
Introduction 

The AIC-144 isochronous cyclotron [6] designed and
constructed at the Institute of Nuclear Physics in Kraków
will be able to generate beams of protons, deuterons and
α-particles. One of the principal goals of the new facility is
to extract beams of protons and, possibly, deuterons (pro-
ton energy 60 MeV, deuteron energy 30 MeV) for proton
radiotherapy and for horizontal and vertical fast neutron
beams. 

It was extremely important to select the best and most effi-
cient extraction system for the cyclotron [1–4]. The prob-
lem of the effective beam extraction was found difficult,
considering constraints of the existing cyclotron. The pre-
cession method for extraction was agreed on as the right
one. One of the most important issues was the control of
the 1st harmonic of the magnetic field distortion due to the
deflection system in the area of the internal circulating
beam. It was important to measure the effect of such a
magnetic field distortion and to introduce the measured
data into the computer codes for beam dynamics calcula-
tions. The requirement to have realistic fringe field maps,
including the field inside the magnetic channels, stimu-
lated the necessary measurements of the field. The means
to correct the possible field distortion due to removal of
the ferromagnetic material from the valley between sectors
for installation of new harmonic coils were foreseen.
Optimization of various parameters of the proposed
extraction system, e.g. positions, field, gradients, etc. were
included into the upgrading programme.  It was useful to
modify the field in order to shift the position of the coup-
ling resonance to limit the axial blow-up of the beam by
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Abstract This paper is a description of the computer simulation and the first experimental results on an AIC-144 isochronous
cyclotron new extraction system. The cyclotron will be able to generate beams of protons, deuterons and α-particles. One of
the principal goals of the upgraded facility is to extract beams of protons and deuterons (proton energy 60 MeV, deuteron
energy 30 MeV) for proton radiotherapy and for fast neutron beams. The precession method for particle extraction was 
chosen as the best one. It is the first time that the proton beam of energy 35 MeV has been extracted from the AIC-144
cyclotron with an efficiency of above 50%. More careful adjustment of the extraction system parameters (better control of
the 1st harmonic of the magnetic field and the position of the deflectors) will permit an increase in the extraction efficiency
to the design value of 70%. 
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including appropriate valley shims and other available
means. The central region structure was investigated in
detail to obtain the necessary beam quality in the pre-
extraction region. The non-linear effects inside extraction
elements were taken into account to prevent deterioration
of the beam emittance. Matching of the extraction beam
and the downstream beam transport system acceptance was
performed. Electrostatic and magnetic channels were
designed with special care. 

Beam extraction experiments were carried out for the pro-
ton beam of final energy 35 MeV. This regime had the fol-
lowing parameters: the main coil current 169.2 A, the opti-
mal radio frequency 20.0 MHz, the isochronous magnetic
field at the machine center 13.250 kG, the accelerating dee
voltage 45 kV. Intensive simulation of particle motion and
necessary alignments of the extraction system structure ele-
ments accompanied beam measurements. 

The layout of the cyclotron chamber with the new extrac-
tion system is given in Fig. 1.

Calculation of particle dynamics 

Radial gain enhancement 

Beam dynamics simulation was performed with a set of
programs described in [5]. A bunch of 100 particles ran-
domly distributed inside 5-dimensional phase space volume
(r, r’, z, z’, HF-phase) at an energy of 31 MeV (r ≈ 60 cm)
was chosen as the initial condition for computation of par-
ticle dynamics. Initial amplitudes of radial and axial oscilla-
tions were 5 and 3 mm, respectively. The phase width of the
bunch was 40°HF and the position of central particle
30°HF. This special negative shift of the central particle
phase is created in the cyclotron by the appropriate form of
an average magnetic field in order to compensate a positive
phase shift of about 50°HF that arises in a fringe field of the
machine. The number of acceleration turns that a particle
has to make to appear at the entrance of the extraction sys-

tem varied from 60 to 70 depending on its initial conditions. 

The radial distributions of the magnetic field parameters at
the edge region of the cyclotron are shown in Fig. 2. The
amplitude of the 1st harmonic of the magnetic field is close
to 2 G and its phase varies between -40° and 0°, while the
entrance of the extraction system is located at the azimuth
120°. These parameters of the 1st harmonic were obtained
with the field of B1 coils located at radii 55÷65 cm and with
allowance for measurements of magnetic field imperfec-
tions at the edge region of the cyclotron. The 1st harmonic
phase was specially optimized to minimize the particle loss-
es on external side of the electrostatic deflector septum. As
a result of computations, losses of this type do not exceed
3% of the internal beam. 

Fig. 3 shows the particle betatron frequencies in the
cyclotron regime considered. Particles cross resonances of
three types: Qr=1, Qz=0.5 and 2Qz= Qr. The most danger-
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Fig. 1. Cyclotron chamber with the extraction system. 1,2,3 – electro-
static deflector sections ESD-1,2,3; 4,5,6 – magnetic channel sections
MC-1,2,3; 7 – valley shim; 8 – harmonic coil;  9 – spiral shim; 10 – vac-
uum chamber; 11 – dee. 

Fig. 2. Magnetic field parameters at the edge region of the cyclotron AIC-144. Left-side plots show the average field B0 and the amplitudes of the
4th (B4) and 8th (B8) harmonics. Right-side plots show the amplitude of the 1st (b1) harmonic and its phase (f1). 



ous resonance is the third one, excited by nonlinearity of the
average magnetic field and causing an increase in the axial
beam size. In order to limit the influence of this resonance
one should use small amplitudes of the betatron oscillations
(3÷5 mm) and the 1st harmonic of the magnetic field has to
be restricted with in the value (2÷3 G) at the edge region of
the cyclotron. 

Fig. 4 represents the results of particle dynamics simulation
on a radial phase plane. The positions of 100 particles are
indicated stroboscopically at the azimuth of the extraction
system entrance (120°) one time after each turn until each
particle appears in the aperture of the first element of the
extraction system. One sees enhancement of the radial gain
per turn up to 7 mm at this moment. Computations show
that the resonance 2Qz= Qr leads to the axial beam size
increase approximately by 60%. Radial and axial emittances
of the beam on the entrance of extraction system were
equal to ~15πmm⋅mrad and ~10πmm⋅mrad, respectively.
Energy of the beam was 35.1±0.1 MeV. Particle losses were
distributed in the following way: 7% particles were lost at
the front edge of the septum (thickness 0.5 mm) and 3% on
the outer side of the septum. Thus, up to 90% of the inter-
nal beam could be extracted from the cyclotron. Of course,
some additional losses inside the extraction system decrease
this value. 

Beam deflection, extraction system element requirements 

The extraction system of the AIC-144 cyclotron consists
of 6 elements located inside the vacuum chamber (see Fig.
1): 3 electrostatic deflectors and 3 magnetic channels. They
have the following denotations and azimuth positions:
ESD-1 – (98÷117)°, ESD-2 – (120÷140)°, ESD-3 –
(140÷177)°, MC-1 – (183÷205)°, MC-2 – (215÷250)°, MC-3

– (273÷283)°. The 2nd and 3rd electrostatic deflectors are
mounted on the same case and are powered by one high-
voltage unit. This set of elements is proposed to be used for
extraction of 60 MeV protons. For extraction of 35 MeV
protons the 1st electrostatic deflector can be removed from
the vacuum chamber. The remaining elements are able to
extract the beam to the matching point. The matching
point, where beams of various energies and type of particles
should be extracted to, has the coordinates ϕ=308°, r=153
cm, and is just in front of the first element of the transport
line. 

In Table 1 the required parameters of the extraction system
that correspond to proton energy of 35.1 MeV are pre-
sented. The focusing gradients of the electric and magnetic
fields are used inside ESD-3, MC-2 and MC-3 in order to
compensate the defocusing effect (in horizontal plane) of
the fringe magnetic field. The elements ESD-2 and MC-1
have a uniform field inside their working apertures. 

Fig. 5 shows the boundary of the circulating beam together
with the trajectories of particles just before the entrance of
ESD-2 and the central trajectory of the extracted beam.
One can see that ESD-2, 3 permit the extracted beam to be
deflected by about 10 mm from the boundary of circulating
beam. 

The beam envelopes along the central line of the deflection
system are presented in Fig. 6. Computations show that par-
ticle losses inside ESD-2, 3 do not exceed 20%, if the
deflector aperture is 7 mm. The voltage of 40 kV across the
ESD-2, 3 electrodes corresponds to this aperture of the
deflectors. No particle losses were observed inside the mag-
netic channels. Hence, taking into account 10% losses of
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Fig. 3. Particle betatron frequencies at the edge region of the
cyclotron. 

Fig. 5. Particle trajectories at the region of ESD-2, 3 and MC-1. 

Fig. 4. Results of particle dynamics computation on the radial phase
plane at the azimuth of the extraction system entrance. 

Fig. 6. Beam envelopes along the central line of the deflection system. 



particles before deflection, one should estimate the effi-
ciency of extraction as being equal to 70%. 

The phase portraits of the beam at the matching point are
shown in Fig. 7 for the horizontal and vertical planes. The
spot beam dimensions are ~10×10 mm2. 

Structural elements 

Electrostatic deflectors

The electrostatic sections are shown in Figs. 8 and 9. The
septum parts of the sections are water-cooled. The entrance
part of the septum (thickness 0.1 mm) is made of tungsten.
C-shaped skeleton (stainless steel) of the deflectors allows
a high accuracy of the required septum curvature at thermal
loading on the septum due to beam losses up to several hun-
dreds watts. 

The high-voltage electrode (titanium) is not cooled by
water, its entrance part is protected against beam particles
by a special C-shaped diaphragm. The deflectors have a
remote drive for radial moving and changing of the inclina-
tion angle in relation to the beam trajectory. 

The gap between the septum and the high-voltage electrode is
adjusted within the limits of 4÷15 mm without opening of the
cyclotron chamber. Another adjustment of the gap can pro-
vide a varying gap within the limits of 10 mm along the beam
trajectory. Preliminary training of the sections was carried out
by high voltage within 12 hours. For extraction of protons with
energy 35 MeV, a gap of 5.5 mm at the entrance and 6.5 mm
at the exit of section was made between the septum and the
high-voltage electrode of the section ESD-2, 3. The working
voltage was 45 kV (the calculation voltage was 40 kV). 

Magnetic channels 

The system of magnetic channels consists of two passive
channels MC-1, 2 (Figs. 10 and  11) and an electromag-
netic channel MC-3 (Fig. 12). In the channel MC-1, the
magnetic field is homogeneously decreased by ~0.18 T by
means of steel plates with the cross dimensions 2.5×30 mm2.
In the channel MC-2, the magnetic field is decreased by
0.18÷0.22 T and the radial-focussing gradient 8 T/m is
introduced by means of steel plates with the cross dimen-
sions (2.5-5)×50 mm2. 

Additional steel plates in the channels MC-1, 2 are placed
in on aluminum C-shaped case to shim the magnetic field
distortion caused by the channel in the region of the accel-
erated beam (the average magnetic field distortion and the
first harmonic are shimmed down to the several gausses). 
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Element φ1 φ2 r1 r2 ∆B ε dB/dx dε/dx
(°) (°) (cm) (cm) (kG) (kV/cm) (kG/cm) (kV/cm2)

ESD-2 120 140 63.85 64.60 – 58.3 – 0.0
ESD-3 140 177 64.60 65.69 – 48.9 – –20.4
MC-1 183 205 65.66 65.99 –1.582 – 0.0 –
MC-2 215 250 66.83 75.17 –2.153 – 0.8 –
MC-3 273 283 88.37 98.33 0.0 – 1.0 –

Table 1. Parameters of the extraction system for proton energy of 35.1 MeV. 

Fig. 7. Phase portraits of the beam at the matching point. Fig. 8. Electrostatic deflector ESD-2-3, top view. 



The magnetic channel MC-3 is a small (100×100×150 mm3)
electromagnetic quadrupole lens with an aperture of 30 mm
in diameter, which can focus a beam in a radial direction
with a gradient up to 20 T/m at a maximum level of its coil
power dissipation of 1.9 kW. In region of the accelerated
beam the channel MC-3 creates the field perturbation not
exceeding several gausses (for average field and first har-
monic). All magnetic channels have remote adjustment of
their radial position in the chamber of the cyclotron. The
channel MC-3 has also additional adjustment of its angular
position. 

Coils for the 1st harmonic shaping 

The amplitude and the phase of the first harmonic of the
magnetic field near the radius  60 cm are the parameters
determining the characteristics of the beam turn separation
enhancement in the electrostatic deflector mouth. The
required characteristics of the first harmonic of the mag-
netic field (B1=2 G, ϕ1=0 – the phase is directed along the
dee axis) were shaped by means of new cyclotron harmonic
coils [8]. The results of correcting the first harmonic ampli-
tude by means of the coils are shown in Fig. 13. 

Experimental results 

Beam centering and amplitudes of betatron oscillations

In order to meet the requirements to the amplitudes of
betatron oscillations (ar ≤ 5 mm, az ≤ 3 mm) some modifica-

tions were done to the central cyclotron  region geometry.
Two diaphragms with an angular distance of 180° between
them were installed on the 1st and 2nd turns of the beam.
The dimensions of the slits intended for the beam pass were
(∆r, ∆z) = (1×10) mm2 and  (2×10) mm2. Fig. 14 shows cur-
rent distribution at the center of the cyclotron obtained by
means of the differential probe with lamellas of radial thick-
ness 1 mm. This current measurements and their compari-
son with the results of computations demonstrate that the
beam is centered with an accuracy of 1÷2 mm and has an
incoherent radial amplitude ≤2.5 mm. 

The 1st harmonic with the amplitude ~5 G, which exists in
the main acceleration region of the cyclotron, leads to beam
decentering up to 7 mm near the radius 50 cm. But a smooth
decrease in the 1st harmonic to 2 G, which is ensured by spe-
cial B1 coils at the radius 60 cm, causes a corresponding
decrease down to 2 mm of beam decentering. This effect of
the 1st harmonic (which is due to a quite large number of
beam turns (~150) between the radii 50 and 60 cm) was
computed and confirmed by the beam shadow measure-
ments at the cyclotron. These measurements also proved
that incoherent radial oscillations did not exceed 2 mm.
Thus, the sum of radial oscillations had the amplitude not
more than 4 mm. Axial amplitudes were decreasing during
acceleration from 5 mm to 3 mm because of betatron axial
frequency increasing from 0.15 (r=10 cm) to 0.4 (r=60 cm). 

Note, that there were practically no particle losses during
the acceleration process in the radial range 10÷50 cm  (see
Fig. 15). The Figure also shows that the beam intensity
decreases in the radial region 50÷60 cm. The radial beam
density dilution near the radius of 61 cm could be explained

55A new extraction system for the upgraded AIC-144 cyclotron 

Fig. 9. Electrostatic deflector ESD-3, rear side. 

Fig. 10. Magnetic channel MC-1, top view. 

Fig. 11. Magnetic channel MC-2, entrance side. Fig. 12. Magnetic channel MC-3, entrance side. 



by the effect of the extraction system. More detailed
description of the beam behavior in this particular region is
given in the next section. 

Measurement of radial gain enhancement 

In order to measure the radial gain enhancement a spe-
cial 5-lamella probe was used. This probe was installed at
the azimuth 118°, i.e. 2° upstream the entrance of the ESD-
2, the first element of the extraction system for the beam
energy considered.  Radial thickness of the 1st lamella was
0.5 mm, the thickness of others was 2 mm. The vertical
dimension of the lamellas was 20 mm. Fig. 16 shows the
results of measuring current distributions between the
lamellas. An increase in radial gain just before the extrac-
tion is clearly seen. The absolute current value was some-
what higher in this experiment as compared with the inten-
sity value in the beam centering measurements, Fig. 14. 

Extraction efficiency 

The following procedure has been applied to make the
extraction system operational: 
– measurement of the radial gain enhancement without

the extraction system inside the vacuum chamber; 
– the same but with ESD-2, 3 at their working position in

order to measure probable particle losses on the outer
side of the septum; 

– beam passage through ESD-2, 3, measurement of the
particle losses inside them; 

– step by step installation of the magnetic channels MC-1,
2, 3, the corresponding tuning of the radial gain
enhancement, and measurement of the beam transport
efficiency at each step. 

We observed a very high efficiency (~85%) of the beam
deflection at the exit of ESD-3 when no magnetic channels
were installed inside the vacuum chamber. Installation of
the magnetic channels requires additional efforts to com-
pensate the 1st harmonic in order to improve the process of
radial gain enhancement. This procedure was not very long.
As a rule, 1÷2 h were enough to obtain the extracted beam
with efficiency above 50%. No particle losses were detected
inside the magnetic channels. It is interesting to note that in
the previous experiments (before the upgrading program
was fulfilled) on 18.6 MeV deuteron beam extraction from
the machine by methods other, than the at given above, the
extraction efficiency was not greater than 7% [7]. We
believe that longer and more accurate adjustment of the
extraction system parameters (mainly careful control of the
1st harmonic of the magnetic field and the position of ESD-
2, 3) will permit us to increase the extraction efficiency up
to the design value of 70%. 

To visualize the extracted beam in the window of the vacu-
um chamber we used a luminescent target and a television
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Fig. 14. Current distribution at the center of the cyclotron after instal-
lation of two diaphragms.

Fig. 15. Accelerated beam current performance; circles – measure-
ments; solid line – piecewise polynominal fit. 

Fig. 16. Measurement of current distribution between probe lamellas. 

Fig. 13. First harmonic amplitude of the magnetic field. 1 – magnetic
channels are not mounted, 2 – magnetic channels are mounted, 3 – effect
of magnetic channels is corrected by harmonic coil contributions. 



camera. Fig. 17 shows the beam spot on this target. The
position and the size of the beam closely agree with the
computational results. 

Conclusions

It is the first time that the proton beam of energy 35 MeV
has been extracted from the AIC-144 cyclotron with effi-
ciency above 50%. 

More careful adjustment of the extraction system parame-
ters (better control of the 1st harmonic of the magnetic field
and the position of ESD-2, 3 as major factors) will permit
an increase in the extraction efficiency to the design value
of 70%. 
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Fig. 17. Television image of the beam spot in the window of the vacu-
um chamber. 


