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Stripping extraction of positive ions from a cyclotron

Jasna L. RistiDjurovic
Vinca Ingtitute of Nuclear Sciences, Laboratory of Physics (010), P.O. Box 522, 11001 Belgrade, Yugoslavia
(Received 30 August 2001; published 5 December 2001

In a multipurpose cyclotron, it is convenient to use stripping extraction to extract selected positive ions
in addition to the usual extraction by stripping of negative ions. The ions are specified as positive or nega-
tive according to the sign of their charge during acceleration. After stripping, positive ions travel not only
through the pole edge magnetic field gradient, as is the case with negative ions, but can also pass more
than once through regions of large sector edge magnetic field gradients. Influence of the magnetic field
gradients on the trajectory of a stripped positive ion and on the extracted beam emittance is studied. It is
shown that extraction efficiency depends on the position of the point of beam extraction from a cyclotron
and on the ratio between ion charge after and before stripping. The position of the point of extraction
also strongly affects the design parameters of the stripping extraction system. Extraction quality and de-
sign parameters cannot all be simultaneously optimized. The method of extraction system optimization
is suggested and applied to the special case of the VINCY cyclotron.

DOI: 10.1103/PhysRevSTAB.4.123501 PACS numbers: 29.27.Ac, 29.20.Hm
I. INTRODUCTION 1. DESIGN PARAMETERS AND QUALITY
CRITERIA

A thin carbon foil can be used to strip some of an ion’s
electrons and, therefore, in a magnetic field, change the The stripping foil extraction system consists of a carbon
rotation direction of a negative ion or decrease the rotatiomoil, a mechanism for holding, positioning, and exchange
radius of a positive ion. This method is heavily used forof the foil, and guiding elements used to focus and bend
negative ion beam extraction in both commercial and nonthe beam after it interacts with the foil and before it enters
commercial cyclotrons [1-3]. The advantages of strippinga high energy transport line. The guiding elements are usu-
extraction compared to extraction by electrostatic deflecally passive magnetic channels placed inside the cyclotron
tor are the absence of the turn separation requirement &acuum chamber or active magnetic elements located out-
well as the possibility to change the extracted ion energwgide. For a multipurpose machine, active magnetic ele-
easily by adjusting the radial position of the stripping foil. ments are a better choice due to their adjustable bending
The efficiency of stripping extraction applied to a negativeand focusing characteristics. Note that the beam guiding
ion beam can be as high as 99.9%. A positive heavy iorlements of the stripping extraction system may form more
beam, after interaction with the stripping foil, is distributed than one beam-guiding branch.
among different charge states depending on the ion energy Three sets of stripping extraction system parameters are
and atomic mass [4,5]. Since different charge states angsed throughout. The operating parameters define a par-
spread in space by the magnetic field, stripping extractioticular operating regime of the system, design parameters
is limited to the part of the beam corresponding to a singlelefine the system, and performance of the system is mea-
charge state. Extraction of positive ions by stripping hasured by the quality parameters. For each operating regime
several additional disadvantages. After its charge is inef a cyclotron, corresponding to different ion beams, the
creased and curvature radius decreased during interacti@peration of a cyclotron is adjusted by setting the values
with the foil, a positive ion executes at least one loop beforef its operating parameters. The operating parameters of
it leaves the cyclotron. Since the magnetic field of a cyclothe stripping extraction system are the coordinates of the
tron is not designed for such motion, it is likely that the stripping foil position as well as coil currents of each of
beam quality, measured by beam emittance and enveloptae beam guiding elements.
will be disturbed. The disturbances are smaller if accelera- The extraction system should provide extraction not of a
tion after stripping is avoided. In such a case, the ratio okingle ion beam, but of a group of accelerated beams. The
the ion radii before and after the interaction with the foil, design parameters need to be determined during design
and consequently the ratio of the ion specific charges aftesf the stripping extraction system and they include the
and before the stripping, is larger than roughly 2. Thereoperating area of the stripping foil and parameters of the
fore, the charge of a positive heavy ion during acceleratiomguiding elements located between the stripping foil and the
is limited to a maximum of approximately/2, whereAd is  beginning of the transport line. A beam guiding element
the ion atomic number. Thus, energy gain per turn is alsés defined by its position, size, maximum bending, and
limited. maximum focusing requirements.
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The design of an optimum stripping extraction system
is based on the study of system performance and feasi-
bility. Dependence of system performance on the design
parameters is obtained by varying key design parameters
used as input in beam dynamics simulation. The beam
parameters whose ranges of values weigh the extraction
system performance and feasibility are the beam losses,
emittance, and direction of the extracted beam upon exit
from the cyclotron, as well as the corresponding foil po-
sition. For a chosen charge state after the foil, the beam
losses between the foil and exit from the cyclotron should
preferably be zero. The beam emittance upon exit from
the cyclotron should be as small as possible since it deter-
mines the focusing requirements of the magnetic elements.
Also, beam emittance should match the transport line ac-
ceptance in order to avoid beam losses along the transport
line. Therange of directions of the accelerated beams upon
exit from the cyclotron sets the bending characteristics of
the magnetic elements. These may also be used to decide
upon optimum direction of the high-energy transport line.
A small gap between sectors may restrict foil position area
to the space in the valleys.

1. METHOD DESCRIPTION

The proposed method of the stripping extraction system
optimization arose from the design of the stripping extrac-
tion system for the VINCY cyclotron. The VINCY cyclo-
tron [6] is a multipurpose machine designed to accelerate
light ions as well as heavy ions with ion specific charges
ranging from » = 0.15 to = 1. At the extraction ra
dius of 0.86 m, the maximum ion energy is 36 MeV /n for
heavy ions and 66 MeV for protons. The cyclotron magnet
has four straight sectors per pole, apole diameter of 2m, a
sector-to-sector gap of 31 mm, and a valley-to-valley gap
of 190 mm. The maximum magnetic field in the machine
center is 1.97 T.

To study the dependence of beam dynamics on the
design parameters of the stripping extraction system, a
software package for the beam dynamics simulation was
developed [7]. Since expected beam intensities of the
VINCY cyclotron are not high enough for space charge
effects to be significant, the beam dynamics simulation
package uses a charged particle trgjectory simulator. The
three coupled, nonlinear partial differential equations that
describe a charged particle motion are solved using the
fourth-order Runge-Kutta method. Calculation of the
isochronized magnetic fields in the median plane is based
on measured magnetic field maps and performed according
to Gordon’s procedure [8]. Vaues of the magnetic fields
outside the median plane are determined usingV - B = 0,
V X B =0, Taylor's expansion, as well as numerical
derivation of the median plane magnetic field. Centra
difference formulas with the error of order s*, where s
is the cell size of the measured field grid, are applied to
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compute derivatives. Vaues of the magnetic field and
its derivatives, at the point in space different from the
grid point, are calculated using linear interpolation and
values of the magnetic field and its derivatives in the four
surrounding grid points.

The stripping extraction system of amulti purpose cyclo-
tron must accommodate an appropriate number of operat-
ing regimes corresponding to different ion beams. The
number of different operating regimes that must be con-
sidered can be reduced using the following argument: A
test ion accelerated in a cyclotron to its maximum energy
per nucleon T reaches the same maximum designed ra-
dius, regardless of its specific charge, n,,. Thisisachieved
by proper scaling between test ion parameters n, and T
and the parameters of the magnetic field. Nevertheless,
the orbits of two different test ions differ. This is be-
cause the scaling is valid only for the particular value of
the maximum radius while the orbit radius of a test ion
is azimuthally dependent. If the current of the main coils
is above the iron saturation level, as is the case in accel-
eration of positive ions within the VINCY cyclotron, the
differences among orbits are mainly caused by the trim
coils. Since the contribution of the trim coils to the result-
ing magnetic field is much smaller than the contribution
of the main cails, the difference among orbits just before
the stripping foil is negligible compared to the size of the
stripping foil. Consequently, it is sufficient to study behav-
ior of a single ion beam, defined by a single set of values
of the parameters 1, and T.

Two different ion beams will continue to behave the
same after foil if their K parameters are the same, where
K is the ratio of the ion specific charge after and before
the fail, namely K = n,/%,. The condition K = 2 has
to be satisfied in order to avoid ion acceleration after inter-
action with the foil. Consequently, the largest range of K,
corresponding to the largest variety of ion orbits after in-
teraction with the foil, is obtained for the smallest n,,. So,
to study stripping extraction of all positive ions that can
be extracted using this method, it is sufficient to study the
extraction of an ion with the smallest specific charge be-
fore the foil. For the VINCY cyclotron, the smallest value
of 7, is0.15 and the largest corresponding ion energy is
3.1 MeV/n. It was assumed that the stripping foil is po-
sitioned along the equilibrium orbit of this ion and beam
behavior is studied for different values of K.

IV. INFLUENCES OF MAGNETIC FIELD
GRADIENTS

Because of the loop(s) that a positive beam executes
after stripping, beam dynamics is strongly influenced by
the magnetic field gradient not only at the pole edge but
also at sector edges. At the pole edge the beam is radialy
defocused. The sector edge gradients can cause both drift
and (de)focusing of the beam.
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A. Drift

Inward and outward drifts of a test ion, caused by the
sector edge gradients, are shown in Fig. 1. The outward
drift helps extraction since it pulls the ion away from the
cyclotron center. The inward drift makes extraction more
difficult and also less efficient as the emittance of the
beam that executes the multiple loops is expected to be
large.

The position of the stripping foil on the equilibrium or-
bit and the K parameter determine the number of loops
after foil aswell asthe point of exit of theion from the cy-
clotron. The magnetic field symmetry narrows the range
of the azimuthal foil positions that should be considered
to the angle between the axes of the two neighboring sec-
tors. In our four sectors per pole example this range is
6 € [0°,90°]. Figure 2 shows the dependence of the exit
point on the foil position. Successive “hops’ on 6,.(6y)
curves are caused by the sector edge gradients and corre-
spond to ion trajectories with one, two, or three loops after
the foil. Figure 3 illustrates all three types of trajectories

FIG. 1. Drifts caused by magnetic field gradients. The ex-
ample shown corresponds to the magnetic field of the VINCY
cyclotron and a test ion with K = 3. If the foil is positioned
in the region where the ion, along its equilibrium orbit, travels
from a lower to a higher magnetic field, ion drift after the foil
is directioned outwards. lon trajectory and corresponding drift
direction are depicted by a solid line. If the foil is positioned in
the region of a negative magnetic field gradient corresponding
to the sector-valley pass, ion drift after the foil is directioned to-
wards the cyclotron center and the ion executes multiple loops,
as represented by the dotted line. If the gap between sectors
is not large, multiple loops cause beam losses. Also shown is
the zero and positive direction of the azimuthal coordinate used
further throughout the paper. Because of axial symmetry, only
half of the magnet yoke and one of the two rf cavities of the
VINCY cyclotron are sketched. Extraction area is limited to
6 € [-20°65°].
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for atest ion with K = 3.33. The number, position, and
width of the hops on 6.(6) curves depend on the K pa-
rameter and the sector geometry (number of sectors per
pole, azimuthal width of a sector, sector type—straight or
spiral, etc.).

AsseeninFig. 2, inthe VINCY cyclotron anion can be
brought to a chosen exit point by as many as six different
stripping foil positions corresponding to a single, double,
or triple loop trajectory. However, ion beamswith multiple
loop trajectories are expected to suffer larger disturbances
interms of their envelopes and emittances. Therefore, only
single loop trajectories will be further discussed. Since
al curves 6,(0;) pass through the vicinity of the point
(0r,6,) = (47.5°,3.5°), the exit point §, = 3.5° seems to
be optimal in terms of the foil position range asit requires
the smallest stripping foil operating area. Unfortunately,
this point is also very close to the transition of a single
to double loop trgjectory. Therefore, the beam envelope
disturbances are to be expected and the extraction point
0. = 3.5°islikely to be far from optimal in terms of beam
quality.
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FIG. 2. (Color) Exit point dependence on foil position. The
radius of the ion exit from the vacuum chamber of the VINCY
cyclotron is 1.6 m. The exit point is defined by its azimuthal
coordinate 6, aong the exit radius. Foil position is also defined
by its azimuthal coordinate 6, but aong the equilibrium orbit
of an ion. The 6, dependence on 6, is strongly influenced
by the K parameter. The “hops’ that 6, exhibits during 6,
increase correspond consequently to a single, double, and triple
loop trajectory of a stripped ion (see Fig. 3). If the loop radius
issmall, i.e, if K islarge, the 6.(6,) curve exhibits three hops,
and an ion trgjectory can have as many as three loops after
the foil (see K = 3.33 and 2.67). The larger the loop radius,
the smaller the maximum number of loops. The transition to a
different number of loops in a trgjectory is caused by inward or
outward drift. These transitions, for K = 3.33, are illustrated
and explained in Fig. 3. Note the width A6, and the maximum
6., of the hops corresponding to a one loop extraction. For ion
energies lower than the largest, the width and the maximum of
the hop is smaller. For different cyclotrons, the curve parameter
K should be replaced with K/V, where V is the angular width
of the valley. For the VINCY cyclotron, V = 48°.
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FIG. 3. Single, double, and triple loop trajectories. Sample trajectories of a test ion with K = 3.33 and with one, two, and three
loops after the foil are shown in plots (&), (b), and (c), respectively. Trajectories in plot (&) correspond to the three foil positions on
the first hop of the 6.(6,) curve with K = 3.33 in Fig. 2. The trgjectory represented by a thick solid line illustrates the behavior
around the lower limit of the 6, range of a one loop trajectory existence. If the foil is moved to lower azimuthal angles, influence
of the outward drift disappears; the loop, due to its small radius, fits completely over the sector and the ion makes as many as eight
loops before exiting the cyclotron. The ion whose trgjectory is marked with a dashed line begins the transition from a one loop to
a two loop tragjectory. If the stripping foil is moved to larger 6, the first loop crosses the inward drift sector edge, as shown by
the thick solid line in plot (b). The sector edge gradient pulls the ion inside, and the ion conducts one more loop. Further increase
of 6, causes both the first and the second loop to move inwards, as illustrated by the double loop trajectory depicted by a dashed
line in plot (b). When the second loop is shifted enough inwards, the double loop trgjectory, indicated by a dashed line in plot (b),
transforms to the triple loop trajectory indicated by a solid line in plot (c).

B. Defocusing

When a beam travels through a magnetic field gradient
perpendicularly to the gradient, the result is the beam
defocusing along one and focusing along the other of
the two beam axes. The beam axes travel with the beam
and are perpendicular to the velocity of the central ion.
Since beam orbit is confined to the median plane of a
cyclotron, one beam axis is chosen to be aimed verti-

caly, the z axis, and the other aimed horizontaly, the A
axis. Figures 4 and 5 illustrate focusing and defocusing
effects of magnetic field gradients. Figure 4 is devoted
to sector edge effects, while Fig. 5 compares the influ-
ences of various magnetic field gradients. The beam
envelopes are affected mostly by sector edge gradients.
Influences of other magnetic field gradients are much
smaller if not combined with the influence of the sector
edge gradient.
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FIG. 4. Influence of the sector edge magnetic field gradient on the beam envelope. The left-hand plot shows three trajectories of
test ions with K = 2.42. These are the central ions for test beams whose radia (horizontal) and axia (vertical) emittances at the
foil position aretakentobe e, =2 mm 6 mrad = = 1277 mmmrad and ¢, = 5 mm 1 mrad = = 57 mmmrad, respectively. The
energy spread of the beam is assumed to be =1%. The two graphs on the right show the axia beam envelope aong the beam
path (upper graph) and with respect to the azimuthal position (lower graph). If the beam does not pass close to the sector edge its
envel ope does not suffer any visible changes, as represented by the solid line. Sector edge B causes defocusing in the axial direction
of beam depicted by a dashed line. The beam shown by a dotted line is axially focused by the sector edge A and further over
focused aong the path.
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FIG. 5. Influence of different magnetic field gradients on beam envelopes. Extraction of a beam with K = 3 is studied. Test ions
whose tragjectories are shown on the left-hand plot are used as the central ions for corresponding test beams. Initial beam emittances
and energy spread are taken to be the same as for Fig. 4. The two graphs on the right show horizontal (upper graph) and axia (lower
graph) envelopes of the beam along the beam path. Envelopes are calculated with respect to the central ion in the beam. Influences
of sector edge gradients in regions C and B, the pole edge gradient in the E region, and the isochronous increase of the magnetic
field in the D region are investigated. Thin solid lines show trajectories and corresponding envel opes of the beams influenced only by
the pole edge gradient. This influence is the least pronounced. The joint effect of the gradients in regions D and E is also small, as
shown by athin dashed line. When the weak influence of region E is combined with sector edge influence (region C), the resulting
effect is strong, as represented by a dotted line. Finaly, a thick solid line is used to show the combined effect of the D, B, and E
regions. The dramatic difference in beam envelopes represented by thick solid and dashed lines is caused by sector edge B, while
sector edge C is the cause of the difference between the examples depicted by thin solid and dotted lines.

When the foil is moved from 6, = 90° in the negative  tor edge along the outward portion of the beam loop (see
6 direction, the beam first experiences inward drift along  Fig. 4). When the azimuthal position of the foil is suffi-
the sector edge B (see Fig. 1). Then the dominant effect  ciently lowered, the beam crosses the sector edge C and
becomes defocusing of the z envelope by the same sec-  a positive influence of the outward drift takes effect (see
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FIG. 6. (Color) Dependence of minimum sgquare emittance on the K parameter. Behavior of the beams with initial emittances and
energy spread asin Fig. 4, and with foil positions along the equilibrium orbit, is simulated. Beams with minimum square emittances
at the exit from the cyclotron are represented as points on the left graph. Minimum square emittances for K = 2.17 do not depend
much on K and are of the order of 600 mm? mrad®. Central trajectories of beams with minimum square emittance shown in the
right-hand plot justify larger values of the square emittance for K = 2 and 2.08. For K = 2.08, the beam passes close enough to
the sector edges both on the inward and outward portion of the loop to experience defocusing. For K = 2, the radius of the loop is
so large that, in addition to defocusing, a small inward drift is present.
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Fig. 1). Finaly, at low 6, the dominant negative influence
on the beam with a small or large value of K comes from
sector edges A or C, respectively (see Figs. 4 and 5). The
foil should be positioned in such away to avoid the nega-
tive (defocusing and inward drift) as well asto take advan-
tage of the positive (outward drift) influence of the sector
edge. Therefore, the beam loop should cross the sector
edge causing outward drift, and the inward and outward
portions of the beam loop should be away from the sector
edges. For larger values of K, the radius of the beam loop
is small, therefore, the loop is easier to distance from the
defocusing sector edges, and the range of the foil positions
resulting in small beam emittance is larger. For asmall K,
the loop radius may be too large to avoid defocusing sector
edges.

As a measure of beam quality, square emittance is de-
fined as €2 = gj¢., where g, and . are beam emittances
in the horizontal and axia directions, respectively. Emit-
tances ¢, and ¢, correspond to ellipses which enfold not
less than 95% of the distorted phase ellipses obtained by
beam simulation. Dependence of the minimum exit square
emittance on the K parameter is shown in the left-hand
graph of Fig. 6. Foil positions corresponding to minimum
square emittance appear inthevalley. Exit points of the op-
timum beams differ significantly and depend on K, as can
be seen from the three sample central trajectories shown in
the right-hand plot of Fig. 6.

V. RESULTS

FromFig. 6it can aso be concluded that thereisno such
position of the first guiding element (the beam exit point
from the cyclotron) that will grant minimum exit emit-
tance for all beams with different K. Therefore, the best
extraction system is to be found through an optimization
procedure.

The optimization procedure is performed in four steps.
First, extraction system quality parameters are ranked by
their importance. Then, dependence of the quality parame-
ters on the key design parameter(s) is studied. These
studies are then used to find the optimum key design pa-
rameter(s). Finally, the remaining design parameters, other
than the key design parameter(s), are determined. In-
vestigating the influence of design parameters on quality
parameters and establishing the key design parameter(s)
are not easy tasks because of various connections and over-
|apping between the design and quality parameters. For in-
stance, foil position is a point in the operating area of the
stripping foil holder (design parameter), but whether or not
it isover sector can be aquestion of quality. The maximum
focusing requirement of guiding elements (design parame-
ter) isdefined by maximum exit emittance (quality parame-
ter). The smaller the maximum bending requirements of
the guiding elements (design parameters) the better, and
these are set by beam exit directions (quality parameters)
as well as transport line direction.

123501-6

The exit point from the cyclotron 6, was chosen as the
key design parameter. Thisis not only because al quality
parameters depend on 6., but also because al design pa
rameters can be viewed as functions of 6,.

The most important task, in terms of extraction qudlity,
was to avoid beam losses. Consequently, only beams exe-
cuting a single loop were considered, since all multiple
loop beams suffer losses after stripping. The remaining
quality parameters of a test beam are ranked as follows:
square emittance 2 being the first, beam direction at the
exit point ¢, as the second, and third, and least impor-
tantly, the indicator if the corresponding foil position hap-
pensover asector. It was assumed that the beams that were
to be accelerated and extracted could have any value of K
within therange 2 = K = 3.33.

The dependence of beam sguare emittance on the exit
point isshown in Fig. 7. To extract beamswith &2 as small
as possible for al values of K, two extraction branches
are needed. An extraction point of 8, = 6, = 31° could
be used to extract beams with 2.17 = K = 2.67 and

103%
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FIG. 7. (Color) Dependence of square emittance on the exit
point. For K = 2 and 2.08, the radius of the loop after thefail is
large and defocusing along sector edges cannot be avoided. Cor-
responding sguare emittances are 2 orders of magnitude larger
than those of beams with larger K. For K = 2.17, the width
of the region where &2 is small increases with K, as expected.
Values of square emittance between sudden increases are of the
order of 700 mm? mrad?® and do not depend much on the extrac-
tion point nor the K parameter. Sudden increases of the order of
magnitude of square emittance correspond to negative influences
of the magnetic field gradients. The upper 6, limits of low &2
segments are set by the sector edge B (Figs. 4 and 5). The lower
0, limits of low £ segmentsfor 2.17 = K = 2.67 and K = 3
are set by sector edges A and C, respectively (Figs. 4 and 5).
Solid symbols on data points depict less favorable foil positions
placed over a sector, while open symbols correspond to foil po-
sitions in the valley. For another cyclotron, the curve parameter
K should be replaced with K/V, where V is the angular width
of the valley. Consequently, for a broader valley, e.g., a three
sector per pole cyclotron, the problem of large emittance of the
beams with K = 2.08 may disappear. The square emittance of
negative ion beams is not shown because it is practically inde-
pendent of #, and is smaller than the square emittance of positive
ion beams.
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optionally K = 2.08. A second extraction point of
0 = 6, would be used for K = 2.00, 3.00, 3.33, and op-
tionally 2.08. Small & for K = 3.00 would be provided
by 6, = 5°, while 8, = —5° would provide minimum
extracted &2 for K = 2. Foil positioning in the small gap
over sector is inevitable regardless of chosen exit points.
Note that alarge value of g limits the range of extracted
ion energy (see the caption of Fig. 2).

Selected exit points establish some design parameters.
The exit points are aso the entrances of the guiding ele-
ments which beams encounter first along the extraction
branches. The operating areaof the stripping foil is defined
using Fig. 2, extended to include curvesfor all valuesof K.
Only those portions of curves that correspond to foil posi-
tions used for the beam dynamics simulations represented
in Fig. 7 are considered. For a particular K, this provides
uniqueness of the stripping foil position corresponding to
a chosen exit point. To determine maximum focusing re-
quirements, the beam that is most difficult to focus has to
be considered for each of the extraction branches. In our
example these are the beams with K = 2 and 2.08. The
necessary focusing gradients of the two guiding elements
are found through a number of beam dynamics simulations
until beam emittances at the beginning of the transport line
match transport line acceptance as close as possible.
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FIG. 8. (Color) Dependence of beam direction on its exit point.
To measure a beam direction angle, ¢, the origin of the co-
ordinate system in Figs. 1 and 4 is translated from the cy-
clotron center to a beam exit point. The results are expressed
as Apy = @4 — (11250, — 31.25) in order to make the dif-
ference between curves corresponding to different K more pro-
nounced. Unlike &2, the direction angle of a negative ion beam
(D~ and H™) depends on 6, and therefore must be considered
during extraction system optimization. For positive ion beams,
the represented data points correspond to the same set of test
beams whose values of &2 are shown in Fig. 7. As in Fig. 7,
solid symbols on data points depict beams with foil position
placed over a sector, while open symbols correspond to foil po-
sitions in the valley. The smaller the angular spread of beams
in an exit point, the narrower the corresponding range of the
bending magnetic field necessary for the adjustment of beam
directions to the transport line direction.
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If the direction of the transport line is set as a re-
quirement, the differences between transport line direc-
tion and beam directions at the exit point are used as
quality criterion. However, if possible, it is better to use
beam directions to determine the optimum direction of the
transport line. Beam direction dependence on the exit point
isshownin Fig. 8. If al beamswith2 = K =< 3.33 areto
be extracted, angular spread of the beams is narrowest at
0. = 18°. However, at this exit point, square emittances
are very large for K = 2.25 (see Fig. 7).

The best sequence of steps, during design of the strip-
ping foil extraction system, isto first optimize the position
of the exit point with respect to beam emittance and, if
necessary, foil position range, and then to use beam di-
rections to optimize direction of the transport line. Trans-
port line direction is optimized by minimizing the required
range of the bending magnetic field. This is performed
using the equation Byena = constA e, /K, where Bpend
is the required bending field and Ag, is the difference

FIG. 9. Optimum direction of the transport line and extraction
branches. Optimization was performed for the extraction with
two exit points. Positive ion beams with 2.08 = K = 2.67 are
extracted through the exit point £1 whose 6z, = 31°. Negative
ion beams of H and D, and positive ion beams with K = 2.00
and K = 3.00 are extracted through the exit point £2 whose
0>, = —5°. Short thin lines passing through an exit point depict
incoming test beam directions. Thick lines represent optimum
directions of the two extraction branches and transport line. It
was assumed that the two extraction branches crossat R = 3 m.
Optimum beam transport directions require the narrowest range
of the bending magnetic field. Obtained values of the first and
second extraction branch direction and transport line direction
are ¢, = —39°, ¢y = —14°, and ¢, = —26°, respectively.
The expected maximum required bending magnetic field is ap-
proximately 0.5/L,, T, where Ly, is the length of the bending
magnet in m.
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between beam direction and transport line direction. This
procedure is more complicated if there are two extraction
branches. In that case, these two branches cross at the be-
ginning of the transport line. A guiding element is placed
in each of the two exit points as well as at the beginning
of the transport line. Optimum directions of the branches
and the transport line are determined by minimizing the
maximum of three magnetic field ranges corresponding to
these three guiding elements; see Fig. 9.

It should be noted that maximum bending requirements
of the guiding elements are also determined by the de-
scribed line direction optimization. The obtained line di-
rections define the coordinates of guiding elements other
than Ok and Or,.

VI. CONCLUSION

In a multipurpose machine, it is useful to extend strip-
ping extraction, commonly applied to negative ions, to in-
clude positive ions. Thus stripping extraction of positive
ions has been studied in detail. The rotation radius of a
positive ion is decreased after stripping and before exiting
the cyclotron, this ion executes at least one loop. There-
fore, since sector edge gradients significantly influence the
dynamics of positive ion beams, this influence is care-
fully considered in order to achieve efficient extraction.
It was shown that the defocusing effect of the magnetic
field gradient, occurring when the beam travels along the
sector edge, should be avoided. Inward drift should also
be avoided because it causes extraction to be less efficient
and harder to achieve, while advantage should be taken of
outward drift. For efficient extraction, only beams with a
single loop are to be considered.

A particular solution for an extraction system is based
on the study of the dependence of beam quality parameters
(beam losses, square emittance, and direction of the beam
in the exit point as well as stripping foil position) on sys-
tem design parameters (operating area of the stripping foil,
positions, sizes, maximum bending, and maximum focus-
ing requirements of the guiding elements). This study is
simplified if the key design parameter used as an argument
in the presentation of quality versus design parameters is
properly chosen. As the key design parameter, the beam’s
exit point from the cyclotron 6, is used. For a chosen
design of the extraction system, 6. is fixed, since it coin-
cides with the position of the first guiding element. Also
al quality and other design parameters can be represented
as functions of 6,.

It was shown then, that for alarge enough range of K, it
is impossible to optimize even a single quality parameter
(e.g., exit emittance or foil position) for al desired beams.
Therefore, during the extraction system design, a trade-off
between achieved quality parametersisinevitable. For ex-
ample, large values of 6, enable efficient extraction of
beams from the broader range of their K parameter (see
Fig. 7), but also increase the lower limit of extracted ion
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energy (see Fig. 2). In our example, the lower limit of ex-
tracted energy was not considered as a quality parameter.
However, the chosen key design parameter enables broad-
ening of the study to include the lower energy limit. The
analysis of dependence of quality parameters on the key
design parameter (Figs. 2, 6, and 7) should be extended to
include curves corresponding to different extraction ener-
gies. Each curve will then be characterized by two parame-
ters. the K parameter as well as the extraction energy. In
general, quality parameters should be carefully defined and
ranked in order to ease comparison of possible extraction
system realizations.

The suggested method of the stripping extraction sys-
tem design can be divided into four steps. First, square
emittance, beam direction, and foil position should be rep-
resented as functions of 6., using K and, eventually, ion
extraction energy as parameters. If there are any restric-
tionson 6, or the stripping foil position, caused by geome-
try and/or lower ion energy limit requirements, the portions
of the curves corresponding to the restricted regions should
be disregarded. As a second step, the optimum value of 6,
is chosen with respect to square emittance. Thiswill mini-
mize beam losses as well as focusing requirements for
beam guiding elements. Optimum directions of the trans-
port line and extraction branch(es) should be considered
in the third step. Optimum directions are found by mini-
mi zing corresponding bending requirements of the guiding
elements for the chosen exit point. In addition, these direc-
tions, together with the exit point position, set placement
of the guiding elements. Finally, the operating area of the
stripping foil is read from foil position dependence on 6.,
and the apertures of the guiding elements are set according
to maximum beam envelopes.
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