© 1975 |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 copyrighted component of thiswork in other works must be obtained from the |EEE.

IEEE Transactions on Nuclear Science, Vol,NS-22, No,3, June 1975

PERFORMANCE AND CHARACTERISTICS OF THE IUCF INJECTOR CYCLOTRON *

R.E. Pollock, P. Schwandt, and J.W. Hicks
Irdiana University Cyclotron Facility
Bloomington, Indiana

Introduction

The Indiana University Cyclotreon Facility (IUCF)
will produce variagle—energy lighkt ion beams of
energy up to 220 Q</A MeV.
consists of a ©00KV DC ion sourﬁe terminal, an in-
jector cyclotron of nominal 16 Q°/A MeV and a main
stage cyclotron. Tae two cyclotrons are of isoch-
ronous separzted-radial-sector design and similar
except for overall scale. The project was funded
in 1962 and will begin operation during 1975. The
first two stages were assembled in a temporary lo-
cation and operated for a few months in 1972.
Tollowing relocation and reconstruction in the ac-
celerator laboratory, the first <wo stages have been
in use with internal beam since November 1§73 and
with extracted beam since October 1374. Many of the
jesign characteristics of IUCF have been previously
reportedl. The present paper is intended to record
the current status of the injector cyclotron design
and some of its performance characteristics as pre-
dicted and as observed in beam development studies.
We feel that our experience may be of interest in
the future evolution of isochronous cyclotron design.

Magnetic Characteristics and Isochronization

The magnet ring consists of four narrow-gap
uniform field 36° sectors, assembled such that the
eigat scraight sffeciive-field-bounderies intersect
at the machine center. The focussing cbagacteristics
of this configuration have been described”™. The
secsors are truncated to open the central region for
access; beam from a preceding accelerator being
inflected irnto an apprcpriate trajectory relative to
the inflection~energy equilibrium orbit to begin
acceleration. Radial gradient trim coils consisting
of pole face windings on the individual sectors main-
tain isochronism over the range of particles and
final energies.

Ir the TUCF icjector, there are two field shape
efferts which cause departures from isochronism which
are larger in their effect upon trim coll design
than the relasivistic mass chaage of the light par-
ticles. Tne most impor*tant cf <hese is a reduction
of orvit freguency at the smaller radii, caused in
part by proximity to the fringing of the weak field
in trne central region, in rars by tne rounding and
circumference lengthening o2 the equilibrium orbit
due to appreciatle (2 5% of hill field) field in the
aominally field-Tree valleys, and in part by modi-
tion of tae definiticn of the effective-field~
toundary owinz to =he presence of an adjacent secter
(the integral extends only to the wvalley centerline
so that a straicht magnet edge gives a curved efb).
m™is effe~t srales with the main field and has teen
compensated by shaped magnetic shims which reduce the
cap and raise the average field at the smaller radii.
The seroné field snape effect is a parabolic rounding
of tne uniform field caused by pole tip saturation.
Tnis was rirst encountered- in field studies of
a main stage sector and later found fo e important
ir the inje~tor as well. In the injector cyclotron,
the -~cntral shims zive a relatively strong perturbation
o “he field and zlso show sataration effects. The
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The three stage accelerator

shims in fact are made deliberately too strong so that
the inner trim coils must reduce the central field

for operation at low energies, then change sign and
add to the central field at the highest energies.

The outer coils give primarily the relativistic
correction at low fields, then a2dd additional radial
gradient in the operation above 10 Kg to correct for
the parabolic effect.

The number of trim coils (10) is selected such
that, in a 100 turn pattern, the departures of the
phase history from perfect isochronism whick arise
from disconfinuities in current density at the
boundaries of adjacent coils are held to below ¥l
particle phase degree, to permit operation on rf
harmonic numbers as high as 16 or 17 {(a/m < /1)
with good beam quality. The radial width Of coils
is adjusted for convenience and economy in power sudply
design (eg. equal maximum currents in the inner coils)
subject to the width constraint mentloned above.

The inner four coils carry a total of + 12% of the
main coil ampere turns, while the outer six carry
between O and 3% of the main excitation.

The shim was designed by iterative mapping.
Trim coil currents to isochronize various ions and
energies are predicted from measured half-sector
maps at a few excitations and from individual ceil
perturbation maps, using superposition by a least-
squares adjustment to the desired phase histery.
Predicted coil currents have been checked over a
range of magnetic field settings by direct team phase
measurements wita a device reported elsewhere in
these proceedings’. A small and smoothly-varying
correction is applied during operation which is
based on these ckecks. The correction is most
likely due to the departures of the average profile
from that measured for hal? of one sector and amcunts
to about 0.2%.

For cperation with a large radius gain per turn,
the accelerated orbit circumference in the central
region beginsg to depart from that of the appropriate
equlibrium orbit. This is a dee-voltage dependent
departure from isochronism which can slip phase by
20° or more unless the inner coils are adjusted
“o corpensate.

Operation has been tested for rf harmonics
h = 4,5,6,7, 13 and 14. The effective dee angle
has been adjusted to disallow b = 9, 10 and 1£-20,
with the rf tuning ranse to be extended to span
25,5 +o 35.0 MHz to avoid an erergy gap in changing
fromn - 11 <o h = H,

In future accelerators of this type, a slightly
bulbous nose on the magaet would eliminate the central
shim and its attendent saturatioa problems, while 2
pole tip edge profile waich placed the fleld toundary
closer to the position of the pole base would reduce
the parabolic rounding phenomeron. TField data orn &
megret with these characteristics, operated to very
high field, would bte of great value in establishing
a true upper limit on fielé strengths usable in
separated-sector cyclotrons; the IUCF limit of
approximately 16 Kg is presumably considerably telow



the practical limit in an optimum design.

Phase Selection and Intensity

With an internal ion source, central region
obstacles or slits tend to be phase selective be-
cause of the strong correlation between first-turn
radius and rf prase at the instant the ion emerges
“rom the source. By infleciing a beam of appreciable
energy {(compared to the dee voltage) from a previous
accelerator stage, it is in contrast gquite feasible
to accelerate ary Zon which gains enough radius
to clear the inflector after one turn. Operating the
TUCF injector with a 2C beam iaflected, we have
ckbserved paase groups reaLQ1mg full radlus with
widthe greater Than BoCfwhm. In this mode, widths
~:0% ané intensities which are 1/6 of the DC in-
flected inteasity are commonly obtained.

A computer study of the phase-radius history
of a burdle of rays entering the cyclotron on a
common trajectory and differing only in starting
phase correctly predicts the wide phase bundle
reaching extraction radius, and the tura-back of
the rays with the wrong phase after some acceleration
is consistert with the observed profile of radius
versus inteasity for DC inflection. This machine
cnaracteristic is perhaps of some interest in con-
sidering high Zntensity compact designs for isotope
production, where the large low-Tield valley would
permit the use of complex internal target mechanisms.

Te obtain extractsad beam of high quality with
gingle turn extraction it is necessary tc restrict
the phase width prior to or during acceleration.
Irternal slits have given convenient phase selection
with phase widths of a few degrees at MSU in a
cyclotron with a fixed orbit geometry. As our
Iajector cyclotron is required to operate with over-
21l energy gain between 5 and 25 and with variable
energy gzain per turn, it is somewhat less convenient
for us to adopt this mechanism. We have been
working irstead with rf selective devices in the
team line which connects the DC source terminal to
he injector stage., A low-power two-gap linac with
xap spaci matcened to the dee width on the first

nternal crvit {to give the same stopband in rf
narmonics as the dee) has been used for klystren
vhass compression. With an 3 mezer flight path
cetweer the veloeity medulator and the point of
inflection, an energy modulation less tharn 3 KeV is
required, which is negligible in comparisor with the
10 +to 20 KeV resolution desired upon extraction.
Cne difficulty with tiis device is that it Insro-

ces an extreme sensitivity to ripple in the ion
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spot is observed, giving a useful centering check.
With the dee on, a bard of illumination jis obtained
which can te used to check the dee volrage. When
the chopper is “urned on, the 2and is resolved ir<o
two spots which can ve made to colncide by adjusting
the starting phase by QO or to have maximum separa-
tion vy choosingthe optlrum starting phase. The
chopper amplitude can be increased o reduce the
rhase width. The 20° width is ontaired with 100
watts of excitation, the drive system being capable
of supplying 120C watzs.

The ultimate design goal for phase selecticn is
2,50, or about 0.25 nanoseconds. Using a gamma ray
arrival time monitor near a Faraday cup on the ex-
ternal line, the best time resolution observed to
date is 0.6 ngec fwhm, or 0.5 nsec after unfolding
the 0.3 nsec detecter resolution, It now appears
that the combtination of chopper plus buncher, one
selecting a pulse width and the oiher ccmpressing
it, can achieve the design goal with accelerated beam
intensities of about 5% of the DC irnflected beam,
although external pulse width measurements after
extraction to set the buncher amplitude and sore
sort of active feedback to eliminate the last of
the ion source ripple may be reguired.

Another rf device now under fabrication will
provide pulse selection by horizontal Lransverse modu-
lation a a subharmonic of the rf frequercyeg 23 to se-
lect 1 pulse inthres Although built to facilitate flight
timing in the experimental program, this device will
also give a useful direct measurement of the success
of single turn extraction, ZXor example selecting
one pulse in three while operating in rf fourth
harmonic mode, one may examine tie intensity in the
nominally empty intervals preceding and following
the extracted pulse for the fracticn of beam ex-
tracted one turn too early or late respectively.

Typical good intensity wvalues for proton beams
are 60-80 pA leaving the DC source terminal ac-
celerating tube through & mm x & mm aperture, 15-25
pd  arriving at a 2 mm x & mm tuning aperture at tae
inflector entrance, 2-3 pd irternal, 1 to 2 pA ex-
tracted {depending on phase selection and centering,
1C0% extraction has beer cbserved). The losses in
transmission vetween ion source and injector cyclotron
are still not totally understood. We are confident of
our ability o deliver 1/2 to 1lph of proton beams
to the main stage cycloiron as required for our
first operation. Alpha particles are cbtained ty
source operation on He and stripping in a 5 pg/om
Carbon foil after the chopper slits, Intensity
is lost through the equilibrium fraction and through
an emittance increasesctnat the iatenslity available
at inflection is 10 to 15 times lower than for the
proton beam. A beam of 7Li ¥V has veen inflected and
accelerated but our experience ig still too limited
to give a reliable performance estimate. So far,
veams delivered for research use to a target station
on the dlagnostic leg of the transfer beam line have
included protons up to 11 MeV, 1,7 and "He™ . A
source of multiPIJ charged ions i
crovement on which design and pro
begun.
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Petatron Amplitudes

Tae reproducible achievement of uniforply-spaced
well-resclved radial tura structure under onditicns
of variavle inflection geomeiry has prover to be the
most troublesome part of machire setup. Using an
anrceleration ~ode and the measured Tield, ore may
predict the correct inflector pceition by time-




reversed deceleration inward from the desired

uniform spiral., Placing the inflector at the cal-
culated position has given coherent radial amplitudes
less than 1.5 mm, or within a factor of three of the
condition desired for an invariant extraction

geometry. The calculations show several perturbing
effects in the first few turns which make it rather
difficult to reverse this process and find the centered
condition by trial-and-error changes in the inflected
beam radius and angle. For example, there is a
phase-dependent radial impulse at the dee gaps, which
are not orthogonal to the beam trajectory in & separated
sector cyclotron of this type. This couples with the
phase shift induced by a departure from the equilibrium
orbit (mentioned above) to shift the starting position
by a few millimeters.

The incoherent radial amplitude is limited
during inflection by the acceptance of 2 slits of
2 mm width placed 20 cm apart, allowing a value
slightly less than the measured source emittance.

The excitation of axial coherent amplitude in
passing through a v, = 1 resonance in the central
region has not been a problem., Attempts to induce
axial excursions by unbalancing the trim coil currents
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at radii close to the resonance have negligible
effect on the beam. The full incoherent beam height
is limited to 6 mm by inflector slits while the ex-
traction magnet aperture is 9 mm.

Conclusion

While beam development studies are continuing,
the inflector stage cyclotron at IUCF is now ready
for use in the first acceleration studies with the
main stage cyclotron this summer. Performance in
general has been developed so as to begin %o approach
the design goals in most of the irmportant parameters.
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