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Summary 

We have made an initial conput?r study of a re- 
cycling method for increasing the final energy cf 
'nexJy-ion beams from ORIC. 'The system involves simul- 
taneous acceleration of two beams. X first beam 
originating either in an ion source or external in- 
jector is accelerated, extracted, and reinjected in a 
higher charge state obtained by means of a foil 
located between the turns of the first-pass beam. For 
example, with a 20 W tandem injecting into ORIC the 
energy for z':tiPb after the first pass would be 1.9 or 
2.3 MeV/u and after the second pass 5.2 or 6.3 MeV/u 
depending on the injection charge. The requirements 
of this scheme are 1) sufficient dee ;loltage to over- 
ride the differing mass increase factors of the 2 
beams; 2) good beam quality and accelerator stability 
to insure spatial separation of orbits; 3) an all- 
magnetic extracticn system to assure identical paths 
for the 2 beams; and 4) relatively standard external 
beax separation and reinjection equipment. 

(2) For maximum beam intensity the equilibrium charge 
state after stripping must be within a few charges of 
the required charge, q,.' 

(3) The energy gain per revolution must be suffi- 
ciently large so that the phase excursions curin,: tho 
primary and recycle accelerations do not beccme 
excessive. This imposes a practical limit on the 
final energy. 

(4) After stripping the :,eam must enter the first 
orbit of the second acceleration period at the proper 
phnse . 

(5) There must be adequate turn separaticn at t:?s 
intermediate radius to provide turn separation at the 
intermediate radius to provide space for the hardware 
needed for the injection. In this study :;e have 
assumed a stripping foil .3s the injection device. 

Introduction 

(6) Beth the initial and recycled b<~,in:s should arrive 
at t:7e septum with the same So, radius, and ?ref?rzbl:.' 
radial momentum (pr). 

If a suitable number of eiecrrons are stripped 
from hes.q-ions aft2r acceleration to full energy, the 
ions ccln be reaccelerated in the same cyclotron on a 
diiferent harmonic, h = brf/corbit . 

Practical Csnfiguration 

Ihe energy gain in the second acceleration is 
given by :he square of the harmonic ratio, 

Ez/'El = (hilh,i)i * 

I: I a scheme for dcuble acceleration proposed by 
3zhelepcvi et al -. ) the two beams emerging from the 
cyclotron wore separated by an electrostatic deflector 
and t.:e prir.ary (first pass) beam was reinjtcted by 
stri3pir:g inside the cvclotron. This method of 
ir.;ezt.ior. i; currently used at Orsay :ind at Dubna.' 
Bennett* has prcpcsed a double accelerntioc scheme 
LrL .";l;i;q, tTiS &;-G-..“ . ..." r .I.. ..1 ^^ -r .,-.. I,- i‘x..i p-u-.. ,.<tpy2t 2r:tr2zt<-n 

of t.:e primary beam. 

'l".i: b t..liits reported L,, this ~3a,;rr d.isui:ie tke use 
ii 5 ;I ~~.rroiv ,iperture all-magneti,: ;eprumtn‘ to extract 
iboth ori.r:ary and recycled beams along t:ir sane path, 

1 ,,i,i! ,,CiiiciL? sriii:tlon pertormei -IILL)L+ c l;e i;icll)- 
t: r\-,n ::, TP -f Lilt. c,ilculJ.tion:, :>resented will reIo:e 
par:.: .:::larly to :llt. ,:~A. Ridge !.,,0,::7ronous Cye:.Lotron 
(r,xr.: j .ib .:;I L :.:,tz~li~ . 

To illustrate the conwpt of a recycling .Icceler- 
ator a possible configu:ation is shown in Fig. 1, 
using ORIC as an example. The SOUL-CC of primary beam 
cdn be either an internal ion swrce or an external 
source such as a tandem Van de Graaff. If an external 
source is used the Injected beam passes t:?rough a 
stripping foil located inside the cyclotron to achieve 
the required charge and orbit for acceleration. The 
primary beam is electrostatically separated from the 
secondary beam after passing through the r;agnetio 
extraction system. A 1SO" magnet is used to turn t!:e 
primary beam for rei.>ject-ion into the c:.-clotron. A 
stripping foil, Lccated between turns of the primary 
bean, achieves the proper charge f:zr reaccelerstion. 
The phase of the beam at the start of the second 
aCzclJ'(,eti;.~: I: .-:.- FC .~;.l,+?+,j jl.. 3!13c~~c~; t'-,- ;yt'T~ 
length traveled outside the cl~clotrol;, eitilzr h)i 

changing the position oi the 1‘30' mag*;et, or ty diviC- 
i:1;: it ir,to tilrec s2cto;s alLI c;?ma'i:& tlie .r,.i&nrtlc ,._ 
fields in t:le end sostion:; .znd center secticn i::de- 
p2nd.31tly. The locot'on L j )f ti-e stripping f.:il and 
otiler p.lran,rt.?rs can be a,i; -:-;t& .;I :l:.r: tti.6 ? :r.,t 
pas; and seza;d pass l32ams 50th irrL3;r dt t:le 
c?ntr-lilce wit:> tke :;:I::2 S;, r a!:d ;r. 

(Y,‘:,,!Lt &iii:!: R.~i;,liritJ f;Jr ;i 3'.-iv,~i i::g .5.;st*Yl .&_____.____ - --.- 

r i- '. c r 1 :crdil.ii;ns, r;.i:;t :3(-: "',,t ior .* :jiw-lxr.!~fl;i 
rc::ji! ::I:; k:,cL>tril 1. 

(i> Kc. :,i;c-nl II.7 .;r :;I< t:;u ,lc~r~~l~ rat i:j,ns .tnd the: 
: ,.: L.,2r,.-.. .q L,>:L., i;; t:i;. : ir:.*; 1:: ! :.xc::d ncsz2?: .-a- 
::i.<;,:; t j_ ,'I , ,-.J,,tc .:;,-et t;la' <:niiditiI,n i1.n: = 11,-q:. 

Gali~rdl char.;.-tc:.-i:Yt ir::: ---.-- -- _ -..-- 

L‘i;,? c;,rrfi:; to W.liCl -1 ,1 !$.;c K! I::..::;!~ cd:, I>.? ;,r:c:e lc r- 
,lt,,.l :;ich .I r.-,cljclii?~; :i,lcj~i IL iii:; ';,:,.n c~aLhll..~:-d iflr 

:;ii.Jilr,il m.;gnet sizes (Pig. :'.j . !‘I>'= Ci?rve:-; s::owI: ri,- 
present cyclotrons with So's irom 50 to 300 w:ere I<, 
is il const,unt that c:lar,icL<~rl:xb t le c:;cl~:trr~r: r:,li:ncL 
a:;,1 ; li ,J;f:,;;,j !:.. _, :!I 1 L-2!.ati,:::.,!; ii: 

.k 
1:. .,l‘Lt- 'rl ;~:,~n.,,ir~d ,:I, Ll?c I;. :S. .;torii\: l-~‘tir:~;:, 
8; :-I;,:: ;:: II ;i.-,?. r ci;:.:r,h:L :,.i tl; ;'~:i,~i: 1: irl:i~lr 7orp. 
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for OR;C is 90. The curves of Fig. 2 are for third 
harmonic acceleration on the first pass and funda- 
mental acceleration for the second pass (hl = 3h,). 
The charge state for the primary beam was chosen so 
that the charge after stripping (q: = 3ql) would be 
within cne charge state of the equilibrium charge, as 
con?uted from the empirical formula of Xikolaev and 
Dmitriev.' 

The dee vcltage required to limit the phase slip 
to * P6O" has also been plotted (Fig. 2).4 A single 
180" dee has been assumed for this computation. 
Existing cyclotrons use dee voltages from ",50-100 kV. 
Tl;e use of multiple dees reduces the dee voltage re- 
quired, and cyclotrons are now being constructed with 
1000 to 2COO keV/turn usir.g cavity acceleration. 

Staying on the equilibrium charge will yield 
iLghest intensity beams. If a higher ion source 
charge is chosen, resulting in a deviation of several 
charge states from equilibrium after stripping 3:1, 
the energy or^ the final beam will be substantially 
higher - but at a lower intensity. Also shown under 
the shaded area are the energies obtainable i)itJ~xt 
recycle with an E, = 100 cyclotron, assuming a charge 
state from the ion source corresponding to a total 
ionization potential of 1200 volts (approximately the 
limit of current ion source technology). It is 
expected that the intensity as well as the energy will 
be greater with recycle than without because a lower 
icn source charge state will be used. We estimate 

that the final beam intensity will be from 1 to 10% 
of the primary extracted beam intensity if the equi- 
librium charge after stripping is within -f 1 charge 
state sf rhe required charge. The major losses are 
expected in the stripping foil, ir, the extraction 
system, and in charge exchange collisions with the 
residual gas. 

Yhe required ion source charge states for 3:L 
stripping are shown in Fig. 3. At an E, of 100 
(approximately that of ORIC) the maximum required 
charge is ;nly 5+ wi;ich will give >lO microamperes 
for reacceleration. The stripped charge in this case 
would be 15+, which is well beyond present ion source 
technclogy, and the final energy would be nine times 
greater than the energy of the 5+ beam without 
recycling. 

similar ccrves are shown for the harmonic ratio 
7:3 (Figs. 4,5). For 7:3 the ioi. source charge 
states are higher than that needed for 3:l stripping, 
result:ng in [ligher final energy. 'Zcwever, the re- 
c;uirrd dee voltage is also hiptIer by about a factor 
$.f i'wc +t ~112 same final enerr;. 
2 

The E, - 200 and 
0 = 250 curves require ion source charges well 

!ze::o:lJ tlie present limits of technology. licwever , ar. 
Lxternal iiljector could be used to obLain the required 

charge state by ;tripping as the briiin is injected into 
Lilt cyL:l'ltron. 

Turn ;paLinz is an important pardrretcr zf a 
r~~<:icl.in~ :;:;:,tem. ;iie stripping foil for injzctin?; 
ii:,. ,~?c<.!ltri pass !:e~ir. mut gg bct:iee;l tl;rns of the 
first pxs ‘>i:<,im. The first pass turil spacing 5s 
;;i.ve:i ty 

J 
9 C’ -0 2 y, cos .;!r) 

‘.ri(r) = 
? Q: 

r DC - 

--- /I -- 1; m c'- 
rE 0 v SOS ;1(i-) 

'1,. 2 cfzi r DC 

where hl and Efi are the harmonic number and final 
energy per nucleon on the ith pass, m, is the nuclear 
mass, rf the final radius, B the magnetic field 
(radial variation neglected), V, cos ,; the energy 
gain per turn per charge fcr a particle with ?hase :, 
and c the velocity of light. 

Taking r to be the second pass injection radius 
we have 

rf 
11 

- =- 
r h; 

-__ 

ir:(rinj,) = (21 

2 

J 
IT. c 2 

o 
v. cos 'q:(r) 

2 Ef- BC 
i 

This &r is plotted in Fig. 6 vs E 
values of V,. 

f,, for various 

study 
Figure 7 shows results c-f a detailed computer 

of a possible recycling system. The calculation 
used exact equations of motion and the measured mag- 
netic field data from tie MSU cyclotron. A backward 
tracking procedure was used so that identical extrac- 
tion coordinates would be imposed as initial conditions. 
'The magnetic field was set between the isochronous 
contours for the two beams in a way whic'h produced 
approximately equal and opposite phase slips 
two beams as shcwn in Fig. 8. 

for the 
The calculation tracks 

an injection orbit for a 3:l charge change and a 
reacceleration orbit for a 5:3 charge change. 
are shown in Fig. 7. 

These 
Optical properties along both 

these injectior, paths were checked by running dis- 
placed rays. 
al 

Table I gives orbit coordinates at sever- 
interesting points. 

Problems Unique to Recycling 

The most significant difficulty of such a re- 
cycling system appears to be the control problem. 
first beam must be Injected, and its energy and 

'The 

direction adjusted to give centered orbits: The 
injection phase ar.d the radio frequency must then 
be set to fit the design negative phase slip [or the 
first pass (Fig. S), aad the rf voltage set tc line , -. up ilie renal Lurn or. the extractor. T.-ii.5 bear zu~st 
then be cycled through the rccirculatisn transport 
system, reinjected, anti ‘line< at the sec;ncl . . ..-. 
fOl1. 

striPP.liig 
If the energy is not an accurate match to the 

foil position (note the misrxtch betr,Je(:n "E" and 'IF;" 
ir? 'Table I) the c:<triictiJr 
the dec voltage+ adjusted. 

radius must be chonxed and 

second pass b,iac Et 
It is important that the 

dcc:xrcie!.y centerird. 
transparent probe 

z1 partially 
would be required sinct: a normal 

stopping probe would se<> .znly the first pass be,im L . 
Tile sccund beam must bc lined up 011 the <:<tr.ictor 
:>ut any doe voltnge ndjlistr:ent shifts both beams 
hence is unsuitable for this purpose. 

.13 ii 
A frr?qucnzy 

shift has the desireJ <ai‘fect 01 movi.lg one beam in 
and the other one out. With such 3 Shift t:le two 
final turns could be lined up and the extractor movc:d 
to match the revised radius. 
disturb Lilr 

This would, j:owevisr, 
second pass injection r;rbi.t sin<:e the 

energy would chon:;c and itern!-ion t!lru t!le a1ignm:r.t 
cycle would be necessary. 

In addition to the sontri-il problem a recyclirig 
system also invo:v~s gr('atlv rnhar?ccd sensitivity to 
fichld errors and hence reduced quality as compared 
.with a single pass system. The condition ior minimizing 
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sensitivity to field errors3 corresponds to main- 
taining the phase as close to 0" as possible. A re- 
cycling system, however, necessitates a large phase 
excursion, as seen in Fig. 8, and so the sensitivity 
integral will be large. An rf fiat-top would like- 
wise be of no help, since the phase slip would slide 
the beam off the flat-top and lead to increaseti rather 
than decreased energy spread. Particles which sur- 
vived the whole process wo,Jld in fact clearly be 
sharply grouped in time - a pulse length of 2 to 4 rf 
degrees is likely. 

Canclusion 

Recycle provides a number of opportunities to 
increase the heavy-ion energy of existing cyclotrons 
and for integrating them into systems with higher 
energy. These schemes include, but are not limited 
to, simple recycling in an existing cyclotron, in- 
jection into a cyclotron from an external source 
such as a Van de Graaff and then recycling, and in- 
jection from an existing cyclotron into a new recy- 
cling machine. 

For example, the energy of a 56Ni beam from ORIC 
could be raised approximately a factor of two to 
b &V/u with simple recycling. If a 20 MV tandem 
Van de Graaff were used as an injector for ORIC, and 
the beam were then recycled, a '-,'Pt, beam of approxi- 
mately 6 MeV/u could be obtained. 

As a third example of recycle ORIC could be used 
as an injector for a recycling machine. A 23eiTc+ 

beam from ORIC would strip to 12+ for injection into 
a recycling separated sector cyclotron. If the Eo of 
the second cyclotron were 330 the final energy would 
be 7.5 MeV/u. If the initial charge state were 7+ 
the final energy would be 10.2 I+eV/u. The beam in- 
tensity is estimated to be 1011 to 10" particlesjsec. 
Several other possibilities exist but have not been 
explcred in detail. 
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ORNL-DWG 73-1692 

Fig. 1. Schematic ot a recycling system for URIC 

(I) AlI-magnetic extraction system (5) Strippilg foil for beginning of second 
(2) Electrostatic vclociry selector acceleration 
(3) First pass external beam (6) Second pass ?xtrrnal beam 
(4) 180" magnet (7) ljrnm from opti.i;ual cxternnl injector 

(8) Stripping foil for (7) 
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2. Energy obtainable for various sizes of 
cyclotrons with recycling and 3:1 stripping. 
The shaded area represents the capabilities 
of an Eo = 100 cyclotron without recycling. 
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Fig. 5. Ion source charge states required for 
conditions of Fig. 4. The charge states 
nust be integers. The curves indicate 
trends, only. 
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‘ix. 6. ‘hrr; spacir!g available ft,r the stripping 
rc;i; xsl;ir.ing a ccam Tila:;e of ~40" at the 
foil radius. 
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Fig. 7. Orbit patterns from exploratory computer study of recirculation system. Orbits 
"A" are a part of the first pass through the machine and could originate either 
from an internal ion source or from external injection along the path "B". The 
injection orbit "B" is assumed to hit a stripping foil at "C" which increases the 
Z/A of the ion by a factor of 3 after which the ion is accelerated as indicated 
by the solid line. After 28 turns the solid line orbit enters a magnetic extraction 
system at "F". Its position and magnetic rigidity are the same as on the first pass 
and it therefore goes out along the same extraction trajectory. Values of the energy, 
phase, and position coordinates of the orbit at labeled points are given in Table I. 
The assumed acceleration system in this calculation consisted of two 45" dees 
centered at f 90" relative to the angular reference line of the figure and operation 
at 5 (3) times the orbital frequency of the first (second) pass beam. The results 
are valid for any Z/A if the spatial scale is changed to be consistent with the 
given magnetic field-energy relation and the dee to ground voltage is set at 
(20 kv) (A/Z) where Z is the charge state on the first pass. 
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Phase vs radius for the two trajectories 
shown in Fig. 7. The opposite, approximately 
equal phase slips reflect a trim coil 
adjustment falling between the isochronous 
settings for the two beams. 
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