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Porformtnw Cj~l;tI’iL(‘t,(‘I.ist~i(‘s of th INS 25.5-MHz SpM Chxial RFC) 

N. ‘lbkutlit, S. Arai, A. Irrlarlishi, ‘I‘. Morirwh, S. Shihya.*, ;mtl 15. ‘l’ojyo 
111st it,uh for Nuclear Study, IJniversi(,y of Tokyo 

‘l’arlashi, ‘I’okyo 188, Japan 

‘l’hc: pdorrnanw of thcx INS 25.5-M ttx split coaxial 

IIFC) has t)c-cm clarified lStlro~igli hi&powm ar~tl acdvr- 

ation tSc3t.s. ‘t’hc, cavity O[)~‘ri~t.I’S sl.;Lt)ly ;tL ii duty facl,or 

of L?(% anti a pmk powf’r of X0 k W, g:c~rIc~rating an irrt.t>r 

VMIC voltap~ c)f lO!L3 kV, the: tfmigrl v:tluI~ for iotts with a 

~tliir~:t‘~l,O-l1l~is ratio of l/30. Arcc~l<~r;stiorI tests havcx I)t~t~rl 

cond11~tc~l 1.0 ,durly t,tic: pdorrr1iiric~~ of t,hc- vanei r11aclrir1c~tl 

by iri~~aris of thr two tli1r1eI1sinally ciitt iiig tcdiiiiquc:. ‘I’t14~ 

miults show that, th: A ID codEcicmt of I,hc\ doctric. fidd 

WI11 ttfl CIOSC1 IL0 ttl<, OIL<’ CalCul;ttcSd tly (:rUId;lll, iiIld thiit 

the> fidti in t.hc, dial nrat.ching sc%ctioIi riiight t)cx clilf(-rcbrit, 

froIIi the desigrird oII(~. 

1. IN’I’I~OI)IJ(:‘I’ION 

‘I’hc, INS 2b.5.M Ilz split coaxial ltlX$ is a IirIat that a~‘- 

celerates ions with a charge-bruass ratio (q/A) gro;rtc:r 

than l/30 frorrl I to 45.4 k(%V/II ‘1’11~ whc& ravil,y, 2. I 

ItI in Icngth iLII(l 0.90 111 irl iIiri(~r tliaIii&~r, consists of 

t hrc~c IIldlllI~- CiiVit,it:S and has rr1odulitkd ValI(‘s, its show11 

in Fig. I. ‘l‘his ILFQ w* constructed ins iI l)rototypC~ of 

a longc~r rIiacliiiir~ acc~~I~~rid.iIig Irrist.al)lf* IIuclei. ‘I’hc, rri;tirI 

Issllc’ c~c)rIcc~rriirIg ttIc> rf was t.0 Oj)f’riltt~ Llic* cavity :it, it (III ty 

factor grcAalc,r thaII tO(%, and ai, ;I l)c’ak p,~w(~r 80 kW, g<‘rIc’r 

dirlg a11 iI1krvaI1c~ voltagt, of lo!) 3 kV, (ht, &sign vdut f;,r 
q/A = l/Z10 ioris. ‘I’he issric conc~c~rriing t.hc> IHYUII dyriarI~- 

its is to study thus p~trforrtItrIicc~ of (.his vim3 IIIitdiiri~~d by 

means of t IN* twtrdirric~r~siorii~lly c’ut,l,irig t,diIiiqu~~. ‘I%< 

t ritnsvt*rsc~ mliris p’r at thcb vari~> tip is ronstant at t.ht’ 

rtlmri al)(~rt,Iirc radius q, = 0.!3456 ciri, arid t,ticx c~orrc:ctiori 

for t,lIc, A 111 crdficieIi1 w;l.s IIoL lllit(l4’ [I]. Through 1.&s 

w(’ have found smiit: problems iri tht> cavity and the varu~ 

geoiridry. ‘I‘tlc, prot)l*~rIis will I)(, t’ii%y t.0 stdvc~, itIl(l WC’ 

have proqmds of putting our RVQ to pritctical us(' by 

consl.ruct~ing ii IorIgtbr IiriRc. 

2. Hlc:ti Powb:tr ()l’~:RA’I’ION 

2.1. Actlicvcti IlIttTvanr~ VOh# 

Through t.hc initial corIditionirIg of ttIc% cavit.y iII 19!)0, 

WC attainrd an intc~rvarlc~ voltag<> of 1 I4 kV rIIId(*r a pulst> 

0pmitioII with it tl111.y factor of (J.!N mtl a rq~~~l,i~.ictri ratct 

of 50 He [2]. The cavity operat.rs now at a higher iritrrvanf~ 

vc>ltagr: ~111tl it <111t,y factor, I-y., 11X kV ;~Itl 9% (150 Hz). 

WP cstirnatca t,tw highd surface fidd t,o hr 190 kV/crn (‘2.7 

*The Grduatc I Inivc*rsily for Advanrrd QtdiPY, Kb;K, ‘l’slrknlm, 
It,ar&i 305, .h[mn 
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Figiin: I: St.ruct.I1rct of ttic, 25.5-M llx split coaxial ItFQ 

liilpatrick) I)y uSrIg a licdd c~rIhitrI(.(‘rII(‘rI(, I;1cf.()r of I .52,5, 

which is givc,ri by (:raIid;rll [I]. 

2.2. Eit”~lJ“rJ’~J’ Striff, 

‘l‘tl<* shill, of t.llv rc301iaril frc-liIrc*ric.y Wit\ Illt’iL~llI~~tl ;fi 3 

fIlIlc.l.ioII Of thr, iiVt'rL%gt' iIil)ut, power; t,hcL d11i.y Lrchr was 

ItI% arid c.htt rc>pc,t.it ion rat.cb wu 100 llx. ‘l‘hca wsull is 111tii 

catt,d with dots irk f:ig. 2. t‘ti(- rc3oIiaIIl fr(:(Iumcy, 25.4XLl 

MIIx iuitially, incrmsd 1.0 25.608 Mfl~ (AI -- 128 kItz) 

at a powtar of 8.5 kW mtl WI iIItm-v:m~ volt~ai.;~~ of 1 12.7 

kV. ‘I’hc: obst,rvcd frcquc~ncy sllift was urIr~xpm:tcdly targf,; 

this coi~lcl t)cy due to that. SOIIIC~ pads might I1avc1 Imm Io- 

Cdly tl~ilt~‘tl, arid ~:~IIsc~~{ll~~IItly t.hc’ ~Ill.vIViL1lcs (~itpi".it,a11cc3 

would have t)tlC,Ii clc~rro;rscd. We identilied tt:Ilti*.LiVI’ly tlic* 

coupling riIigs as t II<, culpril.s, siric(b they are no1 c~~ol~~i tli- 

rectly by watm (see Fig. 1). Being fixed to diametrically 

opposed back plates, the ri rugs might havt> cxpmd~d aIIt1 

pulled apart the vitri~s. 

To vt>rify this hypothesis, we modified the: coupling rings 

and rr-Incmiurcd I.hc frquI~r1c.y shift. A couplirig ring is 

composed of two arcs tmltcd t.ogcd.hc:r at I)IiLCC’S !)O’ iiparl. 
frorrI ttrr rods corlnc~cting the, arcs to ttIc% back l~la.tr~s. WC 

removed thr bolts and turned thrb arcs OII t.hlb rods iI1 ol)- 

posite dirtrctioris. ‘I’hrt vanes arc) tttm+y frratl from III0 

coupling riIIgs. III ttIt% fr(,clIlctcrIy-shift rrIeasur~~rII(~nt, tlIc 

cavity was qmatd at a 10% duty (100 He) for average 

powers lower th;iII 8 kW; for highc>r powc:rs, that p<,ak pow<‘r 
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Figurtt 2: Shifts elf resonant. frc:qucYlcy 16. averagt’ input FigIlro 3: ‘~rilr1sIIlissitxl dficiencic~s I:,$. t,hcb norriialid ill- 

power, befort, and aft.csr the rrroclificat.ion of the coupling tcbrvarie VOltiig4?. Results of c:xperinlc~rrts arid sirilulatiorrs 

rings. arc’ coniparcd. 

was k<!pt at RI) kW (into-rv;luc: volt;tgrt 1 I ()!).:I kV), CLII~ tllc* 

repetilion rat,cx was iricrcxued up to a duty factor of ZOO/o. 

The open circles in Fig. 2 are the frquc~ncy shifts aft,r,r tllr> 

ring nioclification; t,hr. frcqueucy shift. wer<’ supI)rc:ssc:ct ill)- 

preciahly. ‘l’hc, initial frqucncy was 25.4,1 MJJz, tower by 

40 kIlz than that before thcb ring nlodification. ‘I’his frc,- 

quency ttr)crc*;rscb is tiuc: to the illCrt’iis(’ of t hct cspacit itnCe 

ttetween the hark plat,t-s and t.1~ cx)Ilp!iIlg rings. ‘l’he res- 

onant frt,ctuc3icj was 25.47 Xl tlz (Aj 29 kJlz) at itr~ 

avcragc: power of 8 kW, anti at l(i kW, X).50 Mttz (A/ = 

5(j kllz). ‘I’ht~sr frt%cJu(.nc.j shifts s11;~ll colr,a‘ untic*r control 

with iriductivcs t.ulnc:rs to hc iktt?lchCtl lo thv cavity Soon. 

‘I‘hcty arc ttirce piston t,uriers tirivcxri by p~itsca Irdors. 

Prorri Lhc frc,ctir~~ri~y-shift, Ilit’~llrt’lri(‘rit,s, we fouud that, 

the coupling ring>. arc harmful. ‘J’11ca purpos<~ of t hc rings 

ws to gain a t,r~t.t.t~r vim*’ atigriril~~nt,. Al thr insp~c‘t,ion of 

t,tlc! vimc atig~~rtic~rlt in t,hr ravit.y rcmst~ruc~lion, trowc>vrr, WC’ 

found that, the VRIWS coutti t~avc, bcxctn aligned wc>tt c:nough 

without the coupling rings. Morc,ovt,r, iit. an :tccr~l(~rdiorl 

test with t htx rnodifid coupling rings, WC oJ)tainc:cJ almost, 

sarnc hc*;lrir p~rforrr~;tncr~ iLS t)c,forcs. ‘l’hr~rc~forc- t,hcl coupling 

rirlgs shoultt 1~ rc~r~lovd 

3. ~C(:EI,F;J3A’t‘lON PIXE’OHMANCli 

3. I ‘IZansrr~is.sjor~ I?‘fficicwc~y vs. InIcv-var~c Vo/tag(x 

Figure> 3 shows t,lict trarisriiission rflicicbricy its a funct,ion 

of the norrriali~~d intc~rvant~ voltagt, b:,, ttict voltagr divided 

by t,tlcs tlcsigrl vatuc,. I~:xI~~~rirrlt~iit,~II d&l art coiupad with 

the: results of two I’AJiMTISQ silIlulations At. Ihe original 

I’ARM’I‘I~:Q, t.hc c~lecbric field is dcrivcd from t,hcs t.wo terni 

pot.ential funrt,ion [3], At. t.hc, rtdifiecl I’A RM’J’b:Q, t,Jrca ills) 

coefIicic*nt that, (‘rand;tlt ralculatcd for t,tict pi’ = r() vanr is 

IISW~ irl place: of A, the A Lo of t,tira t.wtrt,rriri ptc~ritial func- 

tion [I]. At our II,Fy, t,hcs ratio ‘4 1()/d variw almg ttw 

axial distance, starting with 0.654 and tding with 1.024 

[4], ‘1%~ original I’AKM’I‘I*:Q prdic-t s it st,c:ap inrrewr of 
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tlir t ransriiissiori dficicsiicy in the> L;, raiigcx hc~twc~f~ri O.!) anal 

1 .O, wherc>as the: ndlfied l’.AICM1’I<Q prdict.s a slowcSr irt- 

crt’asc. ‘I’tiis is dut, to t,hc srllall ,,1 ,!j iu thus hmi- t,urtctiiiig 

proe’ss; tht, scaparatrix ilI?'it is so narrow ttli-lt, t,hct capt,urc> 

c,lficicxrlc.y has goncl worst’. ‘J’hc~ c~xI~t~rllr~(~l~t,~~I t.rallsrllission 

efficiency incrc,a.sc>s slowly as thp rrdifid I’AHMTEQ J)rc’- 

dirts. Hc~nrc~ t.h .4 1o of t,hc at.t Ilat fic,ld wilt he- (.tos(’ t,o ttlcs 

(:riLIlddl‘S A,,. 

Wr have not, ya>l. ot)t aiircd a goocl agrc~c~lilc~ril t)f~l,wf’f~rl 

tficx ~~xp6~rinn:nt.al datit and a siuiulat ioll. ‘l’tlf~ ttisCrc~t)iUlC!, 

c01itiJ t)c ;it,t,rit)utc%ci t 0 t,ttc* dial Illi~l(.tiing s;c*!-ti<)ri, it\ 15 

disrussrtl hdow. 

:1.2. Ildial .MatkhirI~ ,src~lrol, cd th sp111 c ‘o;txid rlrsv,! 

III the I’AKM l’F:Q sirnulat.lon, wf’ 1i.ssI,llI~’ that the PIW- 

tric firltt in t,trcb ra(tiaI Irt;tt.rhillt: st,ct.i<,n (ISMS) i$ ~lc~riv~~cl 

frorri it pott:ritial furdion: 

/,r(r ,y, 2) : ; 1 .+ 
[ 

Ii:+ 1 ’ f 

wtIc:rt, 1’ is tlirs int,c:rv;trlc~ volt,itg(~, 11 the aprturt* r:icIlu-; 

;It, ttw exit. of the RMS. irlld I. t.!t(’ I*~ngt.h. ‘1‘1~ itical 

Vmlt:S st1011t<1 h stlapd Lo t>tl<L t,hat c~ct”iI”‘t,erltial surfacc3 

ot)t,aincd t)y quating the right-hand sictc‘ of J+;q. I tSo 0 or 

V; itt. our ILFQ, lI = 0 011 ttlr, tlorizorlt~al ViLIlW, fixrd td 

t.t1c- mvity e11d wall, and i 1 ..- 1’ on t.tw vdical orie5. ‘I%(, 

rc5ulting trarisvc,rsc, radii of curvaturc~ at. t,hr vmc t.ips arc’: 

f’,, -z (1 ((.i -zz 0) , (1 zk ] 
( > 

l/2 

(ri 1’) (2) 
2 

At, 1 tit* iLct.ud vanes, ttowcvc,r: Ltrtl vane’ tips arc stlal)f’(1 

to a circular arc with pr = u :.= r,,, in t,tit, H~III(’ manner for 

thr ridulatrd vanes. ‘I‘tiis shaping wouttf t)cl good for t.hr> 

I/ = 0 vanes, hut worse for the (1 =: V varit:s. floncr the, 

c+clrir fidd p~nc~riitc.tJ by thtb van~3 wit,h slrch a varic~-t8il~ 
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gmmelry would be tiifkrcrit frorrl ltic~ uric’ hiwtl frorri ttw 
pott:nlial furicliori given by E:q 1. 

3.3. ‘IhIlsrrrissrorr F:fficicwf-~ vs. Ir~c’c~trt,rr hcT~y 

‘I‘ht: pottmtial dislrihutiorl irl ~.II(, RMS of the split c<)ilx 

ial ItFQ is tlifferc~nt, front t,h;bl. of t,tlc, four-vim, RFCJ. Al 

thcb lalt.cr R.FQ, t,hcL potm(‘ll( ial on l.h(t I)c:~LI~I iixis is z(aro, hut 

at lhc~ forrnrsr, it irlcrtasc3 froni n’ro to I’/% alottg the i%Xiitl 

tlist itllcv. Sillcc‘ t.hc, lorlgit~rldir~;rl cc~ri~p~~r~*~J~t, of Lh(% dec~l.ric~ 

field is riot, 7;ero 011 i.hc, 1)t:;ir11 iLxi.5, t.tlfs c’,l’rgy ;LII~ I)h;i’ia’ 

rrdulatioik t,h;lt, lhc hc~:t~ii ctxpcric,rin5 iii such i*ll ItMS 

is quib piirticlllar. For iJlst,aIlc+2, il’ 1tle illput. I)c~nIri is ;l 

t1.c. tmmi wil,h lhf: dcsipri t>Ilrrgy 12/,,,, ions 1110vf~ toward 

A$ = fx (At) = rf ph,xc 4 -. syrlchrcmous pha.sc &). 

(‘or~sc~qut~ntly, at Ihc fbxit of thv ItMS, l,hcs ion dmsit.y is 

rliiliiriilrrri at, A$ 7 0 alid rnaxi1lnlrli al t 7r; wtlr~rf~as at. l,tle% 

four-varlcs R,l:Q, thrx &.d- dist.rit>ntioll ts itlrll<)st, flat.. (~OIISO- 

c~uf~ntly, for Lhc% bcairrri wit Ii II’ .- II’,,, , 1.11~~ A4 ;tcct~pI,;trlcc~ 

of the split coaxial RFQ is riarrowc~r t.hiuJ lhal, of t,hc> four- 

varlc RP’Q. 

‘I‘hr- Iransrriission c~fficic3~c.y its ib furic.tiori of lhcb irljec- 

I,ioll ?rlc’rgy should refltT(. sllrh iir~ RMS ~)~~rforrli~lll(‘~‘. ‘l’hr’ 

rrmdifid 1’AHM’I‘bX.J rtxsulf. is shown ill l’ig. 4 along with 

t,xl)c,ril1lc‘rlI,;tl tlat,;~. ‘I’ht~ sinlul;tt.ion result is rt>rrlarkd)I(* 

for dips around Abz/,,,/bv,,, = 0. At. l.tic: c~xlmirtier1tal d&r, 

tiowc-e>r. 1,11(, tfil)s arch rrluc~l Stliilll>W4‘T mrtl t,tlck LriirlsrllissioIl 

cfficiencim ;m: higher. ‘I’his irriplim thal, t,hcx lorigitutliriitl 

fidti corriponc:nt. I:‘, might 1,(, tlifbrcmt. frori1 that, &rivrtJ 

frortl b:q. 1. We t,rid t’~\f<h!‘l‘b:(~ runs by rc~plitC.iJlg t,hc’ 

ItMS wil.h I,hrx on(’ for 1,11(, f<iur-v;m~ RI:Q so that I:‘, 

0 on thf~ ~lC;HJl ilXiS [‘,I. ‘1’htt rc3Jillirlg t rarlsrrlissiorl tdli- 

cie~rlcy has JIO clilbs iuid xgrcLc3 wc:ll wit 11 t haa t~xl)~,ririlc,rit.;lI 

d;il;t in Fig. 3 irk lhv r;tiigc’ of 0.9 i C;, 5 1, 1. WC: hc~ricr~ 

C’X]““‘l. that l.hC~ (‘4 ,Ilst,iLIll, ,‘, “iLJl,‘$ ill (1l<, I< MS WOUlil h:rvc, 

rctluccd the II, con~por~c~~t., 
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Figure 4: ‘I’ransrriissiori efbcicncy ‘vs. injm-lioli energy for 

some: vitll~c~s of the nurrn;tlizd irlt,c,rvitnc> volt;rgt: V,, ‘I’ht’ 

ions used in lhr oxpc:rirnrnts arc N$’ (V,, = 0.96, 1 .OO: I .Oh) 

md Nt fl’,, = 1.28). 

4. CON(~I,IJI)IN~: RICMAHKS 

i\t INS WV itrc Rbf)ut Lo build ;L facilil.y ddivclririg boarr~s 

of exot.ic uuclr>i for nuclmr pl1ysic.s c~xluil11c~nls [BJ. ‘1’1~ 

prlscJl1, l<b’ca will hcT c~xlr~~~rhd l,o a11 8.:) III, 17()- k(,L’/u IJI~ 

c-hillc mtl used x+ t,tw I”‘,irc.c.c~l~.riitor. Wr oNLw1[hl.~’ 

sor11(’ iruI~r(lv~~rri(~rl1.s iLS follows. ‘I’hc umplirig rings will 

tw r<~nrc,vt~ci for lbitsi<.r olbmdiorl at, 1 II<% frcsclucrlcy fixed 31 

‘Lr1.5 M 11x. ‘I’hr: Ruw r;h~ of c,ooling w;tb,r, d~out 90(1 I,/n~iu 
now, will I)(, inirt~it~~~tl for ii11 op6xrat icbri iA a dllt,y f;tc-t.or of 

;!I)‘%. ‘I’hc, v;iri;tl,l~~ ,,‘I’ gc~or~i(~l,ry of l.lrc~ v;m(’ t.lp will I)c~ <‘rIL 

ploytlti for t,hcs Iow-cLricsrgy 1>;“1., ;tl,UiJt, 1 -III IOII~, iiIItI (.\Ic’ 

,P,, :- rlj g*v)kiic~try for the, higti c’rlt’rgy IclrI,. ‘I’hcs rhf’v.3 ltt+‘Cj 

is bcilig dt3igd. 

5. ~~c:KNOWi,lCI~(;M ts:N’I’S 

‘1’11(% ;Lilt,tv)rs c’xpwss Ihc,ir I,h:mkb 00 M Kih;tr:i for Iris 

c~Jrc~l~rlratlgf~~lJf~Jlt.. ‘Ike l< 1q work is suppdcd hy th(, AC 

o*I(.ritLor R,ctstx;trch I)ivisiori, Ifigh I’;ric*rgy t’h4sics Ikvisiorr. 
and N11clear Physics Division of INS, and by the (;ranl for 

Scit:ntific Itesc~arch of tl1c, Ministry IGlucalion, Sciclnccb and 

(:lJ~t.lJrfX. ‘I‘hf> cc)rllputc~r works w(‘r(’ dorl~ 011 I’h( :OM M7HO 
in ( 114% 1 NS (ZorrlIblJl.c’r R~KIIII 
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