© 1979 |EEE. Personal use of this material is permitted. However, permission to reprint/republish this material
for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers

or lists, or to reuse any cppyrighted component of thiswork in other works must be obtained from the |EEE.
IEEE Transactions on Nuclear Science, Vol. NS-26, No. 3, June 1979

*
PROGRESS REPORT ON THE 500 MEV SUPERCONDUCTING CYCLOTRON

H. Blosser and F. Resmini
Cyclotron Laboratory, Michigan State University

East Lansing, MI

Summar

The 500 MeV first stage of an eventual two stage
superconducting cyclotron system is in the final year
of its construction phase. Major design features of
the overall coupled system and construction status
of the 500 MeV first stage cyclotron are reviewed.

Text

The MSU Cyclotron Laboratory is in the process
of designing and constructing a large double cyclotron

systeml for the purpose of providing high quality beams
of heavy ions with cnergies up to 200 MeV per nucleon
for lighter heavy ions such as calcium and up to 20 MeV
per nucleon for the heaviest particles such as uranium.
Fig. 1 graphically depicts the goals of the project

in terms of intensity contours vs. energy per nucleon
and mass number. The operating range reaches well
above the Coulomb barrier which is indicated by the
lower solid lines in the figure for the two cases of
identical projectile and target (A*A) and for a pro-
jectile of mass number A bombarding uranium (A~U). The
operating range for essentially all projectiles also
reaches above the expected onset of "sonic" or compres-
gional wave phenomena in nuclei expected at around

20 MeV per nucleon and reaches into the region of
coherent meson production and doubling of the nuclear

density for a substantial number of lighter projectiles.

Fig. 2 is a schematic drawing showing major func-
tional features of the coupled cyclotron system. Ions
from a conventional cold cathode ion source are accel-
erated through approximately 300 turns in a first-stage
superconducting cyclotron and are then extracted.

1 Q12/A, where Kl is
the energy parameter of the cyclotron (500 MeV at full
field), Ql is the charge of the ion in units of the

These ions, with energy F.l = K

electron charge, and A is the mass of the ion in atomic
mass units, are then transported in an isochronous
transfer line and directed into the center of

a second larger cyclotron with a nominal 800 MeV
energy parameter. The beam direction is adjusted such
that, taking account of the curvature of the ion as

it passes into the field of the cyclotron, the orbit
will finally arrive at a point where it is just tangent
to a centered equilibrium orbit with length 1/3, 1/4,
1/5... of the length of the final extraction orbit

in the previous cyclotron. A stripping foil placed

at this point of tangency between the injection orbit
and the innermost equilibrium orbit of the second
cyclotron gives a charge change from a typical value

of 8 to a typical value of = 25. The magnetic field
of the second cyclotron is set so that the rigidity

of the after-stripping charge state matches the design
rigidity of the injection orbit; the ion is therefore
captured on this orbit and thereafter accelerated.
Finally the beam is extracted from the second cyclotron
and directed into a transport system which feeds to

an array of experimental devices.

Fig. 3 gives a vertical section view of the first
stage 500 MeV cyclotron and shows the general arrange-
ment of major components. The superconducting element
of the cyclotron is the main coil, a large solencid-
like coil of average diameter 65.5" and overall height
approximately 40". The active winding of the coil
divides into symmetric halves relative to a 3" median
plane gap at the mid-height point. The winding on
each side of median plane is further subdivided into
a "small coil" close to the median plane and a "large
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coil" further away from the median plane with the
mirror sections on each side of the median plane wired
in series to preserve symmetry. The small coil and
large coil sections are, however, independently powered
and the different radial form factors of these coils
(the small coil field rises with radius by approxi-
mately 15% relative to the central value, whereas the
large coil field is practically flat) are used as the
primary field shaping element to accomplish the iso-
chronous matching required for ions of differing mass
and energy.

Cooling for the main coil is provided by a conven-
tional helium bath immersion system. The coil is
housed in an annular cryostat with a 52" diameter warm
bore and conventional room temperature components of
the cyclotron are inserted from top and bottom in this
warm bore. Where necessary, room temperature penetra-
tions pass through the median plane slab of the coil
for items such as beam extraction, electrostatic de-
flector power leads and supports, probes, etc. (Reen-
trant vacuum liners are provided for all of the median
plane penetrations so that the insulating vacuum of
the coil is entirely independent of both cyclotron
and beam line vacuums and therefore safe from disrup-
tion by possible vacuum accidents in either of these
systems.)

The radio frequency systemz for the cyclotron is
a "dee-in-valley" design with a dee in each of three
valleys, each dee being electrically designed as a
half wave resonator, i.e. with a quarter wave coaxial
line tuning stub on both top and bottom. The broad
range of charge to mass ratios involved in the design
operating range (from 1/2 for the lightest ions to
1/40 for the heaviest ions) translates into a desire
for a broad tuning range in the radio frequency system,
namely from 9 MHz to 32.4 MHz (a smaller range could
be used but would require greater use of harmonic
acceleration with considerable degradation of beam
quality). Each of the three dees is driven from an
independent power amplifier with phasing circuits
a%lowing relativeophasing of the dees to be set at
0°, 120", and 240" . With such a "three-phase" system,
acceleration on all harmonics (where the "harmonic"
number is the ratio of the rf frequency to the orbital
frequency) is in principle possible and use of harmonic
numbers 1, 2, 3, 4, 5, and 7 is contemplated in cover-
ing the design operating range.

The three rf power amplifiers which drive the dees
are located approximately 10' from the cyclotron in
corner positions in the shield enclosure. Fig. 4 is
a schematic drawing of the arrangement. The transmitter
includes an impedance matching system consisting of
an inductive coupling loop and a guarter wave resonant
line constructed in a fashion similar to the dee stem.
The main amplifier tube is a 4CW100,000 tetrode. Fig. 5
is an electrical circuit diagram for the rf system
showing various tuning circuits and the single-side-
band heterodyne tuning logic.

Beam extraction3 is accomplished by two electro-
static deflectors of conventional design coupled with
a series of inert magnetic elements called "focusing
bars". These latter consist of sets of three iron

bars arranged in a manner suggested by Hoffmannzx which
gives a combined dipole and quadrupole field component
of good strength. Optical characteristics of the
extraction system have been numerically studied over
the full operating range of the machine; results show
excellent beam characteristics. In particular, the
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size of the beam as it leaves the cyclotron is expected
to be ~ 1/2 the size of the beam at the corresponding
point of the present MSU 50 MeV cyclotron which is

in turn generally regarded as the beam quality landmark
for cyclotrons.

The 500 MeV cyclotron utilizes a dual ion source
system, one source coming from the top and one source
from the bottom inserted in 2" diameter iron-free
holes. This double source system is designed to allow
quick changing of sources when cathodes fail (= 1
minute) and in most conditions maintenance operations
on the source which is out of use can proceed vhile
the cyclotron continues to run.

Primary vacuum pumping for the cyclotron will come
from a system of three cryopanels located in the lower
half of each of the three dees. These panels will
feed from the main helium-liquifier system and are
7

expected to give an operating vacuum of * 1 x 10°
Torr. A small backup diffusion pump will also be pro-
vided for use when the system is operating with helium
beams.

Fig. 6 is a photograph of the K500 construction
site on March 1, 197%. At this point in the project
a period of 8 months of ion source testing had just

been completed5 and the magnet top is raised and a
worker on top of the magnet at the upper right in the
photo is disconnecting parts of the source testing
vacuum system. At the front center, three people are
involved in discussion in front of the CTI Model 1400
helium liquifier and to their left is a 500 liter
helium storage dewar. In front of the dewar is a small
test vacuum chamber built for evaluation of various
types of metal seals and cryopumping heads. The tall
structure centered in the scaffolding behind the dewar
and liquifier is one of the quarter wave tuning stems
for the dee. This stem is about to be mounted on a
test dee and test vacuum chamber in preparation for
full power tests of the amplifier and resonator struc-
ture. The first of the three amplifiers is barely
discernihle in the picture and appears as a smaller
cube stacked on top of a larger cube just below the
perscn squatting at the right of the picture. (The
small cube on top of the large cube to the left of

the person squatting is not the amplifier). Tests

of the amplifier into a resistive load gave excellent
performance over the full frequency range (after cor-
rection of several small design errors). Based on
these tests, amplifiers 2 and 3 are under construction.

Fig. 7 is a vertical section view of the K800
cyclotron. The general similarity of design is imme-
diately clear, the major difference being a generally
larger size (174" outer magnet diameter vs. 120" for
the K500). A larger magnet center hole is also used
to allow for installation of the stripping foil maga-
zine and stripping foil positioner. Dee stem insula-
tors have also been omitted, reacting to the question-
able viability of such insulators at the higher field
levels desired in the K800 (200 kV dee to ground) and
also in view of the fact that dee positioning require-
ments are much less severe in the KB0O due to the
absence of a central region and this latter reguirement
was the main positive reason for introducing insulators
in the K500,

Fig. 8 is a plan view of the K800 cyclotron showing
the relative position of injection and extraction beam
paths and also showing an unusual reverse spiral which
is introduced in the hill structure near the center
in order to optimize injection orbits. Fig. 9 shows
a detailed plan view of some typical injection orbits
and illustrates part of the broad computational survey
of such orbits which has been carried out. The results
of this survey establish that injection trajectories
for all parts of the operating range can originate
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from a single steering magnet located approximately

7' from the outer diameter of the cyclotron. The
inverted spiral hill design has a further desirable
property, namely all injection trajectories reach the
point of equilibrium orbit tangency in a hill region

of the magnet so that the stripping foil mechanism

can be inserted at ground potential rather than through
the dee. Fig. 10 is a phase space diagram showing
typical results of calculations of focusing character-
istics of injection orbits. These calculations exhibit
good linearity for beams of realistic size and estah-
lish phase space matching conditions which can easily
be accommodated in the transfer line from cyclotron

to cyclotron.

Fig. 11 is a composite coupling diagram showing
the operating range covered by the several coupling
modes. The 9 MHz lower frequency of the rf system
immediately sets one major boundary; this is marked
by the horizontal line at approximately 18 MeV per
nucleon. Below this line particles in the second stage
cyclotron must run in the second harmonic mode; above
the line first harmonic is used. The dashed line
labeled 3:1 is the lower limit of the operating range
in the so-called 3:1 mode, i.e., with the first stage
cyclotron running on harmonic 3, and the second stage
on harmonic 1; the dashed curve labeled 4:1 is similarly
the lower limit in the 4:1 mode, etc. 1In the region
above each dashed curve the solid curves with numerical
labels 2, 4, etc. indicate the upper energy limit which
can be achieved for ions leaving the ion source in
the first cyclotron in the charge state corresponding
to the labeled value on the curve. Thus, if the jon
source is able to produce charge 14 uranium ions, these
would run in the 3:1 coupling mode and energies up
to 38 MeV per nucleon could be obtained. Finally, the
figure assumes that when low energy lighter ions are
needed (the region at the left of the figure) these
will be provided by the injector cyclotron operating
in the stand-alone mode.

Fig. 12 is a floor plan of the experimental hall
for the overall system. Major experimental devices
are noted on the drawing. In the 1980-1983 period,
the K500 cyclotron will be used on its own in support
of the experimental heavy ion program. The arrangement
of the experimental floor during these years will be
as shown in Fig. 13. The extraction point for the
K500 cyclotron is shifted by 120° in the stand-alone
configuration vs. the injector configuration, which
is a relatively easy operation in view of the fact
that all magnet holes are reproduced with three sector
symmetry in constructing the magnet. The stand-alone
beam transport system uses existing room temperature
dipole magnets for beam steering, whereas the beam
transport system for the coupled system will be fully
superconducting.
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Figure 1. The intensity goals of the

coupled superconducting cyclotron project
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showing major functional elements.

Figure 4.
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Schematic diagram showing major ele-

Schematic diagram of the coupled cyclotron system
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gram for the double cyclotron

tem. (See text for details.)

Plan view of the experimental hall as it will
in the years 1980 to 1983, while the 500 MeV cy-
in use as a stand alone accelerator. The loca-
of the present 50 MeV cyclotron is shown in dashed
:at right center.
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