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Abstract 
(~lwlpii( f I I r\lP\ F’rY~trlrl anrl ; .\I?\ IIC~II~~~IXIII lirlil,.‘: ];,I- 

use in posit ran mlission toni~~grnpli~ (l’F;‘I‘) ha7 v INTIL ii ,,,I- 
&I. and ~on~r~ptilal tir-iie;lL5 i;lr Ion elr~rg>- twiilc\ tra115I~>rti 
( r, EH’I’). ra~li~~-Fr~r~rjrr~~rlr.~- tIlrti~irll])~~lr !l{l*‘(>) illl(l rlril’l iltt,r, 
lil1al.s (II I I. I I!?i\V iw~rr ac-l~i~~r~vl. ‘1’11~ rilar.hillv-. a,<- e0~11!~.3~.t 
arltl sirllplr, rwr~rlg11 ~CP 11~ ~qIvmtrvl iIt hrel3it;ll5 ‘f’ht, l.P:II’[ 
c-<jilGst r)! t~ro l,Zill7t-i lf~nscs nrlrt ;jr~% al,0111 25 1.111 ITtrig. -1’1)~. 12.7 
XJtlz I)IXI~CIII I<ia(! is givsignml for ‘111 III.\ ]wat; (1~~1(.11(. ;,ll,I ,I,,~ 
,425 11117 fir'llit~libri l{FC) is <tl.sigllv<l f~bt z’-! III.\ pill\ 1111’1, III 
Fb,t!l li’,ll :I117 Ii 1‘1.5 I,W (~f’III~~lIl~~Ilt l~llillll lliJOle’ lllrbCll<‘l’, ,bl\/l 
hnv~. trigtl ilr.c~~lr~r.iltir>rI li(~lcl OF i.7 2i\ 71) i5 ii II 0 IM.~IIC li,~l,l (,I 
I\\-I~ r ~/IF k~lp;\tGk lilwt. 

Introduction 

t’o5if Ii,17 I~;rrlissicln ‘I’~lrri~qqaotq (l’k: I’) \I\(‘5 I.i\<liillio~l 
rlrliftril frd~111 illjr,r.(ctl r-irrii,,i~<,ti~,~~- 11.;ir f>rs j\-:f tlill 111~ I,,,ri> IO 
ptx~: iclf- tl il(.klug of t)l~~~ti H It,<, 

41-11~ l~lrili ilttl~iirl,li4i- 
‘I II<’ 

rt!liYt l’O,,ii,,~~,i t,Al‘f’rS art- I’(’ I” Ie.“O. nrlll ‘RI“ !7tlir.tl al< fpv,,- 
(III( VII i),v wiicl IC,*~S ‘“.~(p,“,l”i’, “‘O(,,LO)“,Y. “.\(J’.‘,)“‘O. 
“.\‘(ti.?r)‘50 ar1cl 2”,\If(I~.o)‘8~~‘. ‘I II? wlrr#~- I.~.qllilw! 1;,, 
tt,cYi. If’i,, tior1. ilrr’ ilflt,t-,,.~iril;llc,l! I l?.l~~\~ for- 1)111te8115 i~ilrl F 
All%\. fi,T clt~rlt~~,-rul>. 

.ii p“f‘“f’nl tt,t- tlloht c0:,,*,,ii,, pmtic1r iit ~~~~li~I-;rlirl~ (It‘\ 11 v 
us4 iI1 tllr, prodll~ lioil of 111cw tiar-f’ri iq Illc~ c.~cIcs~~c,~~. t ” 
~101 rorri arc‘ ~OIIIIII~~I ~~iilll,~ awili~lll~~. .5 r~l<‘,;l: ,llil,llIl’ill 1’11‘1’s (‘1 ‘ II 
offer crnnpwt vyrlotrons dedicated tc~ I’tS’r isot.oprs produ+ 
tion, and nwst harv p~ograrns tcb filrtlkrr simplify and allto- 
nmtr these rmarhines. Howe\-er, thr high bean, current, cc~m- 
partness, ant1 ease of operation, reqllirrd ill thr clinical ellyi- 
rw~mmt. make linac-s a?tractivp for this applicatioll. L!rcause 
of tile prrs,.nt high erirrgy linac six iEl(l unavailaGility frc,tn 
a conimerciai sourw3 the rmtiical rommunity believed ttirir 
onlv option was to pllrchase a ct~rrunwcially available mrtiic~al 
ryhtnm. With recent progress in thr linac t~chrlJog:, , it is 
p~ssiblr to design a coulpart linac: that is cost effective and 
sirnplr eno~lgh tr, operate in hospitals fc,r tftis p~~rp~sr. 

Drsign studit%s hare shown that it is possiblr to wnstruct 
a compact r)rotrln!~leut~ron unit which shares a con1m011 rf 
sptrm. A tay.clut of the lillars is presented in Fig 1. The kel 
fralurrs of the &sign are conlpactnrss and sixn&city. ‘I’lwse 
linars would pmricie 14 MeiT protons with a peak curwrit of 
50 rnA and 7 MeV dtwtrrons with a peak current of 25 m,$. 
‘II? linar tanks would br al,,Jut 2’ J cm in dianwter and t.lle 
Ivngtlts inciutiillg the ir,jr sour~‘~ (lS), I 011‘ eurrgy t,?arll traris- 

p>rt (l,F:l!‘I-11, L25 hlIIj: radio-frrqucllry ~II~<II upol~ jHt*‘Qj and 
8.X) AllIz dritt -tllbe lirtix (D’I’L) would ix about 3.3 meters. 

“‘l’hs r\or-k ~c’as supporttd t,y Il. S. Uvprtrntwt of tinq> 
luld~r giant No. LlI!-P’GU5 8CLK4o3C 1. 

Ion Sourer and Low Energy Ueail~ W:iu~1)014 

One of ttrrs 111051 cor~~~~r~~t~l~ IIVYI ~LTICI li.!i;3lllr, ~IIOI,~II ;II~II 
drrrtr,rrm sotlrrt5 is 111~ d~~r~l~l;~~rl~al~~~r~. ‘l’ltf3~ s*,~~cc u . /‘III ‘,I) 
rratr at a n-y llra,lirgfvll,lr xY,lingc <>I’ :<(I I;\ \il\Cf~ Ill<, IV,< I,, 
front tllca h,~llrw is r~lntiv<~l! lar#c in lil<lilli chisel (liii.lz,.ll< ,;, 
lrrisrs are rcyuiwd tr) fr>4,1~r- thl, iwa~ri illlo 111c. l{l;( !. 

FJvcirostatic ;i.~is,~l~l~trc,lri(. t.:i117vl (IIiIil)oi,~illi;rl I lf,t~w< 21~’ 
selec-trd b,r lhr l,t+;H’l 5 ~XT;IIISP of t hvir sillri)licil,v iln(l vt,111- 
I)a(‘tncss. ‘l’hr t~~1i1d11p of pl;r~rlla ant1 f.tiatgf, rlr,litl ill~/iii ill0 
rallnol ot’r~rr in eIvc.1 rietiltiv lr~nw5. its ill vaw of riii~~~~vfir 
IiWWS , sillw thr, rltct row i011 p3il.i prc~l11~4~l iI3 I <)lli5i<sli II<-- 
trvwn brarn pzlrtic.1c-s aud hac~lcgrr~~~ri~l gas arv s~\-vl~l 0111 01’ 11111 
twarn rrgion h>- thr vlc~vtric field lwt 1vw11 Ill<, <ANTI ro~lv~. 1’111. 
thrrnlnre, Inagnr,tir f;tcllsillg is partivlrlwl~l! ill(,ll*,lt 11 (’ ,I’ I( ,I\ 
hrta t wcausr’ of tlw wl,~it> tr-I,til iii ttw 1011 (~ r~lili,ll~wi I I,,( 
Iric i;,clising, on thr <lttlc,r li2inrl. llil> II0 \i11.11 \(,lL11 It! 1~~11~~ it 
thr. trcc~ cclllafi~vll iln~l st:ollt,l II<, it l)riIiI~‘ 4 iill~li,lill~. /-,I !I/*, 
fot:lsiuq 1731~ al i~b\i \vl<~ilic~<. -!‘IN, ~li~l,,i I)I*~I’Ic.IY‘- l,i 1111 c II,< 
trG,st,;liic- f;~r~~sjrl~ is l)r~~ak,toir.r~ :\IICI ;I~B~.II~II~<II’\ 111, ~II,IIIII-IW 
of thra ~~~~altclo~r~~ <‘~-III lw o~-f’rco~,1v il,v lxo~ I,lilir lo\’ r’l 1,111 ..,ld 
tially c.clntinuoris f;~c.llslrlg fi)rrcs. as ill tlir- 11<~111.;11 (4i.t 11 0.1 ;tlic 

quadruple (BESQ) described below, instead of spa&Jig dis- 
creet but higher focusing forws as in a FODO structure. The 
spatially continuous focusing forces also help kwp the bcarn 
size s~naller all thP timr, thrls minimizing ahwratit,ns. l&cl1 
LEB I’ cortsists of two Einwl lenses. The two lm5m \vrre ch,,- 

sen t,o provide two degrers of freedom to nlatrh the IrFQ accep- 
tancr. (‘l’wo degrws of frredorll are sufticient fc,r the nvatching 
rquiremPnt.) Thr preswt design provides 5 cm of space be- 
tween the lenses f(lr a steering lnagnet and bram diagnoslic 
e‘lrrnrnts. Typical particle trajrrtori?s throllgh these lrnws 
ale shown in Fig. 2 for delitr~rons.(for protons set rpfewnce 1). 
(!a!rulations were made using the progranl AXCEI,‘. which 
includes spacr charge and ion image ettccts. ‘I‘hcse IP~SCT are 
about, 7 cm long and have. a voltage of :<O kI’. ‘1‘hr gaI> twt 1’iet.n 
the high voltage electrode and grormd 4ectrodr is onr cer,tiIrrr- 
ter, which is Large r~lough to prwent breakdown. Hrcause uf 
the spherical aberrations in electrostatic lrnsrs, only about 90 
‘%I uf the bram can be focused into the HFQ. 

An dtermtive scheme fcrr the highcsr current is to usr thr 
HESQ in the LEBT. The HESQ is nothing hut a continu- 
ously twisted electrostatic quadrupole (see Fig 3). Thr 11RSQ 
lenses provide stronger first-order focusing in contrast, to weak 
second-order focusing of Einzrl lenses. Again the rhoicr of the 
HESQ avoids beam neutralization. The HESQ pn’vides an 
axial syrrnnetric tzam which is rwxssary for thp f{FI.j rnatrh- 
ing. bing a spatially continuous trarispolr sr-strm, 1ha IILSQ 
provides strongrr focusing than the I<ODO tj.pe. ‘l’hr IIESQ 
must satisfy srbcral corlstrdints given ill referrrive 3 tar an rlcc- 
trostatir quadruple and an additional constraint, fur helical 
channr14 ( namely 1 hr rd!io OI thr pcl;od of the helix to apcrtutc 
must. be grratrr than 20. Prriimirlary wsuit~s which ilicllldr iin- 
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ear space charge pffrrts shov; that it is p<6silr\c 10 11rattl1 tll(~ 
proton bram of 100 m:i, into thr- f<I’(..j rlltrarlrf- in a Irll,qlll of 

ab<,ut 25 4-m II-ith an increasing wltagc- ,,r al,c,lll 5 lo x I(\- illl(l 

a rotation of 51 rarl,fl!n. (we Fig. l) 

Radio Frequency Quadrupole 

Thr 30 kplT proton bcarrr wit11 peak UII.TC~II 14 71) III.\ ii 
for1wd, 1,11I~(-herl and arrclc~rair4 ,,I’ ICI 3 nlv\ II> 12-l ‘\llli 
RFQ in 1.0 m. and a 30 ke\’ drlltcr<,lb Iwnrt~ Gilt IW;II~ c~lr- 
rrnt of 2,i m.\ is f<Kll’Cd, 1~1111,~llfYl RI1,l il~.~.‘~l~~l~i\l<~<l /I,> IO I 
hlrIT by another ,12i hltlz R1>(2 in I.!) 1~1. I,:ac.l1 lrl,t! 11~1s 
follr srctions; radial tnatc~ing, shaper. gr-llllr- I,IIIII 11f~r at111 ii,‘- 
celrration srctirlns. Tht- drsign rrcipe for first tllrw vr,tilllls 
is con\-entional. ‘I‘hc d L g rqi n criteria bar thrx ;r~~r~~~let.iil iota 1;c<‘- 
tion havr hr~n t-hang4 1~1 nlak~, it shortrr in Ic~r~gtl~ tvitl111l11 
losing the loam qualitic~n. In the avc~t~lcration w tirltl. it is VII\- 
tomary to krrp modlllation and phasr arlglr> r.llllsinnt. III tl\v 
present deigns the modulation is inrwahrd in or-tlcr to kwp the 
transvrse cllrrrnt litnit more than tl~~~tl)l~- 1 hr rl~sigrl c ~lrlr-llt. 
This rt~ults in thr same transmission rffcir,tlr>- antI wllii tall~-c 
growth. hllt a ,50 7, higher arcclcrnling firlll. ‘l‘llr l)crf~~rit~i~t~~ vi 
of the RJ’Qs WPTC analyzwl n-ith thr 1tJ’C.j litla(, 11vig11 GIIIC/ cilvl 
ulatinn codcn RF(jS(‘OJ’E anal I’.\R~l’T‘l~~~~. ‘1’111, tliaili l)ilii,ltl 
rters and simlllatir,li re5lllts CA the> I<Wji arv ill<,\\.11 iI1 lal,l~, 
1. 

Thr RI.‘(j stru(,ture is follr-rod cal-it!“, VIP (I<-igll i< 111~1~ II 
simplr-r to fallrir-atv than follr-vanv and ii ~illilllC‘r ll~ati o~r~x~‘tb 
ti~lnal fi,ur-v~ri~ (lr f<,llr-r<,,l 51 rlictli,-~s. I1 also II;I\ 110 UN;~;IIIII~<I 
dipole mode iikc a follr-vanr elrsigrl. ‘1’llf~ pwk rf ,““!“‘P, I‘? 
quirwl for each RF(,) iT alrrbut 550 kiY. :\ sr~~nll I,.;’ s 6”) I’?i 
nlHz Eirnac- T\‘ tllbr can lw nscrl for flF(.js. 

“b t-aver> 

Table I: RFQ Parameters 

I’rot<tll ih~lltr~rl,II 
F:nwq (hfr\.) O.I13 3.1) Il.ll3 I.11 
Fwqwn~-y (PIlHz) 425 I 2 i 

NllrllhcT of wlls I3 I 2flli 
hgt h (c-m) I22 1s; 
RraYcr!- l’-artor* 2.,1 2. I 
fhrr~ radills (cn) 0.3 I).27 
FilLal nlodulation 3.0 :1.0 
(T{,, (dPg;rt4) .lO.l) :10.0 
Transmission 9Ij”b) ‘13 ( ” ;, ) 
Emittanrr growth 20 (?;t) 21) (5) 

Factrjr max. s~~rlact- fbzld ~I<ilpalri~~lc linlil 

Matching the RFQs to DTLs 
\[atc,hing thp I{F() to thr J)TI, is al)pr,~XitIlat~‘~\. tIlC salll(- 

for t,oth proton and d?utrr<jn Irlacllines. ‘I‘hc hCYlil1 fr‘llil 1llP 
IIF shr,,,ltl t,? Irlalchr~d t(, thr3 l)‘l‘f, ac~r~-pi;rnl-~- 1;~ thaw ll-ifill 
cr~rrellt in all thrw planr-s. f’;,,,r (jlli,drllJ~l~l~.i illf‘ 11’~~~~l’~‘l ((1 
mat(-t, tt,<, 1,i,;lm ira,,$\~wwl~. I hr Rl.‘(.j “[““‘iIt ‘-$ 21 1”; \llli 
a*,(1 [)~TJ, at 8511 hIlIz. ‘I ,:o rf Inlrl~-hl~l ar, III V~,l,Yl III 111;114 II IIl(~ 

Ig,nqit udinal al-Cr~ptanc’f’. ‘I’ljp rjl;rtr\,irlg cr-,,t ic)ll< i3r6’ illllllll ?‘i 
<II,, l,,,,g for h,lh ,ascs and 1,sc J”~“l”““““1 Illilgll~~t Il~iii~J~ 111)1”( 
\vit[l thr salile pctlf% tip firId as ill IlIe I)‘l‘I.S. 

Drift Tube Linac 
r/ , 

By selecting a D’TJ, freqllency of 85tl ~IJJz, llle D JL s 
&nlensiolls’ have hen signifirent,Ip reduced. Since tile tal!k 
radius is inversrly proportional to the rrwnant frequency 111 
the transvprse direction, the ch(,ice of X5U nJlf~ r(‘dl.~(.i.s tllc 

DTL diameter to 24.,4 cnl. ‘I‘llis is ill~l)~~~‘;itli;~t~‘II t IIV -all)+’ 
diameter as the ,123 RI117 RF(>. .\ ~OCIIP~IIF: Iatiicvs 01 I~‘I’l)I) 
with a bore radius on 0.5 cln in ihrx pr~)io~~ IJ’I‘I, arrcl Il.27 1~11 
in thr deuteron DTl,, provide rnollgh tran<xvrw RI c(~~~~allct~ 
and reduce the qlladrllpole magrwt ic licld 4 rrngl II n~~vc~sa:‘~ 
for beam focusing. 

To make a compact Inavhillr‘. it iq (II>\ inns illat t hv HCI.~‘I~ 
crating firld gradient F:,, $11ou1d hc IIGI<IC- a\ ICall :I\ Iv,.silllv 
There are some factors that lilnit I<,,, RII(I thr i)~~~~~llilit\ of 

. sparklng tncrraws rnpi~ll,y alro\r~ a wrtaill \~IIII,. ‘lo ~-I~III;I~I, 
this phenomena, there iq an wlll)iril~al la~v ~.;rll<,~I 111,~ I\i/~~i~t~~~~k 
limit Thr Klpatrick liltiit is a fllr,r-liclll or I.II~II~.IIC\. ~IIIII 
is about 20 !I\‘/III at 42,i ~,7117. II!, wlwliil:: a ‘.-III \lll/ 
frequency for thp rui,, this lilllil lia- IM~~II ill, wilw~,l to ‘?4 
IiI\7/n~. ‘l-hi5 all4nv thr, IVI‘I, to whif-7.r. ail a<‘( vl<,t ill iric likely/ 
of I,? AI\‘, m. thrrrb>- wdltcing tlw Icrlgih ol’ ~/IV 1) I I. l;lr a I I 
E\Iei’ proton systrnl to I.-l 111 and filr a 7 \I<,\- ~1~111~~1~111 5>\1<~111 
to 0.7 m. This DTl, &sign has a I<)~rr Jwak iif~lcl tlr avvr-l- 
wilting field ratio than c~orivrntiollal 1)l‘l q ai ~IIO~VII ill I’if? i. 
This is due to the wider gap Iwtwwn drift t~tllrs. 1’111~ l)‘l‘l>‘% 
parameters are shown in tahlr Il. 

A klyst rodr is a suital)lr rf s(~,~rcc 1;)r tllis r!r~.iKll. ‘1’11~ 
peak rf power f)r the- proton l)‘l’l, I .i 3 II\\. i111i1 fi$l, (1~~1tirroll 
DTI, is 0.6 \I\V. 

Table II: DTL Parameters 

l~!X~ll~ll l)~~lll, 1<1,, 
F:rwi-gy (RICK\‘) 3 I I :1 ; 
I,rnqlh (Ill) I.1 (1.7 
Dianwtt-r (111) 0.2 LI Il.? 1 I 
Barr radillq (cm) 0.5 1 I ;! i 
D7’ radilv (cln) 2.1) 2.11 
Numhr <d wlls RI 2.5 
Gradirnt inI\‘, 111) lr,.O IO 
Rrayery factor 2.0 2.0 
Forwine, l--1:1)1) I~‘I~‘l)I) 
O”, (deg/crll) .45 I.7 
Qladrupole magnet 1’11 I’ZI * 
C+radirnt (k(:;cn~) X.5 VI Ii 
IAmgth (111) I.7 I. I 

* Pill pernlancnl rrragwt s 

Conclusions 

1-1 McV Proton and 7 Ale! tleuteron linacs for I’E’I’ ha\-? 
been studied in this paper. Each section vf tlie sj-stpnl has 
been conceptually designed using standard accelerator rC,des. 
~11 mnpwwnts of the design appear feasil,l~ nsing ryist ilkg 
technology. 

Sp?cial thanks to S. Ohnllma and F. ft. Hudson for thtir 
~nc~~~ragmwnt and (:. A. SXWISCUI LU hc~ll~fiil drsc-llsqlr,na. 
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Fig. 1. Sc,henmt ic l,lock diagranl of Ittr I’ET linar systrlll wiIh 
c0,nm0,, l-f power sources. 

SOURCE 
RFQ 

0.00 13.00 26.00 
(cm1 

Fig, 2. Particle (deuteron) trajrrtories 
through the LEB7 
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Fig. 4 seam (proton) particle trajectory for 100 d through 
the LEBT usirlg the HESQ. 
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CONVENTIONAL DESIGN 

THIS DESIGN 

. 
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Fig. 5. The wider gap between tubes reduces th? peak field ratio 
down to approximately 3.5 in all section of 0. At /3 = .15, 
the discontinuity is due to a change of drift tube corner 
radius. 

Fig, 3 -4 possible design of tht llES(! 
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