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Summary

The matching system connects the Van de Graaff preacce-
lerator with the isochrounous split pole cyclotron of
the heavy ion accelerator combination VICKSI and pre-
pares the beam for injection into the cyclotron. The
charge state of the ions is increased by a stripper
(gas or carbon fecil). This however enlarges the phase
space occugied by the beam due to angle- and energy
straggling. To minimize this deteriocration of beam qua-
lity a sharp focus at the stripper is provided in all
three dimensions. A longitudinal (time) focus both at
the stripper and in the center of the cyclotron is
achieved by means of two identical clystron-type
bunchers.

The magnetic focusing system between the two bunchers
contains two doubly achromatic bending units of 90 de-
grees. Telescopic focusing is used onto the stripper
and from the stripper to the second buncher. The last
section just before the cyclotron comprises one more
bending unit and several quadrupoles for dispersion
matching and adapting the horizontal and vertical phase
space for injection.

The VICKSI accelerator

At the Hahn-Meitner-Institut Berlin the heavy ion acce-
ierator combination VICKSI (Van de Graaff Isochron Cy-
clotron Kombination fir Schwere Ionen) is under con-
struction.’ The status of the project is presented in a
separate contribution to this conference“. The system
consists of a 6 MV Van de Graaff as injector and a
split-pole-cyclotron. This combination is able to acce-
lerate ions of mass 10 £ A < 40 up to an energy of

200 MeV. Beam currents of 1012 garticles/sec at an
energy rescolution of AE/E = 1077 are anticipated.

The Van de Graaff accelerates doubly charged ions to
Ej s 12 MeV. The ions are stripped and further accele-~
rated in the cyclotron te 16.8-Ei. The cyclotron con-
sists of 4 separated 50° magnets and two 36° Dees. The
energy capability of the magnet is A-E/q2 = 100 Mev.

Fig. 1 shows the layout of the accelerator combination.
The vertical Van de Graaff stands above its analyzing
magnet (marked CN-Anal. Mag.). The subject of this ar-
ticle is the beam matching system from this point to
the cyclotron.

The beam matching system

The purpose of the system is to bring the preaccele-
rated beam from the Van de Graaff to the c¢yclotron and
to change 1ts properties according tc the requirements
of the cyclotron at injection. The main condition for
all heavy ions is to increase their charge state suffi-
ciently that the maximum magnetic rigidity of the in-
nermost orbit of the cyclotron is met., Therefore a com-
bined gas- and carbon foil stripper is provided (str

of fig. 1). For icns up to A=20 the gas stripper can

be used. For heavier particles a foil stripper is more
favourable since the most abundant charge state which
lies one tc two units higher than for a gas stripper
can be used. However the cirbon foils cannot be made
muach thinner than 10 pg/cm® and the resultirg energy

~ and angle straggling is rather high. These effects
have been measured at HMI. A preliminary report” is
given by B. Efken et al. in the internal VICKSI Sta-
tusbericht 4.

The straggling increases the sixdimensional phase space
occupied by the beam. The amount depends however strong-
ly on the beam properties at the stripper. If we for
instance regard the vertical phase plane and assume a
waist of the beam at the stripper the emittance behind
the stripper is given by the original beam size times
the increased extend in angle. This new angle results
from quadratically adding the original angle and the
angle straggling. Therefore the emittance will be lar-~
gely increased if a wide nearly parallel beam impinges
on the stripper and little for a sharp focus. The same
holds for the horizontal and longitudinal phase planes.
This property together with the Van de Graaff and
cyclotron data determined the design of the system.

The longitudinal phase space

The focusing system in longitudinal phase space com-
prises two clystron-type high frequency bunchers (bl
and b2; see fig. 1). At third one is installed in the
high-voltage terminal of the Van de Graaff. A sine wave
of the cyclotron RF frequency (8 to 20 MHz) is applied
to all three.

The terminal buncher modulates the dc-beam from the ion
source in a way that about 60 % of the beam intensity
behind the Van de Graaff lle within #30°. For that part
of the beam the bunchers bl and b2 are quite linear
(because sine is nearly linear within £30°) and can be
treated as thin lenses for the longitudinal phase space.
The first buncher b! produces a longitudinal focus at
the foil stripper in order to minimize the enlargement
of the longitudinal phase space due to energy stragg-
ling. Behind the stripper the pulse length increases
again. The second buncher b2 refocuses the beam so that
the pulse length in the center of the cyclotron corre-
sponds to +3° in order to achieve for the beam from the
cyclotron a small energy spread which rcughly is propor-~
tional to the square of the pulse length.

The voltage amplitude of the bunches needed for prcper
focusing depends on the available length of the systen.
The length of the choosen cenfiguration is considerably
longer than the distance between the two accelerators.
The amplitude on the buncher tubes therefore couid be
limited to 60 KV. Another advantage of the system over
a more or less direct connection is the possibility of
cleaning the beam from unwanted parts (see section
"Energy and phase selection").

The horizental and vertical phase space

For the transformation c¢f the beam in the horizortal
and vertical direction nine quadrupcl-units (g, to dq
and six dipeles (a to f) are used. The properties of
these magrnetic elements are calculated with the compu-
ter program TRANSPORT4. The system before the stripper
is designed for a maximum magretic rigidity of the icns
of K = A-E/q2= 280 corresponding to a single charged
argon beam of 7 MeV. Behind the stripper the K-value is
determined by the first orbit in the cyclotron as 7.2.
In fig. 2 the beam envelopes in the longitudinal, ver-
tical and the horizontal direction are shown. Starting
peint for the transverse phase space is the stigmatic
image of the CN-analyzing magnet at slit sl. On the

way up to the second burncher b2 the beam is "prepared"
for the injection into the cyclotron. The elements be-
hind b2 are then used to adapt the beam to the require-
ments at the entrance of the cyclotron. Some features

)
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cf the system are discussed now in more detail.
Achromatic beam guiding. The "preparation" part of
the system between s! and b2 contains the two achro-
matic bending units a-g2-~b and c¢-q5-d. Each unit has
reflection symmetry in vrespect to a plane through the

middle of the quadrupole perpendicular to the beam axis.

The first half consists of a 45°-sector magnet, the
pole~face rovaticon at the end of this magnet, a shcrt
drift space and the first half of the quadrupole mag-
net.

The transformaticn properties of systems with special
symmetries are described by J. C. Herrera and E. E.
Bliamptis~. In this case the requirements of vanishing
angular dispersion (Rpg = O in TRANSPORT nomenclature)
in the symmetry planes of these units leads to zerc
radial- and angular dispersion (Rjg = Rpg = O) for the
whole bending units which therefcre can be regarded to
first order as achromats. The condition Rpg = O in the
symmetry planes is achieved by horizontal focusing with
the quadrupoles g, and qg. The entrance and exit pcle-
face rotations of the 9C®-bending units dc not beleong
to the achromats as they produce only guadrupole field
components in a region with zero dispersicn. Together
with the exit pole-face rotation of the first magnet

(a resp. ¢) which is equal to the entrance pole-~face
rotation of the second (b resp. d) each bending unit
therefore has three additional parameters which are
used for transverse focusing (see "telesccopic optics™).

As only the two achromats contain dipole components the
beam line between sl and the entrance of the dipole
magnet e is to first order achromatic except for tnhe
path inside the bending units. This achromatic beam
guiding is necessary essentially for two reasons:

1. The first order transformation matrix for a magre-
tic system in which the x-z-plane is a symmetry pla-
ne for all elements can be written in general
(TRANSPORT nomenclature)

}Ru Rz © 0 0 Ry
{®a1 Fap OO O Ry
1
. l o} 0 Ry, R34 o) e} (1)
o o R, R, O 0]
Rgy Rgp O 01 Ry
©o o o o o 1]

The dispersicn elements Ryg and Ry are connected to
the path length elements Rgy and Rgp via two linear

equations:
[Rzl“Ru] Ryl

. i <

[352J %0078y 2J [Ras)

The zero elements in the fifth cclumn and irn the sixth
row of eg. (1) cccur becaase of time indeperdence and
conservation of energy in static magnetic fields. In-
troducing clystron bunchers as lenses for the longi-
tudinal phase space leads to non zero values for all
elements concerning the horizontal and longitudinal
phase space (R;; with 1,3 =1, 2, 9, €) in the

gene-
ral transfcrmatlcn matrix kecause the forces in the
bunchers are time dependent and do change the energy

of the particles., A beam with all these correlations
would be very hard zo deal with for the designer and
cspecially the operator. This strong coupling beotween
the horizontal and longitudinal phase planes can be
sreatly reduced if the planes are decoupled at the le-
cation of the bunchers. In connectior with eq. (I) this

is the condition Rjg = Rpg = O. Under these circumstan-
ces the phase planes are deccupled at all locations whe-
re the magnetic system itself is achromatic. Otherwise
at least the transfcrmation slements Rgy and Rgp re-
main zero.

Tha Aicrnarcs~an intyedinrad intn +ha hoazam ke Fhea o avwaloa
The dispersion intrcduced into the beam by the analy
zing magnet of the Van de Graaff can be neglected since

the energy spread of the beam at thc exit of the pre-
accelerator is about a factor of 10 less than the ener-
gy spread applied by the first buncher.

2. The achromatic condition must be fulfilled alsc at
the stripper. One reason is tha® the small aperture of
the gas channel does not aliow a beam spreading by ra-
dial dispersion: The other resason is the considerable
energy and angle straggling in the foil stripper which
is of the same order of magnitude as the energy and
angle spread in the beam before the stripper. The con-
diticon at that place is not only a sharp focus in all
three dimensions in order to minimize the enlargement
of phase space but also to have nc correlations between
the phase planes. Any correliations would be changed by
the straggling irreversibly and the phase space effect-
ively increased.

Telescopic optics. In the transfcormation matri-
ces for the horizental and vertical planes between sl
and str and between str and b2 the off-diagonal ele-~
ments Ryp, Rpy, Ry, ard Rqy are zero (besides Ryg =
Rzg = Rgy = R52 = 0} . This is the condition for point
to point as well as parallel to parallel imaging. As
the latter is essential for telescopes in light op-
tics such a property is called "telescopic imaging”.
The advantage over rormal point tc point imaging is
that overfocusing effects are avoided. In addition each
object waist is trarsformed into an image walist inde-
pendent of the shape of the starting phase ellipses.
The settings of the magnetic elements therefore are
determined by only the magnetic rigidity of the beam.

The telescopic imaging is achieved making use of the
focusing properties at the entrance and exit of the
dipcle magnets. The symmetry of the first achromat
with respect to the middle of gy ls extended and rea-
ches from sl to str. Telescopic ortics in both planes
can also be obtained for each half of that part of

the system (Ryp = Rp1 = R3q = O in the middle of gq2;
besides Rpg = O). The symmetry then leads to the uni-
ty matrix for the horizontal and vertical transfor-
mation between s! and str. This reproduces the sharp
focus at the analyzing slit sl at the stripper. A chan-
ge in the magnification betweer sl and str can be ob-
tained by means of the quadrupoles q: and g3 shifting
the intermediate image inside the achromat towards slit
s2 or s3 (see fig. 2). In that case the transformation
between sl and str remains nearly telescopic over a
wide range of variation. The telescopic system between
str and b2 has a fixed magnification of Ryj; = Ry3 = 1.4
In the horizontal direction there is a sharp interme-
diate image at slit =4 between dipole ¢ and quadrupcle
g5 (see fig. 2).

Adapting to the cyclotron. At the cntrance of the
cyclotron eight parameters of the beam have to be
matched to first order. These are two parameters for
the phase planes ; 2f the three divections (c.qg.
the ratio of the axis <f the phase ellipses and their
orientation) and twe values describing the correlation
between the horizontal and longit
{(radzal and

in oo

udinal phase space
ingular dispersicn) .

The bending uanit e-qi-f
as the two achromats.
directicon for inijection s the
that a proper (mainly angular-) persion at the exit
of the unit is choosen oy means the setzing of the

With the doublet g% this dis~

is constructed in a similar way
: beam intc the final
lotron. Besides

quadrupole singlet g
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Fig. 1: Layout of the heavy ion accelerator combinaticn VICKSI
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Fig. 2: Beam envelopes for the matching system between the two accelerators in the lengitudinal, vertical, and
horizontal direction. (Note that the beam moves from right to left.)
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persion is transformed into the desired radial and an-
gular dispersior. Calculating backwards gives at the
entrance of the magnet e the form and orientation of
the three decoupled phase ellipses. The longitudinal
matching is done by the bunchers. For the hcrizontal
and vertical direction the four gradients of the qua-
drupole deublets g6 and q7 are used to produce these
phase ellipses.

The matching will be controlled by an emittance measu-
ring system installed between g7 and e. A movable
slit behind magnet f can determine the energy distri-
bution of the beam. A simultaneous measurement of the
time distribution cof the ions passing this sliit gives
a pattern of the whole longitudinal phase plare.

Energy and phase selection

About 60 % of the particles out of the Van de Graaff
are accepted within the linear part of the bunching
system and transformed into the longitudinal accep-
tance of the cyclotron (|AE/E| < 0.5%; |A¢! < 39). The
rest of the beam shows up as tails in the longitudiral
phase space distribution, extending to # 180° phase de-
viation and up to t 5 % energy deviation in the cyclo-
tron. As there is a very strong correlation between
energy and phase in those tails it is possible to se-
lect the phase by slits defining the energy.

There are two possibilities of energy and phase selec-
tien irn the beam matching system namely in <he disper-
sive regions inside the two achromats. The slits s2,
s3 and s4 are foreseen for that purpose. In the first
achromat either slit s2 or s3 may be used depending on
the position cf the intermediate image which is deter-
mined by the choice of the magnification between si
and str. Using the slits in both achromats improves the
energy resolution while maintaining the transmission.
In addition the slit s4 is used for charge state se-
lectior.

The energy selection preduces a gap between the desired
and the unwanted phase space distribution. It can be
achieved that in the cyclotron all unuseable ions de-
viate in phase by at least 90° and therefore are not
accelerated but decelerated and easily removed after
the first revolution.

Conclusions

The bunching system compresses 60 % of the DC-beam in-
to a phase interval of 6° increasing the intensity in
the pulse by a factor of 36. Therefore the specifica-
tions of other parts, like output of the ion source,
can be reduced correspondingly keeping the same over-
all performance of the system. Alternatively the per-
formance can be raised either directly in intensity or
trading intensity for e.g. enexrgy resolution or attan-
able energy. Using a less abundant higher charge state
from the ion source or from the stripper extends the
energy and mass range considerably.

The optimization of the beam properties at the stripper
results in about 50 % increase for each of the three
phase planes (horizontal, vertical, longitudinal) while
factors of 10 can easily arise with less care. In cur
case this would lead to beam losses in the cyclotron.
Furthermore for many experiments really the brilliance,
the density of the beam in phase space, matters rather
than the total intensity.

In spite of the apparent complexity it is rather
straightforward to adjust the system since it is quite
symmetric. More important is that the huge space of
beam properties and adjustable parameters separates in
independent, manageably small subspaces.
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