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Introduction 

The Indiana University Cyclotron Facility (IUCF) 
will produ,:e varia 8 le-energy light ion team? Of 
energy up to 220 Q /A MeV. The three stage accelerator 
consists of a 6OOKV DC ion sour e terminal, an in- 5 jector i-yclotron of nominal 16 Q /A MeV and a main 
stage cyclotron. Tne two cyclotrons are of isoch- 
r0nous separated-radial-sector design and similar 
except for overall scale. The project was funded 
in 1?6? and will begin operation during 1975. The 
first two stages were assembled in a temporary lo- 
yaticn and opera;ed for a few months in 1972. 
hollowing relocation and reconstruction in the ac- 
celerator laboratory, the first ;wo stages have been 
in use with internal beam since November 1973 and 
with extracted beam since October 1974. Xany of the 
design &characteristics of I,CF have been previously 
rep ortedl. The present paper is intended to record 
the rJrrent 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 b'e of interest in 
tie future evolution of isochronous cyclotron design. 

mgnetic Characteristics and Isochronization - 

The magnet ring consists of four narrow-gap 
uniform field 36' sectors, assembled such that the 
eight s:raigilt effective-field-boundaries intersect 
at the machine cecxer. The focussing cha acteristics 5 of this configuration have been descrized . The 
sec;ors are truncated to open the central region for 
access; beam from a preceding accelerator being 
infle:ted lcto an apprcpriate trazectory 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 isocbronism over the range of particles and 
final energies. 

Ir. the IXF icjectcr, there are two field shape 
effefTts which cause departures from isochronism which 
are larger in their effect upon trim foil design 
than the relativistic mass change of the light par- 
ticles. Tne most important cf These is a reduction 
of orjit frequency at the smaller radii, caused in 

m-z r- Dart tv nroximitii tc the frillb,,,,, of the weak field ” _ 
in tf‘e ccentral repion, in par: bir tne rounding and 
,:ircwmference lengthening of the equilibrium orbit 
due to apprecia.cle (b 5% of hill field) field in the 
:;o.~ir.all~, field-free valleys, and in part by modi- 
f'.#:a:ion of the definiticn of tne effe,:tiTie-field- 
-ccur,&rr n..ri n - ,,, Y .s A Ly to -the yresenr.- of an adjacent se-tcr 
(the icte.~rral exi;ends only to the ;alley centerline 
so that a sxrair-ht magne", ed&Te gi>res a rcrved efb). 
This effef-t s:ales ;iith the main field and has been 
L~or;nensated ty siage d magnetic shims which reduce :he 
,'a.~ and raise the average field at the smaller radii. 
7:: e - se,~ond t'ieid snape ef'fec-; is a parabolic rounding 
of tne uniform field caused by pole tip saturation. 
:nls 'xas first e!;countered 3 in field studies of 
a ne.~r. stn,re se:tor end later found f,o be important 
it: t:ii~ i,,j+i .tor as well. In the :n,jec:tor cyclotron, 
t;i.e :$ ntrnl shims ;;ive a relatively strong perturbatiaz 
-0 zhe field acd also sho~w sat.lrs:ion effects. The 
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shims in fact are made deliberately XKJ 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 add additional radial 
gradient in the operation above 10 K,g 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 which arise 
from discontinuities in current density at the 
boundaries of adjacent coils are held to below ?1 
particle phase degree, to permit operation on rf 
harmonic numbers as high as 16 or 17 (q/m < l/4) 
with good beam quality. The radial width zf coils 
is adjusted for convenience and economy in power Supply 
design (eg. equal maximum currents in ;he inner coils) 
sub,'ect to the width constraint mentioned above. 
The inner four coils carry a total of + 12% of the 
main coil ampere turns, while the ou:er six carry 
between 0 and 3% of the main excitation. 

Tne 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 coil 
perturbation maps, using superposition by a least- 
squares adjustment to the desired phase histcry. 
Predicted coil currents have been checked over a 
range of magnetic field settings by direct beam phase 
measurements with a device reported elsewhere in 
these proceedings4. A small and smoothly-varying 
correction is applied d-Aring operation which is 
based on these checks. The ~correction is most 
likely due to fhe departures of the average profile 
from that measured for haI? of one sector and amcunts 
to about 0.2%. 

For operation with a large radius gain per turn, 
the accelerated orbit circumference in the central 
region begins to depart from %hat of the appropriate 
equlibriun orbit. Ihis is a dee-voltage dependent 
departure from isochronism which can slip phase bjr 
20° or more unless the inner coils are adjusted 
;o compensate. 

Operation has been tested for rf harmonics 
h = 4,5,6,7, 13 and 14. The effec:ive dee angle 
has been adjusted to disallow h = 9, 10 and 1~?-2O, 
with ;he rf tuning range to be extended to span 
25.5 to 35-3 MHz to avoid an eceri;y gap in changing 
from h - 11 to h = P. 

In fcture a\-celerators of this type, a sli,;:htly 
bulbous nose on the magnet would eli-i-ate t!:e central 
shim and its attenderit saturation problems, while a 
pole tip ed;;e profile wnich placed the field boundary 
closer ;o the position of the pole base would red~dce 
the parabolic rocnding phenomecon. Field data or. a 
magcer, with these cbarac;eristics, operated to ver:; 
hii;h field, ,n;ocld L-e of +;reat value in establishin& 
a tr-Je upper limit on field stren,gtps usable in 
separated-sector cyclotrons; the IUCF linit of 
approximately 16 Y+: is presumably considerably below 
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the practical limit in an optimu. design. 

Phase Selection and Intensit - 

iith an internal ion source, central region 
obstacles or slits tend to be phase selective be- 
tcause of the strong correlation between first-turn 
radpz and rf phase at the instant the ion emerges 
from the souri‘e. 3y inflecting a beam of appreciable 
energy (compared to the dee voltage) from a previous 
accelerator stage, it is in contrast quite feasible 
to accelerate any lo:i which gains enough radiJs 
to clear tne inflector after one turn. IOperating the 
IUCF in,jeetor with a 3C beam inflected, we have 
ctserved pnase groups reacning full radius with 
:,lidths greater <han-80°?fwhm. In this mode, widths 
ti:Oc ant intensities Mlich are l/6 of the DC in- 
flected intensity are co.mmonly obtained. 

.4 computer study of the phase-radius history 
of a bundle of rays entering the cyclotron on a 
commor. trajectory and differing only in starting 
phase correctly predi,cts the wide phase bundle 
reachin $ extraction radius, and the turn-back of 
the rays smith the wrong phase after some acceleration 
is consistent with the observed profile of radius 
versus intensity for DC inflection. This machine 
s~;aracteristic is perhaps of some interest in con- 
sidering high Intensity compact designs for isotope 
production, where the large lcw-field valle-y would 
permit the use of complex internal target mechanisms. 

Tc obtain extracted bean of high quality -with 
single turn extraction it Is necessary; tc restrict 
the phase width prior to or during acceleration. 
Irternal slits halre gi-ren convenient phase selection 
>;itt phase widths of a few degrees at MSU in a 
cyclotron with a fixed orbit geometry. 5 As our 
in;e,ytor cJ,clotron is required to operate with over- 
all energy gain between 5 and 25 and jiith variable 
energy +aLn per turn, it is somewhat less convenient 
for us to adopt this mechanism. We have been 
x0 rki n; ir.s;ead ,Ath rf selective devices in the 
team line whlc'h ,connects the DC source terminal to 
;1;e injector sta+;e. A low-power two-gaplinac with 
hap spacing ma,, -r.::ed to the dee width on the first 
in+ernel crb'1c1t (to give the same stopband I, in rf 
:larmonics as the dee) has been ;sed for klystrcn 
2nas2 -,ompr2ssion. With an '3 rie:er flight path 
let=Teec the velocity mcdulator and the point of 
inflem-Zion an eaercy modulationless than 3 KeV is 
1-t 2-,-i I- 5 3 , rz,hi:h is ne;;li;iible in comparison with the 
10 t0 20 ikT: resol;ltion desired upon extraction. 
ir.e dir'i'iccl*~ ait This d,evice is that it intro- 
-::kres ar extreme sensitivity to ripple in the ion 
SOC~CP 5er.3isal ;rclta,:e, the in-,ernal phase probe 
s-.oxln; a star",in.; phase ripple N 2,:'. Anotl-,er 
protleis is +;:iaz the internal beam neasurements 
s,L;tl::ot easily be used to cet tnc optirrum phase and 
c-L~iplit.2iC- of the bunc.~er volta,-e, because of tne 

c7: YJlerarc~ t.c, z?ar+,ir.,; phase mentio3ei atovp. 
yypi ,"Hl! y,r +;i-.i j x-!e./l '17 In 'r'f ases thts in",crnal Scam 
;;- E ;‘a fG5C 0: r,,qc or :;qre+ , probably ~Lth some 
o‘,~r b~;n:nin.~. it aill be nos: ~:aer‘lll inter in 

c.7,; L.? f-t: c .7 .;I t,h :i: 2 pt-is- s.: lc;- tar Ll!zs,:ribed 
t<~l.o;i. 

i’, rt: -‘,:r.t,ly-ir.s l2 1l.d trhns’4’~ rse rf :-.cillilator 
II 

,-!-lcr,r:~r “j ,i::L,‘rl s';!~-ps +,:..r- b*.am yiF.rtipal>y 'across 
r2-s on tk.A, nrai- Naist -lo!~:cstrie.c: -an bc. Llscd 
tc Sf,lF. ,t, a pLasr ;;rocp 01' 713 G '3" lPSS. The tta3.m 
1 1 l- 1, :i: : : .flQ ,?icn cc.C:LnG:; are optl::.ized .+iY:: 
;,;is .,,,r' -.v. t:;rr.f;- 
; ,_ :"; rj, ; 1, 1;. L- 

&:'. Ttc inflc t(Xl b,rnm is ot- 
Cn?-iAl; E.,‘Ghr,icn 'Xl: 03~’ ,-li.C! -'rOSS- 

i-.;.c,n a >+artr. ~il~~~~el~. 'iii-,r. the (3ele Gff, a beam 

spot is observed,giving a useful centering check. 
With the dee on, a band of illumination i,s obtained 
which can be used to check the dee volzage. When 
the chopper is turned on, the jand is resolded ir-,o 
two spots which can be made to coincide by ad;ustlng 
the starting phase by SO', Or to hs.le maxirum separa- 
tion ‘0~ choosingthe optimum starting phase. The 
chopper amplitude can be increased co reduce the 
phase width. The 20' width is obtained with 103 
7tatts of excitation , the drive system being capable 
of supplying 12OC watts. 

2,5’, 
T3e ultimate design goal for phase selecticn Is 
or about 3.25 nanoseconds. Using a gamfia ray 

arriYJal time monitor near a Faraday cup on the ex- 
ternal line, the best time resolution observed to 
date is 0.6, nsec fwhm, or 0.5 nsec after unfolding 
the 0.3 nsec detectcr resolution. It now appears 
that the combination of chopper plus buncher, one 
selecting a pulse width and the o;her ccnpressing 
i* can achieve the design goal with accelerated beam 
iiiensities of about 5% of the DC inflected beam, 
although external pulse width measure~ments after 
extraction to set the buncher amplitude and some 
sort of active feedback to eliminate .tne lasr, of 
the ion source ripple iriay be required. 

Another rf device now under fabrication will 
provide pulse selection ty horizontal transverse modL- 
lation &a subharmonicof the rf frequency% 2~!3 to se- 
lect 1 pul,seinthrmAlthough 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, ?or 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 follos;ing 
the extracted pulse for the fracticn of beam ex- 
tracted one turn too early or late respectively. 

Typical good intensity values for proton beams 
are 60-00 cL;i leaving the DC source terminal ac- 
celerating :ube through 5 mm x 6 irsl aperture, 15-2'; 
P arriving at a 2 mm x 6 mm tuning aperture at tne 
inflector entrance, 2-3 @ internal, 1 to 2 $I ex- 
tracted (dependiw on phase selection and centering, 
lCocJ', extrarction has been observed). The losses In 
transmission between ion sourm7e and inje-tor cyclotron 
are still not totally understood. We are confident 0:' 
our ability to deliver l/2 to $4 of proton beams 
to the main stage cyclotron as require3 for O:.K 
first operation, Alpha+ particles are cbtained by 2 
source operation on 3e and stripping in a 5 pc/cir 
Carbon foil after the chopper slits, intensity 
is lost through the equilibrium fraction and through 
An rmittacce ir,,creasesot:hat ",:ie ' -' ~:i-,rrls:jty availabie 
at inflection is 10 to 15 times lower than for the 
proton beam. fi beam of 7Li ++ t-es 'been LnfleiteA a::'? 
accelerated but our experien:r is stil: too limited 
to tgive a reliable perfcrmanr-e es:imate. So far, 
beams d+li‘;ered for researrk use to a tar-et statlon 
o!? tkc; 3isi7nostic leq of the transfer beam line ha%.-<: 
Lnil;;ded protons up to 11 Z&r?, 11i2+ and '+Xe+'. A 
source of nultiply-char;ed ions is an c‘tvious i.*- 
provement on whi,-h dosi~:n and procure-ent %aT;e 
be:ur.. 

E~tatror. G.m lit..ldk-s 

Tne reprodllrible a+i,;verr.ent of uni?~rnl;~-spa.~~ d 
quell-resclved radial ",urn strurture under onditicns 
of variable inl'le,ction :;~oIT~:~J iras pro.;er: to 3~: thi- 
32s': troublesome part of .ma,:::lr.e setup. ::sing an 
wc"lera;ion ,odc: and +,::e aeas;;rtd :'ield, ore cay 
predict tne correct inflector pcsit;on b;; -,l::e- 
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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 rm, 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 a 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 vz = 1 resonance in the central 
region has not been a problem. Attempts to induce 
axial excursions by unbalancing the trim coil currents 

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 TO approach 
the design goals in most of the important parameters. 
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