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The VINCY Cyclotron (VINča CYclotron) is a multipurpose machine intended to accelerate light as
well as heavy ions. To extract heavy ions with low energy and light ions an extraction system with
stripping foil is used. Heavy ions with high energy will be extracted by means of an electrostatic
deflector. The former extraction system will be manufactured and used first. The proposed unidirectional
stripping extraction system is the optimal balance between the placement of the extraction line and the
required diversity and quality of the extracted beam. The available range of extraction directions is set
by geometry limitations.

DOI: 10.1103/PhysRevSTAB.6.033501 PACS numbers: 29.27.Ac, 29.20.Hm
eration. The ion stripping method is very efficient in
extracting light ions, for example, H�, 2H�, H2

�, He�,
mechanical design of the stripping foil holder and may
limit the area of stripping foil placement.
I. INTRODUCTION

The TESLA Accelerator Installation, which is under
construction in the Vinča Institute for Nuclear Sciences,
consists of three machines: the VINCY Cyclotron as the
main machine, the pVINIS Ion Source which is a volume
light ion source, and the mVINIS Ion Source which is
an electron cyclotron resonance heavy ion source. The
TESLA Accelerator Installation is intended for commer-
cial as well as for experimental applications. The first
programs of use of the VINCY Cyclotron are related to
routine and experimental production of radioisotopes and
radiopharmaceuticals and to biomedical research. The
project had a pending status from 1998 until recently.
During the fall of 2002 the partial funding granted
by domestic as well as foreign institutions has reopened
the project. To meet the obtained investments, the project
has been reorganized into phases and additional investors
for later phases are being searched for. The completion
of the first, so-called fast track, phase is scheduled for
June 2005 [1].

The VINCY Cyclotron is a compact four-sector iso-
chronous cyclotron. The bending and focusing constants
of the machine are 145 and 75 MeV, respectively, and its
pole diameter is 2 m. The radio frequency system consists
of two �=4 resonators with eigenfrequency in the range
from 17 to 31 MHz. The phase difference between the
resonators can be 0� as well as 180�. The operating
diagram of the VINCY Cyclotron and operating limita-
tions introduced by the magnetic structure and rf system
of the machine are shown in Fig. 1 [2]. The first beam will
be extracted from the machine using the ion stripping
method.

During interaction with a thin carbon foil some of an
ion’s electrons are stripped and thus the rotation radius of
a positive ion is decreased or, in the case of a negative ion,
the rotation direction is changed. An ion is defined as
positive or negative according to its charge during accel-
1098-4402=03=6(3)=033501(11)$20.00 
represented in the operating diagram of the VINCY
Cyclotron by the curves � � 1, 0.5, 0.5, and 0.25, respec-
tively. Stripping extraction of heavy ions is less efficient,
since it is limited to only one of the charge states among
which the beam is distributed after interaction with the
foil. After stripping, positive ions make at least one loop
before they leave the cyclotron. In order to avoid distur-
bances caused by the cyclotron magnetic and electric
fields that are not designed for loop motion, it is advisable
to consider only single-loop beams that do not interact
with the acceleration gaps after stripping. To achieve this,
the radius of a loop must be sufficiently small and,
consequently, the ratio of ion specific charges after and
before stripping has to be larger than roughly 2. Looking
at the operating diagram, stripping extraction of heavy
ions is therefore restricted to ions with � � 0:25. The ion
beams that cannot be extracted by stripping will be
extracted from the VINCY Cyclotron by an electrostatic
deflector.

II. CONDITIONS AND ASSUMPTIONS

The placement and acceptances of the high-energy
transport line have been preset. The transport line begins
at the point whose coordinates are R � 3 m and
� � �15�, while its direction is defined with ’ �
�24:25�, as depicted in Fig. 2. At R � 3 m, the transport
line acceptances in both the horizontal and vertical direc-
tions satisfy a < 25 mm and Pa < 10 mrad, where a and
Pa are spatial and momentum coordinates of an ion with
respect to the transport line axis, respectively.

The horizontal cross section of the VINCY Cyclotron’s
vacuum chamber is octagonal and is painted white in
Fig. 2. The size of the doorway on the vacuum chamber
side, designated for beam extraction, sets the angular
width of the space available for extraction system ele-
ments to � 2 ��16�; 16��. The vertical gap between sec-
tors of 31 mm is rather small and this complicates the
2003 The American Physical Society 033501-1
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FIG. 2. (Color) Schematics of the VINCY Cyclotron. The me-
dian plane cross sections of the yoke, pillars, pole (light blue),
vacuum chamber (white), and rf resonators (pink) are shown.
The azimuthal coordinate system used further throughout the
paper is defined by its referent zero-angle axis and the positive
� direction. Also shown are the required direction and place-
ment of the high-energy transport line.
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FIG. 1. (Color) Operating diagram of the VINCY Cyclotron.
The dependence of the desired ion energy per nucleon, at the
extraction radius of 0.86 m, T, on the needed magnetic field in
the machine center, B0, is shown. The specific charge of an ion,
�, is used as a curve parameter. The calculations are performed
using Gordon’s procedure and the measured magnetic field
maps. The horizontal sides of the four rectangles define the
lower and upper limits of the rotation frequency, i.e., extraction
energy, of an ion accelerated using the first, second, third, or
fourth harmonic modes of the rf system. The left border of the
operating range is set by the trim coils capability to account for
the maximum of 450 mT difference between the isochronous
field and the field obtained by the main coils only. For � � 0:5
the right border corresponds to the maximum main coils
current of 1000 A, while for � � 1 the largest obtainable
energy is set by the focusing capabilities of the machine.
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The elements of the extraction system are designed
via computer simulation of beam dynamics, using a
self-developed software package [3]. The isochronized
magnetic field needed for acceleration of a particular
ion is calculated taking into account the measured
magnetic field maps of the VINCY Cyclotron [4]. It
was assumed that the stripping foil is positioned along
an equilibrium orbit, which is defined by its mean radius,
Rm. For the ions with � � 1, right after interaction
with the foil, the values of beam emittances in the
horizontal and vertical directions are taken to be "h �
1 mm 5 mrad ��5�mmmrad and "z�5mm1mrad
��5�mmmrad, respectively. For all other ions these
values are assumed to be "h�2mm6mrad ��
033501-2
12�mmmrad and "z�5mm1mrad ��5�mmmrad.
The energy spread of an ion beam at the foil is taken to
be 	1%.

The stripping extraction system should cover as much
as possible of the operating diagram of the machine,
however, it is required that special attention is paid to
the two cases. These are the protons obtained by stripping
from H� and the protons obtained from H2

�. In addition,
the energy decrease of the protons obtained from H2

� is
to be obtained without changing the operating regime of
the machine. This is achieved by adjusting the foil posi-
tion to lower Rm. The desired energy span of the protons
obtained from H2

� ranges from 30 to 
19 MeV.
III. DESIGN

The stripping extraction system consists of the strip-
ping foil, mechanism for foil positioning and exchange,
and beam-guiding elements positioned between the strip-
ping foil and the high-energy transport line. During the
design of the stripping extraction system, a beam dynam-
ics simulation is used as a tool in the process of inves-
tigating and defining parameters of all the system
elements. The design of the system is completed when
the optimal set of system parameters is obtained.
However, each element of the system is yet to be designed
and, for this design, the parameters from the optimal set
of system parameters corresponding to a particular ele-
ment are used as requirements. The following system
033501-2
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parameters are defined during the system design process:
the operating area of the stripping foil, the placement,
dimensions, and focusing and/or bending characteristics
of the beam-guiding elements. To enable directing of all
desired beams into the high-energy transport line, the
beam-guiding elements used for focusing and bending of
a beam are chosen to be active magnetic elements posi-
tioned outside the vacuum chamber. The positioning of
the beam-guiding elements is restricted to R � 1:6 m by
the vacuum chamber dimensions. The radial position of a
beam exit point from the cyclotron is therefore set as
Re � 1:6 m. Consequently, the beam exit point is defined
only by its azimuthal position, �e. It can be shown that
performance of the system, as well as the system design
parameters, depends on the point of a beam’s exit from
the cyclotron [5]. Therefore, �e is used as the key design
parameter as well as an argument in graphical represen-
tation of system performances.
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FIG. 3. (Color) Exit point dependence on foil position. A beam e
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If a cyclotron magnet is saturated, it can be proved
that ions can be divided into classes in such a way that
all ions within a given class behave the same in terms
of stripping extraction [5]. Each class is defined by
the corresponding values of Rm and K, where Rm is
the mean radius of an equilibrium orbit, as defined
earlier, and K is the ratio between the specific charges
of an ion after and before stripping. Within a given
class, the extraction energy of an ion depends on the
ion’s specific charge before stripping. Figure 3 gives
the dependence of the position of the beam exit point
on the foil position for various classes of ions. These
dependencies and the results presented in Ref. [5] illus-
trate how beam diversity and quality are influenced by the
choice of the key design parameter, �e. Note that the
protons obtained from H� ions have K � �1, whereas
the protons obtained from H2

� ions belong to the ion
class with K � 2.
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FIG. 4. (Color) Bending angle dependence on the exit point. A
required bending angle, �’, is defined as an angular difference
between a beam direction and an extraction line direction. The
extraction line connects the exit point and the starting point of
the transport line. The dependencies �’��e are given for the
classes of beams with K � �1 and K � 2, to which belong the
two beams with higher priority.
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After stripping, a negative ion changes its rotation
direction and exits the cyclotron. Consequently, the azi-
muthal coordinate of the exit point increases with the
azimuthal coordinate of the foil position, as illustrated in
Fig. 3, by the graph corresponding to K � �1. A positive
ion does not change rotation direction; instead, its rota-
tion radius is decreased and before it leaves the cyclotron
it executes at least one loop. Positive ion beam dynamics
is therefore heavily influenced by the sector edge gra-
dients [5]. Since beam trajectories that perform more than
one loop after the foil are characterized by beam losses,
only a single-loop extraction is considered. In Fig. 3, the
parts of the curves corresponding to a single-loop ex-
traction are placed to the left of the discontinuities, that
is, at lower �f’s.

On the graphs in Fig. 3, a straight line would represent
the chosen value of �e. The intersection between this line
and the �e��f curves defines the foil positions that will
bring a beam into the chosen exit point. For K > 0 and
high enough values of Rm one can choose between two
available foil positions. For the limiting case, the line
corresponding to the chosen value of �e is tangent to the
�e��f curve corresponding to the smallest obtainable
Rm, and only one suitable foil position is available.
Therefore, for K > 0, the chosen exit point position sets
the minimum Rm, i.e., beam energy, obtainable through
the single-loop extraction. As stated earlier, the exit point
position is restricted to the region �e 2 ��16�;�16��.

Beam quality, measured by beam emittances and enve-
lopes is deteriorated when a beam passes close to a sector
edge. For K > 2, if a loop after the foil is placed away
from the influence of sector edge gradients, the quality of
the extracted beams does not vary much with �f. These
regions of good quality beams correspond to the low-
slope regions of the single-loop portions of �e��f curves
[6]. Consequently, for any value of �e, the energy range of
good quality beams is relatively narrow, if the energy of a
beam is to be changed by the foil position adjustment.
Difficulties related to the mechanical design of the foil
holder and exchange mechanism may cause the foil posi-
tions over sectors to be unachievable. The remaining
backup foil position in the valley provides beams of
poorer quality.

For the beams with K � 2 and K < 0, the value of �e
does not influence beam quality significantly. For K �
�1 beam quality is not significantly disturbed since a
beam exits the cyclotron without performing a loop after
the foil, while for K � 2 negative influence of sector edge
gradients on beam quality cannot be avoided due to the
loop size.

One of the two types of beams that are of special
importance has K � 2 and the disturbed quality of this
beam must be attended and improved promptly. The
focusing element should decrease the radial envelope of
the beam as soon as possible, therefore it should be
positioned at the exit point. Also, the axis of the element
033501-4
should follow the beam direction, if the focusing function
of the element is to be fully used. The last condition is
satisfied if the exit point is at �e � 6�, as can be seen in
Fig. 4. The required bending properties of the extraction
line elements are proportional to �’, so a beam does not
need to be bent if �’ � 0. For K � 2, the dependence
�’��e does not vary much with beam energy, i.e., Rm,
and the focusing function of the element positioned in the
exit point �e � 6� can be used efficiently for all the
beams from the required energy range.

The requirements for beam bending are minimal if the
extraction is two directional, that is, if the extraction line
has two branches with the exit points �e1 � 6� and �e2 �
�7:5� for beams with K > 0 and K < 0, respectively. The
distance between the two exit points is 
38 cm, which
does not leave enough room for two extraction tubes
and a ‘‘picture frame’’ shape of the focusing magnet.
Therefore, both extraction branches have to be within
the same extraction tube. The two beam-guiding elements
positioned along the extraction branch corresponding to
�e1, therefore, must have a ‘‘C’’ shape. The two elements
in question are the focusing element and the bending
element needed for beams with K � 2. The size of the
extraction tube for the two-directional extraction does not
leave much space for the stripping foil holder and ex-
change mechanism, and vacuum pumps. The additional
bending magnet (BM) must be positioned at the begin-
ning of the transport line and used for the adjustment of
the extracted beam directions to the high-energy trans-
port line direction.

The unidirectional stripping extraction system extracts
all the beams through a single exit point, the point
with �e � 6�, defined earlier as the optimal for the
higher priority proton extraction from H2

� ions. The
difference between the direction of the extraction line
033501-4
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FIG. 5. (Color) Stripping foil area. The foil placements that
bring the beams into the optimal exit point are shown. The foil
positions that provide the best obtainable beam quality are
marked with solid symbols. For those K’s for which the
optimal foil positions fall over the sector, the available backup
positions in the valley are marked with open symbols. For K �
2:5 and K � 2:42 the optimal foil positions corresponding to
the largest values of Rm had to be disregarded, since the
corresponding beam loops after the foil pass through the
acceleration gap.
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corresponding to this exit point and the direction of the
remaining higher priority beams of protons obtained
from H� is of the order of 20�; see Fig. 4. The large value
of �’ requires that the magnetic element, positioned at
the exit point, has a bending function in addition to the
focusing function required for the K � 2 case. It was
assumed that the magnetic field inside the element with
the combined focusing and bending function is BCM �
G � z � h� �BCM �G � h � z, where h and h, and, z and z
are unit vectors and coordinates, in the horizontal and
vertical directions, respectively. Directions are deter-
mined with respect to the axis of the combined magnet
(CM). G and BCM are the combined magnet parameters in
T=m and T, respectively, and, for each ion beam, their
values are determined through a computer simulation of
beam dynamics. For the beams with K > 0 the bending
function of the element with a combined focusing and
bending function is used for slight adjustments of a beam
direction to the extraction line direction. If K > 0, the
predominant function of the combined element is beam
focusing in the radial direction. For the beams with
K < 0, only the bending function of the combined ele-
ment is needed. Since the extraction tube contains a single
extraction branch, beam envelopes limit the width of the
extraction tube and the aperture of the combined element.
However, the combined element is not limited to a C
shape and can have a picture frame shape. As was the
case with the two-directional extraction, a bending mag-
net is positioned in the initial point of the high-energy
transport line and used to change beam direction from
the extraction line direction to the high-energy transport
line direction. In beam dynamics simulations, it was
assumed that the magnetic field inside the bending
magnet is BBM � BBM � z, where z is a unit vector in
the vertical direction and BBM is the magnet parameter
whose value is to be determined for each ion beam. Beam
dynamics simulations were performed assuming that the
effective lengths of the combined and bending magnets
are LCM � 70 cm and LBM � 60 cm, respectively.

The unidirectional stripping extraction system has a
number of advantages compared to the two-directional
stripping extraction system. The unidirectional system
has only two beam-guiding elements compared to three
such elements needed for the two-directional extraction.
The extraction tube of the unidirectional system leaves
much more space for the foil positioning and exchange
mechanism and vacuum pumps. The two beam-guiding
elements of the unidirectional system, namely, the com-
bined element and the bending magnet, can both have a
picture frame shape, and consequently better bending and
focusing properties compared to the properties of the
beam-guiding elements of the two-directional system,
restricted to a C shape. To extract protons from the H�

beam the stripping foil is positioned over a sector in the
case of the two-directional system, which may introduce
severe difficulties during the mechanical design of the
033501-5
stripping foil holder. Considering that these beams are of
higher importance, the corresponding stripping foil posi-
tion placed in the valley in the case of the unidirectional
system is a big advantage. The uniqueness of the com-
bined element may be a disadvantage of the unidirec-
tional extraction. Since the combined magnetic element
is not a standard element, special effort must be put into
its design and manufacturing, and this will increase
its cost.
IV. RESULTS

As stated earlier, the stripping extraction system per-
formance, as well as the system design parameters, de-
pends on the key design parameter, �e. During the system
design process, the restrictions, requirements, and depen-
dencies of the system performance on �e are used to
determine the optimum value of �e. In the previous sec-
tion it was found that, for the VINCY Cyclotron, the
optimal value of the key design parameter is �e � 6�.
The determined value is further used to define all the
design parameters of the stripping extraction system: the
operating area of the stripping foil, the placement, di-
mensions, and focusing and/or bending characteristics of
the beam-guiding elements.

The operating area of the stripping foil is shown in
Fig. 5. If the foil cannot be placed over a sector, due to
difficulties related to the mechanical design of the foil
033501-5
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positioning mechanism, the backup foil positions are
available in the valley.

The horizontal layout of the chosen test beams and the
beam-guiding elements is superimposed to the sche-
matics of the VINCY Cyclotron in Fig. 6. The proposed
unidirectional stripping extraction is more compact and
less spacious compared to the two-directional design of
the stripping extraction system [7–9].

The emittances and envelopes of the test beams with
K � �1, 2, 2.5, and 3 are given in Figs. 7–10, respec-
tively. To ease the comparison between the test beams, the
figures have the same structure and the corresponding
graphs have the same scale. The scale of the horizontal
FIG. 6. (Color) Horizontal layout of test beams and beam-guiding e
and horizontal envelope. For each K, the two test beams, correspond
beam-guiding elements of the extraction system, namely, the combi
by their placements and lengths, horizontal apertures, and estimate
minimal apertures that enable all the test beams to pass through th
have the exit point �e � 4�, not �e � 6�. The trajectory offset of t
aperture of the combined magnet. In the case of the bending magne
magnet center with respect to the beginning of the high-energy tr

033501-6
beam emittance matches the transport line acceptance.
The scale of the vertical beam emittance is larger than the
corresponding transport line acceptance to enable repre-
sentation of the results obtained for the H2

� ion beam.
The minimal horizontal and vertical apertures of the
combined and bending magnets used in these figures
enable all simulated beams to pass through the magnets
without collision and are DCM

h � 25 cm, DCM
z � 5 cm,

DBM
h � 15 cm, and DBM

z � 5 cm, respectively.
Tables I and II summarize the values of the combined

and bending magnet parameters used in simulations to
guide the higher priority beams of the VINCY Cyclotron
through the extraction line and to the beginning of the
K = -1
K = 2
K = 2.5
K = 3

lements. A test beam is represented by its central ion trajectory
ing to the minimum and the maximum Rm, are shown. The two
ned magnet, CM, and the bending magnet, BM, are represented
d widths. The depicted magnet apertures represent 125% of the
e magnets without collision. Note that the beams with K � �1
hese highly bent beams enabled the decrease of the horizontal
t, the horizontal aperture decrease was achieved by shifting the
ansport line.

033501-6
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distortion of the horizontal magnet aperture is the consequence of the strong bending of the beam central trajectory inside the
magnet. The presented emittances and envelopes correspond to the beam of protons obtained from H� ions accelerated to 65 MeV.
The combined and bending magnet parameters used in the beam dynamics simulation are BCM � 0:564 58 T, G � 0 T=m, and
BBM � �0:474 77 T. The horizontal as well as the vertical emittance matches the required transport line acceptance. In the lower
graph, the coordinate of the center of the combined magnet entrance is � �5 cm and not 0 cm because the beam does not enter the
combined magnet through its center positioned at �e � 6�, but through the point with �e � 4�.
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high-energy transport line. Combining these data
with those obtained for the beams with K � 2:5 and
K � 3 revealed that the needed bending field range
and the strongest focusing field of the combined mag-
net are �0:70 T � BCM � 0:15 T and G � 1 T=m, re-
spectively. The strongest needed field of the bending
033501-7
magnet is BBM � �0:48 T. When designing the com-
bined and bending magnets, in order to avoid operation
under limiting conditions, the operating ranges of
the field and gradient values should be somewhat
larger than those obtained as a result of beam dynamics
simulations.
033501-7
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FIG. 8. (Color) Beam emittances and envelopes for K � 2. The structure of the figure is the same as that of Fig. 7. The represented
beam of protons was obtained from the H2

� ion beam accelerated to 30 MeV per nucleon. The combined and bending magnet
parameters used in the beam dynamics simulation are BCM � �0:123 20 T, G � 1 T=m, and BBM � �0:290 61 T. The aperture of
the combined magnet is only slightly distorted, so the beam central trajectory passes very close to the magnet axis. The horizontal
emittance matches the transport line acceptance. The increase in G cannot further improve the vertical emittance to match the
transport line acceptance due to the small vertical beam size in the combined magnet.
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The size of the combined magnet was estimated ac-
cording to the 2D conceptual design of a similar magnet
[10]. The designed magnet has the focusing field 3 times
stronger and the bending field twice weaker than needed.
The width of the combined magnet in Fig. 6 is 56 cm
compared to the corresponding size of the designed mag-
net of 50 cm. The vertical clearance of the vacuum
chamber side is 34 cm and the height of the designed
magnet is 23 cm. Therefore, it is possible to shape the
vacuum chamber side to accommodate the actual size of
the combined magnet and its placement. Also, if needed,
033501-8
the length of the combined magnet can be somewhat
increased (see Fig. 6).

V. CONCLUSIONS

Designing of a multipurpose machine is inevitably
bound to a number of trade-offs. In the case of the strip-
ping extraction system of the VINCY Cyclotron, the
required beam diversity and quality are influenced and
to some extent limited by the available space, the desired
compactness of the extraction system, its complexity, and
033501-8
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FIG. 9. (Color) Beam emittances and envelopes for K � 2:5. The structure of the figure is the same as that of Fig. 7. Unlike the
other examples, the mean equilibrium orbit radius in this case is not maximum, instead it is equal to Rm � 83:2 cm. The beams
extracted from equilibrium orbits with larger Rm pass through the acceleration gap after the foil and had to be disregarded. The
shown results correspond to the Ar15� ion beam obtained from the Ar6� ion beam with the energy of 2.9 MeV per nucleon. The
parameters of the beam-guiding elements are BCM � 0:072 64 T, G � 0:5 T=m, and BBM � �0:253 85 T.
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cost. A particular challenge is to design a system
that successfully extracts both of the beams that have
higher priority: the protons obtained from H� ion beams
and the protons originating from H2

� ion beams.
Although it is a light ion beam, during extraction, the
latter behaves as a heavy ion beam in terms of beam
dynamics.

The dependencies of the beam direction on the beam
exit point from the cyclotron reveal two possible concepts
of the stripping extraction system. The two-directional
system has two extraction branches that merge in the
bending magnet at the beginning of the high-energy
transport line. The beams accelerated as negative ions
(H�, 2H�) are extracted without any size or direction, i.e.,
033501-9
focusing or bending, corrections through the first extrac-
tion branch directly into the bending magnet at the be-
ginning of the high-energy transport line. All other ion
beams, particularly the protons originating from H2

�

ions, require size corrections. Therefore, they are ex-
tracted into the focusing magnet placed at the beginning
of the second extraction branch. The bending magnet
positioned farther along this branch guides the beams
into the bending magnet at the beginning of the high-
energy transport line. The distance between the beam
exits from the cyclotron corresponding to the two
branches prevents the branches from being in the separate
extraction tubes. Therefore, the two magnetic elements
along the second branch are C shaped.
033501-9



TABLE I. Focusing and bending fields for H� ion beams.
The values of focusing and/or bending parameters of the
combined and bending magnets used in beam dynamic simu-
lations to properly guide beams of different energies are given.
For the protons originating from H� ions, only the bending
function of the combined magnet is used.

Combined magnet Bending magnet
T (MeV=n) BCM (T) G (T=m) BBM (T)

65 0.564 58 0 �0:474 77
60 0.617 98 0 �0:474 30
55 0.703 52 0 �0:481 16

TABLE II. Focusing and bending fields for H2
� ion beams.

The focusing and/or bending properties of the combined and
bending magnets corresponding to the ion beams of different
energies are given. The proton beams originating from H2

� ion
beams are strongly focused and slightly bent in the combined
magnet. For T � 20 MeV per nucleon a beam cannot be ex-
tracted without losses.

Combined magnet Bending magnet
T (MeV=n) BCM (T) G (T=m) BBM (T)

30 �0:123 20 1.0 �0:290 61
28 �0:127 07 1.0 �0:280 36
26 �0:132 41 1.0 �0:268 99
24 �0:138 90 1.0 �0:257 96
22 �0:149 76 1.0 �0:241 81
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FIG. 10. (Color) Beam emittances and envelopes for K � 3. The structure of the figure is the same as that of Fig. 7. The results
correspond to the Ne9� ion beam obtained after the interaction with the foil of the Ne3� ion beam previously accelerated to the
energy of 3.1 MeV per nucleon. The corresponding parameters of the beam-guiding elements are BCM � 0:164 74 T, G � 0 T=m,
and BBM � �0:228 78 T. The horizontal size of the beam slightly exceeds the transport line acceptance; however, the adjustment of
the horizontal width of the beam will enlarge the beam width in all of the remaining three emittance coordinates, namely, Ph, z,
and Pz.
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The unidirectional system has a single extraction
branch that connects the beam exit from the cyclotron
and the high-energy transport line. Besides the bend-
ing magnet that is positioned at the beginning of
the high-energy transport line, the unidirectional system
has only one additional magnetic element — the
combined magnet. The combined magnet has focusing
as well as bending capabilities and is placed as close to
the vacuum chamber as possible. The focusing function
of the combined magnet is needed to correct the size
of those beams that are accelerated as positive ions.
The beams accelerated as negative ions do not need
any size correction. However, their direction is signifi-
cantly different from the extraction branch direction
and requires strong and prompt bending. Capability
of the combined magnet to provide focusing as well
as bending of a beam improves the quality of the ex-
tracted beams. The bending function guides all beams
close to the combined magnet axis and consequently
focusing is more efficient. The combined magnet is a
nonstandard element and therefore requires a special
design.

Compared to the two-directional extraction, the uni-
directional extraction has improved significantly the
compactness of the stripping extraction system and the
quality of the extracted beams. However, the combined
magnetic element causes the unidirectional stripping ex-
traction system to be more complex and likely more
expensive. The design and development of the combined
element is likely to be profitable, since such an element
could become a standard component of an extraction
system as well as of a transport line.
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