soc(r) of the last cycle

and adding to the total average field so produced both
the iron modulation map and the modulation map produced
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Fig.9 - Perturbation on the 3rd harmonic amplitude pro-
duced by the trim coils (AC3) and consequent variation

of the isochronous field (ABis C). On the bottom v
calculated with the trim coil °© modulation (dashed
line) and without (solid line). See text for details.

by the trim coils at the

»®
) (r).
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In fig.9 the results of such an iterative calcula-
tions for the 100 MeV/n ions can be seen. The difference
AC3(r) between the 3rd harmonic amplitude for the final

currents needed for fitting

field map (with the trim coil modulation) and the unper
turbed C3(r) is shown, as a function of the radius, in

the upper part of the figure. The central part presents

(r)
isoc
computed at the last cycle and the unperturbed Bisoc(r).

the difference ABisoc(r) between the perturbed Bf

ABiSOC(r) thus represents the perturbation generated by
the trim coils on the isochronous field: it is more pro
nounced, roughly speaking, where the derivative of the

3rxd harmonic perturbation, AC3(r), is larger with re-
spect to the derivative of the unperturbed C3(r).

The effect of such a perturbation on the axial focu-
sing are shown in the lower part by the two vz curves

corresponding to the final field map with the trim coil
modulation (dashed line) and to the unperturbed field
map without the trim coil modulation (solid line). Since
the trim coil field contributions are positive for this
case from r=44 cm to r=82 cm, in this region the trim
coil modulation adds to the iron modulation, increasing
the flutter. This accounts for the small growth of ¥
in the indicated region, while the more pronounced
oscillations of 1; are due to the local harmonic gradi-

ents produced by the trim coils. Nevertheless, also for
the present case in which the trim coil field contribu-
tion is quite large, as the power requirement, the ef-
fects of the trim coil modulation are, although visible,
rather small.
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