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SPACE CHARGE EFFECTS IN THE AXTAL INJECTION LINE
FOR THE 88-INCH CYCLOTRON *f

F. Resmini'' and D. J. Clark® .
Lawrence Radiation Labofatory

University of California ' :

Berkeley, California 9kT20 p

. 'May 1969

’INTRODUCTION
A new axial injeétion beam transpért iine”ha§ beén désigned‘for.the
88-inch cyclotron (Fig. l){. A description of the line beam opticsl and con- -
struction2 have been given ?revibusly( In this report ﬁe give the results of
space charge calculations at higher beam intensities in_tﬁi§ liﬂe.

'I. BEAM OPTICS—NOTATIONS AND MATCHING
In treating the probleg of.matéhing extgrﬁ&l*éoufces.to ;ﬁe cYclotron
acCeptanée, it is convénient to refer to the phase spa§e representa£iQn._ Thé
two phase spaces (x,x') and (ys&'), are'associatéd with the beam, travelling
alongvthe z-akis. ‘'The units used_here for pOsitiqnv(x and'j) and'divefgence -
:(xfland y') are mm and mrad. The.x—zvplgne iS'definea.péralléi to tﬁe Dee edge_

in the center of fhe cyclotron and the polarities of the quadrupoles are so

* g : . . . : .
This work performed under the auspices of the U. S. Atomic Energy Commission.
TRevised version of_paper presented at the 1969 Parﬁicle Accelerator Conferehdé,

Washington, D. C., March. 5-T, 1969.

1On leave of absence from University of Milan, Milano, Italy;
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chosen that the motion in the x-z plane geﬁeraily corrésponds ih a triplet to
the sequence DFD (defocusing—focusing—defocusing), and FDFAfor the‘y;; piane.

vThe_beam is at a waist, aIOné a drift lengfh, when the repreéentative
ellipses in phase space are upright, i.e., their axes coincide with x,x' (ysv")
axes. Hdwever, the waist positions for fhe two phase spaces do not neces-
sarily coincide along tﬁe line.

In diécussing theAmatching requirements We;shall describe the beém,

v at a waist, through the characteristic length of the phase space ellipses,
defined as XX = xO/x‘O and Xy =‘y0/y'o'_whefe the subscripts {(0) reﬁef fq
the semiaxes of the ellipses at the waist.

A wide raﬁge of matching requireménts.go be safisfied has beeﬁ chosen.
The'beamérdeliyered both,bj:the.polarized ién:Source~and'the duopl%smatrbn
test source shoﬁld have cylindfical symmetry around the z-axis, so %hat the.
iniﬁial characteristic lengths. Xx,inv andr Xy,'n_ are supposed to be equal.

The range of values Xin for which calculations ha&e_beeﬁ performed-v
is between;0.0S and 0.5, thus including a typical value measured er the
duoplasﬁatron source . (0.3), and ﬁﬁat is exﬁected for the polarized ion éource'
(0.1 - 0.25). It is appropriate to nbté, at thisvpoint5 that a variation of‘f
10 in the xin; 1ike the.one considered here, means fqr avfixed emittance beam

‘a variation of v10 = 3.16 in the spot size, thus allowing a large excursion

in what can be accepted by the line.
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II. . éPACE{CHARGE EFFECTS(

Interest in studying in some detail the optics of the line taking -
into account also spéce charge effects arises becéuse of thé'adVantages‘of
injedtihg very intense (non polarized) beams. In some cases, e.g.; alpha
particles or heavy ions,fthis possibility“would allow for overcoming_the

‘inteﬁsity limits of conventionai cyclotron.sources aﬁd.eventually leadftovmoré'
~ intense acéelerated Beamsr While the feasibility of such a schéme has’not yét‘
been proved, if‘is nevertheless Worthwhile to get some insight inté'the
prdbiem. The aim of the present calculations iévthefefore to:: a)vevaluate
the desifablevéharacteristics, such as emittance and initial phase spaée -

_ shapingvéf such beams. b) Determine the fange of currents Whiéh.canlbeﬂ
transmitted thfough‘thg liﬁe, still safisfying, however, some reasonable
requiremenfs on.phase space matching.

The program VBeamcal”;develOped at Los Alamos,g'was used tq perfbrm.'
the RungeQKutta integration df the Vladimirskiy—Képcﬁinékiyh equatiQns. .AS‘in
the zero current caiculationé%,cdnvérgéncé probléms are éncountered for‘waist.
to waistvtransfer if the initial gueéses are nét cloée enough to ihe solutions.
The vaiues of the qﬁadnupole voltages, previously found in tﬁe zero current
ap?roiimation, were then used QS-étarting_guesses and the solutions obtained.
for'each current are thé starting point'for the next higher_intensity. In
this way solutions for a,number‘of éufrents can bé found With few itefations.

For a given optical tranéformation betweén‘ Xin :aﬁd .Xfin’ the éal;f:
culationé‘néed'to be done only at one energy, as a function of tﬁe beam |

éurrent. In fact, under the aésumptiong qf the Vladimirékiy;Kapchinskiy

theory, if‘thé parameters above are held constant, the space-éharge effect -



e o  UCRL-18596

3/2).' Consequently, if for example, the beam

depends upon the ratio I/(E
amplitude A, at any point along the line, is known at an energy - EC’ as a

and current

function of the current I., the same amplitude at an energy E

0’ 1

Il--will be given:

fi)3/2>‘
El

y = A ) . if I, = IO(

ME, I

1

A,

0

and the quadrupole voltages, if the same relation between the currents hdlds,f

are glven-by_Vl/VO =E /EO.

1 .
In the-injegtion of intense beams it is intended to use the first

tripleé, TO, in the Mx = My»= 1 magnification'mdde, pe#fqrming.é symmetricv
- beam trénsfer over the length Qf 1.4 meters. - It:has been found that this
mode Qf operation is génerally possible,'if the quadrupoie voltéggélaré -
- properly corrected. The main résults can be summarized as‘followsg

1) The_initial shaping in pﬁaée space\for_é giveﬁ emittance.is far moré‘
critical.thaﬁ ih_th¢ zéro curfent approximation; from fhe_poiﬁtvof:view §f. '
transmission efficiency. The effect is illustrated in Fié}_Q, whefe:ﬁeam
envelopes are plotted’for 10 keV protoﬁs and a 200 mm mrad emittance, for
diffe?ent beam currepts. For example; two exﬁrémé 'Xin faiues have been
chosen, Xih ='i and 0.14. Tt is clear that while 800 uA can be traﬁsmitted
in the firSt case, 400 pA already exceeds the availaBle apefture‘inkthe'éecopd.
Tﬁis of course feflecfs the'fact that spaée charges effects ére less p?o—
nounced for a large diameter, nearly parallel, Beam. |

2) The increase in‘quadrﬁpole strengths neededbin ordef to cofrect for

space charge effects and stillhgeﬁ the desired focusing is rather sensitive to
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current and fo.beam-emiftanée. As an example, Fig. 3 presents thé,quadrupole
voltages as a funcfion of I for Xin = Xfin = 1.0. .Curves are plotted for
emittances of 200 mm mréd‘and 50 mm mrad. As one notiées from the graphs, one
should design for a margin of about a factdr of 2, or mofe, in thé &cltages,
with respect to the I = 0 solutions, if‘high intensity beams have to be
injected.‘

3)» The transmission éfficiencies thfough'the triplet Té'are bresented ih
Fig. b, égain for 200 and for 50 mm mrad’beams,.lo,keV prqtons, and the Xin
‘values shown. The result that a beam of smaller emi£tance.is less efficiently
transmitted (for the same Xin. and Iv'values)} which is-the'oppbsite of what
happens in the I = 0 case, is eiplained aéaih by the fact that what’réally
-affects the space charge limit; for very'high curfénﬁs, is thé‘beam.size. One
mighﬁ observe, for éxample,’that’the irapgmission'efficiencies for Xin =1 (50 mm
.mfad) and X, = 0.36 (200 mﬁ mrad) are nearly the same. These two cases in-
fact, correspond té hearly equal beam radii oflh.b‘and h;8-mmvrespe¢tiﬁelyi
it ié-thﬁs desifable to shape the beams, in”phase space, to say.Xih = 0.5,
beforé injection into the line; If at all possible eyenvhigher Xinvvalues,"
like i or 2 should be bbtained, the higher values being bettefvfor smgller
.beam emittance; o |

vOnvthé bésis of fhese results we have furthef7investigated the problem

df the.transmissioﬁ thfough the entire 1iﬁe, éﬁbject:to some.matching require—
- ments.. It 'is not possible, gt preéent, to formulate aﬁ exact hypothesis on 1,
thé phase space éhaping of béams at-the injectién in the cyclotron. That

would require a complete study of the beam behavior, taking into account space.

charge forces, through the hole lens and fhe mirror.
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In the absence. of precise information it seems safe to assume that
phase space matching should be available within some reasonable limits whiéh,
. in analogy to the I = O case, we set tentatively_to'o.l SZXfin £ 0.3. The

results of beam envelope tracking presented here (10 keV profdns, 200 mm mrad),

Fig. 5, refer to a beam with Xin = 0.5, matched to Xfin‘= 0.3 and‘O;l at 5 ém
from the median plané. It caﬂ be seen from Fig;‘S'that”a,current of 600 HA

can be transmitted and Properly matched té an’ Xfin'= 0.3, while thévliﬁit

is much smaller, I ~ 300 pA, for Xfiﬁ = 6.1; JSbmeﬁhat better resuits can be
obtained with a differenf‘:Xin;' Hoﬁever, the paftern preseﬁted_herevis féirly

representatiVe of what one should expect.

FINAL REMARKS
From this complex of results the transfer liﬁé fér the 88" éxclotron
appears to meet the design specifications'and tovallow‘a very good degreé of‘n
flexibility in its.perférmance{ "The aperture limits iﬁpoééd by the‘siée of
thg.magnét.yoke do noﬁ influence dramaticallyvthe,Overail fransmission, for
reasonéble injected beams. Currents in excess of 500-600 ﬂA, for 10 kéV protons,

. ‘values -
fin - -

can-be injected. The efficiency can be léwer if matching to small X
is required like the 0.1 caée discussed previQuély. In order to appreéiably
increase the transmitted intensity for thése éases the:énly way . out would be
to inject at much higher energies, iike 20 keV.or sd, whiph would in turn call
for off-center injection. . ! |
Experimental investigatioﬁ of the line opticsiis uﬁder'way at the

. . i
time of writing this paper. -
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FIGURE CAPTIONS .

'

Fig. 1. Layout of the axial injection line. Only schematic béam envelope

is shown.

o for 10:keV protons and different

Fig. 2. Beam envelopes through triplet T
beam currents. |

‘Fig. 3. Quadrupole'vbltages for triplet Ty > for 10 keV protons, as a function

of thevbeam intensity.

Fig; L., Transmitted currents through triplet T

0° for 10 keV protoné, as a

function of the injected beam intensity.

" Fig. 5. Typical beam envelopes through triplets T, and T,, for several beam

1 22 _
intensities, 10 keV protons,200 mm mrad, and waist position at 5 cm from

-the cyclotron median plane.
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