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Abstract. - The extraction solution planned for the Milan superconducting cyclotron
is presented together with a survey of beam dynamics prior to extraction.

1. Introduction.- This paper presents the extraction

scheme planned for the Milan superconducting cyclotron.

It is the result of an extensive analysis of beam dy-
namics prior to extraction and of the extracted beam
ovtics carried out for a set of representative ions
spanning the entire operating range of the machine
both in terms of charge to mass ratio and magnetic
field level.

The main machine characteristics are extensively
reported in ref. 1. We recall only that the Milan cy-
clotron is a three sectors-three dee machine with a

pole radius of 90 cm. The Kb is 800 and the Kfoc 200.

The extraction system employs two electrostatic de-
flectors followed by a set of magnetic channels made
of saturated iron bars. The excitation of the 1}= 1

resonance provides the necessary beam to beam separa-
tion at the entrance of the first electrostatic de-
flector. Consequently the amplitude and the phase of
the 1lst harmonic field bump necessary to excite the
resonance have been carefully investigated.

The present results are obtained with field maps
calculated up to R=114.3 cm, thus allowing the trajec-
tory integration only up to R=111-112 cm. Field maps
extending up to R=200 cm, to be used for both injec-
tion and extraction purposes, are now in preparation.
So far, they are fully consistent with the solution
presented here.

2. Beam dynamics prior to extraction.- The starting
conditions chosen for the acceleration runs are the
radial and axial eigenellipses on the equilibrium or-
bit at an energy corresponding to several turns,typi-
cally 20 or 30, before the 1}=1 resonance. Accelerated

orbits. are tracked on 360°nmps to take into account
the field produced by the hardware needed for extrac-
tion. As stated above, seven magnetic channels are us-
ed. They produce a sizable lst harmonic, which is com-
pensated by inserting three additional iron bars.

Fig.l presents a schematic view of the median pla-
ne of the machine showing the hills and valley contou-
rs together with the extraction system. The electro-
static deflectors are labelled E, the magnetic chan-
nels M and the compensating bars C.

The two bars ClA and C1B compensate for the field
1st harmonic due to M1 and M2. Two bars are required
because a coil support link (see fig.6 of ref.l for
all the details of the median plane geometry) will
prevent the insertion of a single‘bar exactly at 180
from M1 and M2. The bar C2 compensates for the overall
Ist harmonic field due to channels from M3 to M7.

The field produced by the magnetic channels and the
compensating bars are added to the threefold—l20°sym—
metric field map thus giving the 360° map used for the
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Fig.l - Median plane sketch showing the extraction
system.

beam dynamics calculations. For the case of the ion with
a charge to mass ratio, Z/A, equal to 0.5 and a nominal
center field value for which isochronism has been cal-
culated, Bo' equal to 31.1 kgauss, the fig.2 presents

the average field, E;, the 1st harmonic, Cl’ the 2nd har-
monic, C2, produced by the magnetic channels only on

the left side and the compensated ones on the right si-
de..The resulting 1st harmonic perturbation is around
1 Gauss inside the machine and less than 1 Gauss in
proximity of the vr=1 resonance.

Table I summarizes the results of the acceleration
runs giving, for each of the representative ions inve-
stigated, the extraction energy, T/Af, the final phase,

¢_, the 1st harmonic amplitude used, B and its

1,
phase, ¢1.
We note that the final phase for the 100 MeV/n case
is quite large (54 ). It has been cheecked that it is
mainly due to the decrease of the average field intro-
duced by the saturated iron bars. In fact as can be
seen from the curve labelled -B on the right of fig.2,
the reduction of the average field is ~ 30 Gauss on the

Jlast turn,-§;87 cm, and can be as high as 75 Gauss due
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Fig.2 - Average field, 1st and 2nd harmonics produced
by the hardware needed for extraction.

to the 4.4 cm scalloping of the orbits. To improve the
final phase of the most relativistic ions the more re-
cent map calculations include the average field due to
the magnetic channels and the compensating bars direc-
tly in the process of isochronising the field. This me-
thod in very recent calculations has allowed to reduce
the extracted phase down to ¢f~ 40 .

Table I - Acceleration data for representative ions.

Z/B B T/A )] B [}

o & E 1 1
(kG) (MeV/n) (deq) (G) (deg)
.08 49.5 562 13 - -
.24 46.6 47.98 17 245 240
3 41.6 61.14 34 1. 300
o5 3141 100.36 54 1.5 0
«5 22 44.92 17 By 270
-3 2.2 15.24 10 - -
.08 25.. 1.37 28 - -

The phase space behaviour at extraction has been ana-
lysed at $=100°, azimuth which is very close to the
entrance of the lst deflector as apparent from fig.l.
Fig.3 presents the radial phase space plots obtained for
the Z/A=.5 ions with Bo=22 kgauss (T/A 45 MeV/n) and Bo

=31.1 kgauss (T/A 100 MeV/n) .For both beams the ellipses
are drawn only for the extracted turn and the previous
one to show the beam to beam separation which is typi-

T ™ ™ T T — T T T T T T T T

6-100° (~ deflector entry)

z/a - 05 B, = 22 kgauss z/a = 05 B, =311 kgauss

B, = S5gauss © =270° B =15gauss & = 0°

&~ 4.8 mm « mrad

&~ 71 mm » mrad

P (cm)
P, em)

- 44.78 Mev/n

r 44,92 MeV/n

©
T

84 85 86 # fer) 87
Fig.3 - Radial phase space plots at extraction for the :
ions with Z/A=.5 and Bo=22 and 31.1 kgauss.
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cally 1-1.25 mm. A greater beam to beam separation can
be achieved for the lower energy beams.

As evident from fig.3 the extraction radius is arou-
nd 85 cm for the 45 MeV/n ions and it is around 87.4 cm
for the 100 MeV/n ions thus requiring a range of radial
movement of at least £ 1.2 cm for the first electrosta-
tic deflector. This range of movement cannot be appre-
ciably reduced since: i) the 100 MeV/n ions cannot be
extracted at a more internal radius, since the electric
field on the deflectors is realisticaly limited to
140 kV/cm. 1ii) the 1}+2 7%=3 resonance is crossed,

for the 45 MeV/n ions, at
84.8 cm.
The approaching of the

an average radius of only

vr+2 vz=3 resonance can be

seen on fig.4 showing the axial phase space of the ex-
tracted turn (solid line) and the succesive one (dashed
line). The increase of the extraction radius of only
0.55 cm produces a doubling of both z and pz.

Z/aA= 05 B, = 22 kgauss
e = 100°
Bi = 5 gauss ¢,=270°
—— Turn n. =20
R = 84.98 cm
=== Turn n. =21
R= 85.53cm

Fig.4 - Axial phase space at extraction for the ion with
Z/A=.5 and Bo=22 kG (see text for details).

3. Extraction system.- The extraction elements are shown
in fig.l and listed in table II with all the relevant
parameters as the initial and final azimuths, ﬁiand ﬁ%,

the maximum electric field, Emax' the magnetic field

bias, 4B, the focusing gradient, 0B/ ¢ x, and the requi-
red range of radial movement, ¥ AR.

Table II - Extraction element parameters

01 ﬁf E_ . AB 0B/ ox X AR

(deg) (deg) (kV/cm) (kG) (kG/cm) (rm)

El 104 156 140 - = 12
E2 222 262 140 - £ 8
M1 264 274 = -2. 3.86 3
M2 278 284 - -1.8 212 4
M3 348 354 - =1.2 3.63 7
M4 358 364 — -1.2 3.63 7
M5 378 384 = -1.2 Bu:63 7
M6 388 394 = =1.2 3.63 6
M7 398 404 — -1.2 3.63 6
Ccla 78 88 = = - 19
C1B 158.85 161 = = - 19
c2 164 172 - - i 14

The two electrostatic deflectors are positioned in
two succesive hills, the extracted rays being inside the
dee in between.The lst one in 52° long and the 2nd is
40° long and it is immediately followed by two magnetic
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channels the first one 10° long and the second one 6°
long. All the other magnetic channels are 6° long and,
after M5, regularly spaced by 4°. The large azimuthal
clearance between M4 and M5 is required for the inser-
tion of a beam probe.

Fig.5 shows on a Cartesian ( J ,R) plot the extrac-
tion trajectories up to M4 for the ions with the maxi-
mum and minimum charge to mass ratio z/A=0.5 and Z/A=
0.08 respectively, both of them at the maximum and mini-
mum energies. From this figure it is evident the range
of radial movements required for the electrostatic de-
flectors. An interesting effect comes from the large
orbit scalloping variation which is observed between
BO=49.5 kgauss and Bo=22 kgauss. It turns out that a

"rigid" deflector,with only two actuators, cannot acco-
modate all the extraction trajectories. Therefore it is
necessary to split each deflector in two parts with a

1)

joint approximately in the middle of each deflector .
In this way it will be possible to center the deflec-
tors along all the extracted trajectories with an ac-
curacy of t .5 mm.
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Fig.5 - Extraction trajectories of four representative
ions on a Cartesian ( ¢ ,R) plot.
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At this stage, a geometry similar to the MSU ) one

has been adopted for the magnetic channels and the com-
pensating bars. The latter and M1 are supposed to be
mounted from the inside of the machine as the electro-
static deflectors. All the other magnetic channels will
be mounted from the outside to allow an easy removal
of some of them for the extraction of ions with BO low

as 22 or 25 kgauss.where the full set would be radially
overfocusing.

The beams envelopes look well confined along all the
extraction path both in the radial and axial dimensions,
as can be seen in fig.6 for the case of the ion with
z/A=0.5 and Bo=22 kgauss. The radial and axial phase

spaces obtained at =412°,R~111 cm, near the exit
from the cryostat, are presented in fig.7 for the same
set of ions whose trajectories are plottet in fig.5.

4. Conclusions.- The extraction system looks so far
fully capable of meeting the design requirements.

More calculations are in progress to study the beam
behaviour during the yoke traversal. In this region an
active channel (may be superconducting) will be adopted.
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Radial and axial beam envelopes along the ext-
raction path for the ion with Z/A=.5 and B =
22 kgauss. ©
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Fig.7 - Radial and axial phase spaces near the exit
from the cryostat (7}=412 , R 111 cm) for four
representative ions.

Another possibility is a combination of active plus
passive. This will be decided in the coming months.
Tests on a prototype deflector being built will esta-
blish the feasibility of the elements as presently con-
ceived.
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