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car ef ul liy,dtfated ddvih G aRERYIrA® 1204 beamline assembly 14, and an end station 186.
20 The terminal 12 includes an ion source 20 powered by a high voltage power

supply 22. The ion source 20 produces an ion beam 24, which is provided to the
beamline assembly 14. The ion beam 24 is then directed toward a target wafer
30 in the end station 16. The ion beam 24 is conditioned by the beamline
assembly 14, which comprises a mass analysis magnet 26 and a radio frequency
25 (RF) linear accelerator (linac) 28. The mass analysis magnet 26 passes only ions
of an appropriate charge-to-mass ratio to the linac 28.
The linac 28 includes a series of accelerating stages or modules 28a-28n,
each of which further accelerates ions beyond the energies they achieve from
prior modules. The accelerator modules 28a-28n in the implementation of Fig. 1

30 are individually energized by dedicated, fixed-frequency RF amplifiers and



to proper acceleration of ions through the entire accelerator 28. Thus,
sophi sticated controls and/or trial and error methodol ogi es are commonly
enpl oyedwion2oftdd t o tune such multi-variabl e accel er at orPEYEBEIAS7683 f or
specific acceleration energies, and for specific ion species. In addition,
the provision of nultiple fixed-frequency anplifiers associated with
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impl antation system as wel| as methodol ogies for accelerating ions in such
a syst enPrdfhite Berlaiate ifs ehiBpdiaam Rddomnsigiess venane milliccoslzatgen volisd i n
convesntiig&aéhaargg%ltﬁéators. In particular, an ion accelerator is provided,
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frequency powEhe socelesator 28mpFid.i emayi ie adastedito eiciohty atsslems from an
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Al t er natmeed for imptavetibn gceleeatiniz apparatlieand attRodeloghe edaskieitethbwo a
first RF s st.em.}.erm’ nal , with the remaining electrodes connected to a
second t95h fiEPliied jon implanialion Sysiems t hat adj acent energi zabl e el ect r odes
are energi zed 180 degrees out of phase. The accelerator may al so conprise a
vari abl e frequency buncher stage |ocated upstreamof the initial
acceloerating stage to provi ASUMMARY O TEHE INVENDIORel i ability in such an

i mpl enent at i may be. inmpraved i,n accaordance with the, present inpvention,
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particularly where an ion inplantation systemis used to inplant different
ion species at different energy |levels. Thus, :
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s the systemconplexity is reduced along with the conplexity of associated
controls, whereby reduced setup and/or tuning tinme is achieved. In

addi t i oWOWREFd4hr evi ous systens may have been linmited i PGIHeBH/O03HSI ity to
support a wi de range of ion species and energy levels (e.g., due to the
conplexity involved in tuning the individual resonators and fixed frequency
anplifiers), the present invention io provides an accelerator with fewer
system vari abl es, which is adaptable to support a w de range of ion species
and ener¢8nvesiiensl acaaleratasagn@ addisignaly re rthe sirectberensr dineer, may be

adj ust abj i . i .electrodes in a

f requenc'bg?gﬁ%ﬁfﬁyﬁgg%ﬁggéﬁ‘[egp{os(éf%%@% f@ﬂ%@%%@éﬁ"? ghae k?é‘ci es and

- accel er aimplantation gysieew,elisich nady be iersiapee to LbRieNe WRIHoFRENES aRBYcd2e

adj ustabltg in a range of fromabout 1 to 10 tinmes a given frequency, such

as from apeiiiagespyer eonyshtionalgnethodoiagies.nvent i on conpri ses any nunber of
o \ ) : ( Y ent;
may Chus, pr ovelE SPEet PE il R e o e Bl 0P asrl o gn

ener gy iionsitravehimg atdngna patt e pndniplatation cysiete! Thataecalerdtidpt her aspect
of the i.nver&ti on provides an ion inplantation system conprising an ion
accel er aP6IUdES SR MNBERIAGERIGRIRGBIAGP D RRCHrSIAGE badiRereNeapmerel ect r odes

o ovi i reheiblzab YRLIrBROE ol SAible BRUEEnSD WISyt KL 88 lldrd 5217 o
posi t i onfrequendymaveer smircéandarcassacidted viadable frpaudnayhesomatbpi ¥be, and a
controll er erative to control the accel erator and/or other system
conﬂc?nen?%qe?&ﬁéori%g%ﬁf ﬁfqg(?ﬁ e9% COMPHES CP@??%\'&P@%JMK%&@" Rt ed i on
buncher $lesméast MRSHSRRA dtvieBA th ehMlizAGIERIEEREALL) wdtd e ME! s RRGHNeS
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principles of the so invention nay be r “obj ect’'s, advant ages
and 2%ov epoverdibisystent fortbeiaocelaraiing siaige detahewveppawenRFfaystanh fier thel | owi ng

detaile escription,of the invention when considered i onjunctjon with
the dr a\?ﬁ%@%féﬁ)ﬂgﬁ &g&ﬁyﬁ&lt@r@ugeﬂ_@ _ Wﬁégeﬁgn%'ﬁh'isv eSS Eenat i ¢
bl ock di saw&radurees bhatresenatofY) @linBiRIGYsddRihtedRLATDESyShés 'aad%a}/on ,
accelerator; Fig. 2 is a schematic diagramillustrating a conventional ion

accel er aeducaihritimenand affod regdreshtocltiniioe dmpleadatiorcsystemanyiéieer; Fig. 3
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el oct r od ORIt FEelolip sty drel qrbd; or Bherdh AlichaT sTaaH iseviCaoiwer -
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el ectrode, double g;;}p, accel erating stages with a plarality of dedicated
fixed friajlansoRhedrenuancyref.another slage. In pddiipacthevielativewhasing porti on of

ccel or At SRR ARRS g or DEYERR ShliPraliflu S Sunfhl oF £ 27,
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30 series of energizable electrodes, the system cost and size are significantly



5 WO | 12/ U5~-4~3 PCT/ GB(11 /05768 Fig. 7 is a sectional side elevation

vi ew of anot her exenplary ion accelerator having a plurality of energizable
el ect r od®® ®2@54+4de with a vari able frequency power sour cePGHGREVGefance

wi th an aspect of the present invention; Fig. 8Ais a plot of exenplary

vol tage and frequency operating curves for s various ion species in
accordance with the invention; . Fig. 8Bis a plot of exenplary power and
frequency operating curves for various ion species in accordance with the

i nvent i onedHced compassdiwithaidnveatiosalden etesiatdtors hawing @in RF systenaésel er at or

wi th an exenpl ary. variabl e frequencgy. coaxi.al resonator; Zo Fig. 9B is a
sectionaleafq?g?ﬁeréizésﬂft‘?lﬁﬁtrW%Wﬂ'nga%@ni & IBYRRIQI BEQyideman aecelatater of Fi g.
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including an exenplary ion accel erator ving a plurality o rgl zabl e
el ect r odegyster iswused iaishplant diffecertyiopepecies atidifferent enegydevals. Whub, anot her

aspect. of IS inventi.on: Fiqg. is a,schematic jllustration of another
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aspect ofPreWeus systemsomaydhavie gen bmited in thelireahilitydoisuppert awidmrarigeasfot her

. ol . t . : I tor havi
ol ural |15 0hePedls SSRIbRRIA: [l WwRISTR: Bphatin REgend) R iheour ce.
as wel |  dsdighiuabresonatire andfi@eciesglishes arhpillic?s0 the praxserf Giveptiohhe

i nvention; Fi 13 is a flowdiagramillustrating an exenplary nethod of

accellér atﬁrﬁ}j'dgé an %swglqrﬁtoawvitfbwwerrﬁy_amyadablgyswaim in agtepdabiahe eupporh
anot her aspat %a‘ﬁgﬁtmo'*%ﬁ%@% dnﬁy%réggvgfg?d Fig. 14 is a schematic

illustration o on | antation i ncluding an exenplary ion -

accel er at or halhenaridbies freguenegpower soerce| aabeever, atdy 06 egjrigiiged by a
vari abl e fre.gu&g_gé RF s sEem in a phased relationship with one 3 o anot her
accor di ndP¥CEAYT B?rgé(stéé £ egergigablefiestiqdss. ing frequencyrange-apprgprat/ C B |

|/ (157(r I ; J tion wll
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nunerdal s instangedhetpowesisourcemaykee atjestablesin aranggofifrom alsodinetd tyent i on
provi des d apparatus for._acceleratjng,ions jin i on i mplantation
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system in order to accelerate ions froman ion source. The systemin

t he il uacealesatinpirade et invertiaromayitbus provide isighiificant eqgatany sRceover

ccel or athy s FeP3XAThEHTHh LRINGf bR YIRRE %R viercpec o o

desi ped areelyatorsiel s for inplantation onto a workpiece. The single
adj ust abl e power source reduces the cost_ and conplexity of the ion

accel erat or arn¥'oRYAsPecLAr %TV@P@%BW%@WQWWQO Ioncystem
accel er ate@hfprisity 47 idn AccdIEME! A9ab8GibeaZsh Vet £fhg o-rqgeor'rﬂXFenéﬁé)@izable

electrodes energized with a variable frequency power source, as well as an ion
source providing an ion beam to the accelerator, an end station adapted to

25  position a workpiece so that accelerated ions impact the workpiece, and a
controller operative to control the accelerator and/or other system components.
The implantation system may further comprise a dedicated ion buncher located
upstream of the initial accelerating stage. Yet another aspect of the invention
involves a method of accelerating ions in an ion implantation system. The method

30 comprises providing a plurality of energizable electrodes spaced from one another



15 further includes a nethod for accelerating ions in an ion inplantation
system which provides performance and cost advantages over conventi onal
nmet hodol W@ @548 order to provide context for various feREUGBSI/N6] he
invention, a brief discussion of a conventional interconnection of an RF
power source, resonator, ao and energi zable electrode in a |linear

accel erator nodule (e.g., nodules 28a-28n of Fig. 1 ) is now provided.
Referring now to Fig. 2, a conventional resonator circuit 100 is

i |1 ust r atiederibs alorigna lpathe anamppiging =0T aléshtihg petsrtial 60aicanfanad! el with a
resi stance R~ and capacitance CS. An energizable el ectrode 108 is
connect ed"8¥8NGY¥ %nﬁoqmngd to g plirality b @aelgipable eleniradas uringueerariabte

- grounded fiadt;lcOH L : ode 108
creates al tqg"r na?i n%egﬁgé%é%ggpﬁgﬂ- Sr@hﬁ?gé&%&ea@ﬁﬁ@@%ﬁég% hgl(ag%@rﬁ es 108
and 112. pHik, wherwbydonsgrebetsleiated atdrdsthei pathurn, accel erate particles in

“the ion beam 110,in a co Ihol I ?d fasPi on.. The capacitance CS represents the

stray®capaci t art E%RCGanPlishrient o4 the. farpgeindand relEed sndlsy the iInventiemince R-
represen o7 ofﬁ%l i W th

t he resotr?grrﬁmgérs 83?? é%tgfr%sr ﬁeﬂé&ﬁgu@nﬁ%ﬁg& anégﬁéé%gﬁ%ﬁ%gﬁ%@qr&s. The
val ues f dhe claimsapldt followingGesanigptioh andithectrorexedidrakvintysesestdbrels tigdetad f or m
a low | oss i .resonant or,."tank” ci.rcuit 100, wherein each

accel er atc&rt(a?\ ﬂ@a@‘é"% ASREGtS ﬁBQHmB%dE?%‘FEIP% Oifﬂﬂ '@N?'B‘i‘o'?-hlgn?%@r% hown in
Fig. 1 raosdioairs hviwdves TR af leROGABWarible WwaARARIHRER h&prihd Péﬁ%ﬁh?b' e in
alimted range to allow tuning of the resonat'or to resonate gt the Tixed

f r eql@ncyNMENIRNIHAK PesQJUPIQEGQ-l%,thQU@hIGG& edvaotagen sadandvel featupes aitthee

effects t.a: [ ' radio freguenc RF} power, source 116
e capactiveriRy ) beEehf s Bt ot e aglCua AL enstlaPR F Pa & -
capaci t ofinv@ntion wihete tohsiderer igiconjinttiohasitn Bieodrawingdli t 100 with RF ener gy
at a certain fixed frequency. Such a fixed-frequency anplifier 116 is
associ ated with each resonator circuit 100 in the ion accel erator system of
Fig. 1. As described aboygm iRyl BRCOR FRE SnAWARIGSIS sindle
anplifier configuration i - djustability if
desi ted wi th rfegpeit a sohematidiblockl didgreen jilateating asiigie epsryeiofdai@titat i ng
stages, but.does.not allow variation in the frequency of the alternating

el ect ri c "AVEIRR f?'}ﬂ‘?eé%r@g?rer ating gaps. Furthernore, the single

ener gi zabl e elgty R sehaiabic BRRIraRY iftisPAN bRt BRI Aeislgy 11 cant
system space, extra conponents, “and I ncreased system and contr ol

conpl exi MRedule hryingra dadicated fixeddrgqued)cyaRpampldierof an i on accel erator 228
is illustrategs: Vi i .e enerqgj zable el ectrode accel erating stages
228a t hrough g:i%nr?tsegg?;%p\%ﬁﬁ\?%vﬁw ‘g{ gﬁomrgaﬁ?r) 10N, L @Y&"Fg §ln§gees,
228a2@ndem@c@@cdd|éruﬁﬁg g{agé.; A DC i on beam 224a is provided to the

accel erator 228 (e.g., froman upstream mass anal yzer magnet, not shown),
al ong a beam [§48.1f 52% pergpectice viexnobaaethes ppeiopafdbe iarhaoccejarador ehfigance

t 2 i ' | The beam 224a i
formed | ot Husttalthaeepo? SiBlL Bectidad GAhIb Mk Akt e mlina iBeSSRBIG vi 't vo
el ect r os patralitypfaiddigaée fiey freqaed3ARFampfigres pondi ng gr ounded el ectr odes

236, wherein t';nealigr ounded el ectrodes 236 each conprise a cylindrical
aperture 238 IFd&at SR REGRECHYR ViSHt ff 2 pertiaruelamexemplany ian acegleraios WO

112/ §d S~wadi qﬂﬁ@@i ! A8 |l erates ions
fromthe gegg 224 e%/oléﬁec?f’qﬁéﬁe%’enerdlequ t ef@gﬁz{\%ﬁﬁ%%ﬁ%ﬁaﬂ@rﬁmdul es. The
accel er adedigatedfixed® r8quemsypRF saaplifignsj r of grounded el ectrodes 246 | ocat ed

bef ore and aftFereﬁan energi zabl e el ectrode 248 al ong the_ path 226, where s
the ener gi zabl&-& B3 PEFRCSUE HEY Ble? BRBIQH 9fan exeraRlask it astalerater ener gy

. source Ohadirl A biugali QQ%? b1 Leve
accelerapioﬁgé%bkgﬁgﬁ&ffﬁﬁﬁmﬁﬁggEggﬂgggﬁa a %Xéﬁ?@%qﬁégﬁﬁggﬁﬁ 6. The
gr ounded setiget in@pesrdatr®eavith gemspeat! §f thguabsgntipeardibnt r om t he ener gi zabl e

« electrode 248 to provide first and second generally equal accelerating gap
| engt hs 250a and 250b io therebetween. Simlarly, the second accel erating
stage 228b conprises a first grounded el ectrode 256 | ocated al ong the path
226 upstream of a second energi zabl e el ectrode 258 and a second grounded
el ectrode (not shown) downstream of the epergi zable el ectrode 258 al ong the
pat h 226. Focusing el ectrostatic quadrupoles 234 nay be provided al ong the
path 15 226 between successive accel erating stages (e.g., between first and
second accel erating stages 228a and 228b) in order to provide radi al
focusing of the beam 224 as it travels through successive accel erating
stages 228n. The accel erator 228 may conprise further accelerating stages
or nodul es (not




shown), whereby an accel erated i on beam 224b nay be generated at an energy
zo level higher than that of the DC beam 224a provided to the accel erator
228. TheW®BWSHH3g accel erat ed beam 224b, noreover, nay aR€HGBOHIGeheral |y
cylindrical transverse profile as a result of the accelerating stages 228n
and the quadrupol es 234 al ong the beam path 226. Referring also to Fig. 4,
a perspective view of another portion of the ion a s accelerator 228 is
illustrated hayi ng, several single energizable el ectrode, double gap,
ﬂﬁ‘ﬂf%ne

accel erating si%ge!$ @ssetiq lgyglion view ofinathiec x¢mptary it ages 228a,

228b, 22 i L erein intervening radial focusing

devi ces ?rbge%n?‘i&?t?é%%}'g?g @Héél&stgégeﬁéﬁg%aﬁ\?fa Ctrages i Pﬁe%tg‘ hY¥#iaRleel erati ng

" stages 23@nuandy paker sooloedie sterdiraibith aherbeetepthdaSeaBrk iRvntics. We! | as
grounded el ec .o%epgggaglo%% and 276, respectively. The single enerdizable

el ectrode, dod epylary vgltage anddeauRaty ogwEsting ceives dor ng

stages 2Z8fAoudi e’c@& %ggj lse an associ at ed,
fixed-frequelrllcéﬁp%? arrplnl |erra§'i(%‘: nggﬁeg’%héﬁd 272 and RF resonator 244,
254, 264, andFA78B ises plet toif exbmpldit o lzink feé@éﬁkén o@ﬁtin%@@we@ﬁgr 272
provi de &i x(gd-fre uency. power .to the el ectrodes 248, 258, 268, and 278 via
the resonafiRySI08ySpecieyin ageordance with the,inyeplan; ol | ed fashion, for exanpl e,

according to gls £k f r: Y, Q, this_regard, the
control systeﬂ%% rsra g@?vrfaégr%'@‘é%m‘é%ﬁ ﬁ@ﬂ%&ﬂ?ﬂ\?&rﬁgk?ﬂg and

anpl i t udéxemplaiyg vptakle fsequeriayctdaxial hesaeratorgi zabl e el ectrodes 248, 258)

268, .and 278, rLexaml by.adjusting the anplitudes via the anplifiers s
0 24%5?l 252, 25&?9 3 %ﬁ&ﬂﬁf’ﬁ@%ﬁé@@@h‘ﬂ% ehideriga aeselaratopand 254, 264,
and 274. régonait(bﬁof@g_r@A,ed at this point that while adjustnment of the

various anplitudes and relative phasing of the RF energy applied to the
ener gi zabl e eFi:tlPd8&sschematicifiustradion efrah RRSMylhoiation sy sieominafuih@ qat or

228 to b | er at. variety of ion species at a
variety g%‘%ﬁ%?é@‘; d %%é&q?%@a@ﬁglpzlrj@'@r&ﬁ"eﬁgaﬁﬁ:?'@&g@dﬁgﬁﬁﬁ@e number of
conponenvariablefeqabnepipotven eedrdedinkecBrdr el With dﬁ@ﬂ'lé?ras?@isfjéfttljg in order to
achieve an oyerall tuned system Thus, while the accel erator 8 is

f1 extbl e!NVEAKOM| exi bility adds cost and conplexity to the accel erator 228

and an ion i [ : [ | erator 228. Referring
briefly to Fir_rgl.g?lgf’q%atla(r)réu}i“tél)Ipi%tgmﬁ%%aﬁ%é{dgﬁee@?ﬁ3@%’?’8#%é\é"?tﬁ?"at or a o 300
may be pinclidirglan exaoyayahed stgehionmecekpaior, whetdadhuedsib@iingistags der to
reduce the si.ze and cost .of ion | antation systens. The exenplary

accel er atOrPEeR® @@ﬂﬁ?ﬂé’e%f eé‘eﬁg‘éﬁé qigctipdes and Agiariablefrereenaydeewe302a,
302b, 3026urck ald&hdaﬂgémﬁwlé‘ﬁ&h&?séﬂe}t%?tﬂé%@%gg%n'pog tioned along an ion

beam pat h 304. Constant potenti al groun ‘el ectrodes 304u, 304v,

304w0 304x, ahig- 384y agchematicplhsstrationed anetherdon imipldrttationt Sestemer gi zabl e

el ectrod r a plurality of generally.equal acceleratin a
306 bet wozlethe Sn eRe el iof abrelefhtat dadhe d Horlte b amizatimsleatodes - O
pot ent i ahnehaaiinblepe@ehty3hier smc@,Ia%CMawﬂqur?@%%ur%%qus %9@@@& ough

302n are energized by a fixed frequency RF anplifier
r esonat oWtk 2DOREE GeBpalyeithednaitionsl syst em 320. 3 o Al t hough t he

accel erator (PTo\VA re of cost and.size_ 10 WD

02/ 05t ~~3 P@gcg%ﬁ %é@’&g@gg%@fﬁ’%ﬁﬁ? SRy, msthodef Actelensting

enerap zabhe irebeddiy maielantation. systidan a88tandd #ith AMGtALPAsFAR tEnd more than
two accel er ati.ng%'%a s 306, the range of adjustnment with respect to various

i on spech&senig 2WN%vel s may be significantly Iess than that of the
accel erator 23§: 14 s a schematic illustration of an jon implantation system including an

exemplary ion accelerator having first and second energizable electrodes

energized by a variable frequency RF system in a phased relationship with one
30  another according to another aspect of the invention.



According to another aspect of the invention, further inprovenent in cost,
size, and flexibility is provided via the enploynent of a plurality of
ener gi zaWiod28reidd r odes (e.g., with greater than 2 associ REIGBEEEIE at | ng
gaps) in association with a single variable frequency RF system Referring
nowto Fig. 6, an exenplary multiple-electrode ion accelerating stage 400
is illustrated for to accelerating ions traveling along a beam 402 pat h.
The accel erating stage 400 conprises a plurality of energizabl e el ectrodes
404a, 404b, 404c, through 404n (e.g., where n is an integer) spaced from

one another in series a 4 n adj acent
ener gi zabl e IeI ect rlodes mm&ﬁwl al J(e. g.)
- grounded) el ecTh@grsefPRiventl@fiwill A8Rkbe HBEEHEEY \ﬁﬁﬁif@?@né@ﬁ?t{%r%rﬁmﬁé al ong

the path 402 with at | east one constant potentia ectrode
el ect r odexheaies) likergdarenca moumgralogss usasttat refiettotliveceierenits thtpagleout. pai r of

I | . .404a, ..404b 04 h h 404n,. A.fir, [
ot ent a1 EERYHE PR ey and dp5ar it R iten F Bing ionstiariA  ai ong
the path igplartation sy@t@ni?eAM\Wﬂab@@eﬁdtgﬁFsrp?ﬁgiggé,Oé@mbhﬁmggé‘ 8&%1&%%?0' an

entrance end 410 of the accel erating stage and a second constant

pot ent i alenareizablsueledinedes energizadhy 8 eRirativelyasiablefreguency Bifesystam, (e. g. ,

bet t: t 0! I t i 412
The  constiopEPUERER G IGfs BE M)t Roll R FBCS P e B "1
adj acent impegentbions ebepirised esvalidie freqaeaty RFpdWdnss@rcasaridoarsief i ne
generally e ualt%(gcceltﬁrati ng gaps 420 therebetween. A variable frequency RF

g . S
syst éfh | 2§5O6iARR YRk freavanty Feeonategallavdng tire iswaeceletatestodsd

electric 1 ; r-gh : 404n
Vo s vari R e aEkaeals Lk aROS RSt et Sy B LESIRT oA, LUERSRE ol of
a cont r oliingpdaritatiouentoya aodk@iepd. Taesimgly dufusiaiplei proaivéosduree sedudddahei zabl e
el ectrodes 4043 t hr qu A*O4n,i n order to create alternating electric 11

WD 02/ 0S-°P5t 88 ﬁé’ﬂ?@@g&/%é%%o'? REreleratar and ageeciptadeomifpls zpampased witha
controll 1941 - b i h ; in

fields i ;“ﬁ"ﬁ?g‘a@i‘ B0 (ORI RN B QUG SpEnSled TR BRRRACY i i1
respéét tfuribenwciudes a mpthott tor iacsekeyatingrionsipandan snptantatiers sysdeint, i onal

I t] djusted, vi trol t 440 wh b
fons. ar o Wiy RBdEs PERY T ERc BHA B8 A el bl eSS ENEhg ¢ he pat b 402.
The enpl owewidotdgiés.si ngl e RF power source 430 and associ ated RF resonator

432 significantly reduces the size and cost of the accelerati n% stage 400
(e.g., conpardb afentorpravidercarsextdar vanieys feetwesoitie invemtianda bref exenpl ary

and- 432, JEREIGth £ ool infored Bl AP FEY pOBHE SERRLEERERY dual
suppkbes @itlererdizabieoslativode &1 linees pecdlertdymodiild&g., modulss gheshi gh
power pomgr,so rce 430 is typically smaller in physical size (e.g., and

| ess costdhy)idt ﬂdﬁ ngmwrgygqcx%/yg\%ﬁer newrtedrig.«2,¢ convrigiongbigsonatari ng)

anpl i 1 eicireBGopTeMusfifed finichlifcides i RHDALP oo Lidbrihectdl wbatg}gn%gfrgﬁ | n0)

resonator 432. Thus, the size and cos accel erating sta
reduced. d resigiancd Bo antecapanitaexetGs. oAn ehergizatse alattrode 308 ecatiboted g. |

as well ags.that of the_control m 440), i ignificantly |ower than that
of the ageé'ﬂ%ﬂ'}ﬂ%‘}%f LZS-gh%ﬁj)ecgf(%iséﬁ(ﬁ?tm%é@dj?%wgsgéwpﬂﬂuégﬁge. Thus, it
i's rekat igletio®asy14 8nd Y18 Richah&t ORSrgHIFPtH @Ik RIeeT B8 Lhted age 400 for
accelerating ions of a particular speCies and a particular energy. It wll

be not ed allesnatiigegleakicdieids indhergapstbatveenstherplantsodepstehand 282aihe300
requi red | t of ar. unber, of amlifiers and,resonators, that

t uﬁi ng t r@%ﬁﬁ@eﬁ@‘&f%ﬁ%’gﬁﬁgs88?‘%{?@&9 nﬁﬁ"?%@ *@%RBP&PV‘ zﬁéé’? @rating
- stage 40Qonefby essHGH.Y ThE @apatitsidEq] rébrebbRtsithe dteiyapackande bPihe :

0
anplitude of a single power source 43_%) and resonat or 4353.7El Addi tionally,
energizable electrode 108, and the resistance R, represents the losses




the control systemmay further adjust the phasing of the RF power fromthe
power source 430 with respect to other system conponents (e.g., other
accel er aVirB/0§44dges) as needed. Moreover, the frequency rREHEBONOFNé6fe power
source 430 provides for a wide 3 o range of support for different ion
speci es and associ ated energy levels. This 12 WO 02/ US~~. 13

PCT/ (BBU1/ US7TG8 adjustability or flexibility of the accelerating stage 400
has been found by the inventors to natch or exceed that of conventional ion
accel er agesacigtedywith dre edsananbeir@dBBiompeisinghemhductohie andj tHs capatit@ice
electric field frequency in the accelerating gaps 420 via the variable
frequencylspower source 430 and resonator s 432 provides for generally

+ cons! st ent ac TR idthé EhBAGHArY CY BhINS IRAIGAIR ISBRELERcla o2 | Y
inplanted in ion inplantation systens.” Prior systens (e.(g., accelerator
228), al forsugtiowlless (High Qlugsonant e "temké cirouiad BDewhermit kaehfaceeRNgioes

he rome S i n3Bebt BFoe e SRt RO ThO%R DR (resheates ai the
sophi st eaiicdRedlericy, MM baRdRaRLO'COk AHIHEHR inlUARSY bRk tPBifoy NI vi dual

accel erator nodule of the fixed-frequency accel erato necessarily
opt i ni zetHring obtheyrasesatiadp gesanate iad thanfixed frequenciaoiia phines souhes 13feci es

L . it el ieodedeh I : out Sl
han opt PHElT 2F3Y PRBrRElEY wibeRibi<amsds BiBRgReR bt Tade mheaatio ° ' °°°
accel er afreqgenty(RFPOweLsoirBe 1968 caPadlivey ot @465 high véiiﬁéti{}’e”%g@gf at a

pl urali t;/ of ,ogerati ng frequencies, thereby ensuring tunabil and
easelt het®o$9il bvitha sapagiterdbain erdey te epgraize the resostarmircpitd GOcwilinIRF

ffici i ; t i f 430 d
Fesonat oc 98 St PR Eed EURELT S PRERBBRT RGBTSR aon one
and aboutssaoiateidwith eaclketes@rater direRiUEOTn thero® aecelritereydtai ONFiga1l ange

of o between about 4 Mdz and 40 MHz is contenplated, in order to Support a
wi de rangé Cf'gﬁ?’@gpl"?' thesinglaongrgizablecglestrodersingle amadifiet i on to t he cost

and sizeg¢ g dr : g i ' I

el ect rodggﬁ%@?ﬁﬁg{ @xe(ra I aﬁly&géé'efélémygégugggﬁﬂ@ daggﬁ'leg\r}@gﬂef??:%ﬁg;o cost
and & zethewslativenshse iasswcessiva accelerdting sthiges nauti doesafotzlomvaiaiss power
sour ces g‘nt?\ resonat OF 4 I\/bheov?r no ad%juﬁ).rregt flexibili té is sacrificed,
as may b PRATGHEDCY PiRG 2 %E@‘BQ&I%?‘V‘Q gl t PRCesleraiRmgapst he i nvent ors
have T ouRdrth&ahoid) th@siglebirérgiabd a@eirdaB-difdle 2RbIALE cehﬁgtﬁr%ﬁoﬁdl ust ment
flexibility than conventional systens (e.g.) accelerator 228), In addition
to the ctpsiuiresisignifiegnrt systam sreey, exira componestsdaendindredsadoysteniand V1' O
112/ ( haa 718 Al t hough the energizabl e el ectrodes 404 and
groundedé%ftg%ogﬁ%&@gs of the exenplary ion accelerator 400 are

illustrated i ReférgnghonstdFigi Ba howidH ¥f &6 icH atcdleiaisr 244 R illestediBg, of the
various el ectrodes nmay be desu_gned for inmproved ion accel eration

per f or maf@¥Ng © epekdzabia fle@rosienasraleraipg stagas 228a thiouah 28RN (elgs,

el ectrod t: LAC f ¢ 0 i,t. ,end of the
ccol or af R Bg A0 TRAGENT WABRE i SIA Koy RRBE BEE s Wiititbeaba”
Fig. 7) BReiosilrezan 224arippeoydedtiether atazieraid) 228c{aigdefroni ghtupsneagi zabl e
el ectrodes Al, A2, A3, A4, A5, AG, alg)d A8, spaced al ongﬁ_a beam pat h 472

v

bet ween D58 ANRYZeS magnetznot showry, alogga beamRath #28evineDizbeam 334a exi t
end of 13§)Ree8/tRfGUH Qe BE hadi i ively
connect edebto an associ%rféﬁtr\a/g% %‘E?ret frequgﬁg@agﬁ‘ %ﬁ@?g’g?aéﬁﬂﬁéresonat or
(not shopath 226.ehke Heam 2Maissioghedtinte a gehewly aglindival tahsierserpiefilet o
provi de lons, to the enerqizgbl e el ectrodes Al, A2, A3,. A4, A5, AG,
and A8 iﬁ‘%? %ng’é‘i&a‘eﬁ"%"c ?'ﬁ[jﬁg‘?tég‘é9‘88%599’%9&1“&?8%%‘&%ﬂé’ CRIERPASIiNG 5 Two
- mat chi nggRdedRIESrd R 236 WiR¥iIncRe dé8Adea g "6 Qs i98g the
pat h 4729b_et ween the buncher stage 47@ and t%ee%g'?)r%gtg%r?er gl chgpghg gctrode
Al. Cons@)dwdrlsak@?ﬁma‘eaﬂaIgc@t@d(émgltlmpaﬂsd%%.cﬁacl@m thesacedleraibg 6, G7,
&, and P are interleaved between the energi zabl e el ectrodes Al-AS al ong
the path 476) with the first grounded el ectrode G 1 | ocated upstream of the
a o first energi zable electrode Al, and wth the | ast grounded el ectrode (9
| ocat ed

8



downstream of the final energizable electrode A8. The grounded el ectrodes
613 may, but need not, include radial or transverse focusing devices, such
as el ect MW24¥#d3or magnetic quadrupol es (not shown) in oPEEEBIBITIOVI de
radi al focusing of an ion beamtraveling along the path 472. zs The
energi zabl e el ectrodes Al-A8 each extend radially toward the beam path 472
froma support nmenber 479 which extends generally parallel to the beam path
472 between the mat chi ng quadrupole 478B and t he focusing device 476. The
support rfages ormedulesl 228rs fuatheriaccolerates idreedrby: et vt fMﬂé@%@HtthaE mber s
o}

480A and 480B provi di n% rrgchani_cal support for the energizab
el ect r ode¥1SRGCAS R AChIFKe SHorR BFioT FRAASS- 479, as wel | as providing for

“electrical 14 | 575 ] L Li t.h ith
Variabl o frequsesCeerbiing stage 2ok Roliists AP of SRR ECHlebitlsceed | ns
2&8:) hough lpme@befiiemhdwameaergizabg@ e!ewilouldﬁgfa ammggﬁb F{é‘ﬂ'ﬁ Qigs,a\}vggmber S t
, an of, such .ne may, be included in order to provide suppor
as vvelgl yé@é‘{éﬁgf%%tm% %tﬁﬂﬁgﬁmﬁ%pp%gﬁz PYBBrRsSReialRd Rbi energyl ect Pgdes
Al-A8. F i | 74 = i { nb
HoureerdPARPIiftsIedrH Fdsthatdrgnst %V&@qgfsort F (02 plg\r/% Qﬁg%gg%ﬂ%b ﬁfrre er

479 and the nmenbers 480 .may cause heati e sup
resul t i ndonswitdintthg dearvpe4alaleny thecbéamgiath 8261 Mhesgonaded isdiRides79. | n

e enor o oaiP S LR SRS RpARB AR 1S PoRlzafe lisditare 2 inpioalde Fur t her

in this disstrargbgetonthgonstaly sglialgicbrirati t éeft;boort menber
479 may ?6%[? ovi ded vl’!\ﬁh coyol glrj]t passégé@g?ﬁ?%%hg\%h@?gh&@oo ant (e.g.,

f1ui dor esiseegintarly; theisecentl accalerating stage R2&b zermpriseeduiiret t he

t enper at i i I I lectrodes A 1-A8 as well as the

gr oundedlgé eiqer%g%’égﬁé?igggﬂgﬁ%@g%‘g%@%a@ﬁ # m§qfqam L?i@ssetcﬂpeugh whi ch

i ons tr aweplergitabig elévtrduec@s P aht aSsec%?ﬂ-grEQﬁdéd@fébY@éiea@Bﬁbﬁ*é@i)i on
- A8 and -@8 and the

efficienc tpe Ienfg{hhs of the various el ectrodes Al

| engt h o1d¥’f’viﬁ‘§ rgapCiiRe caeEgizakle elagirode 388 alpnatheurathta2® i ons al ong t he
ath 472 tra fi&i : I .to,the center, of the
Paxt. gan | nonoohERg et eRaieh, ain ABRBAL S SARIJAL 4R 1 blh

ener g% zaBkRé hetween sdecessiverscealsratingIstagess(say.cbatwede fikt efdisacoHgCcessi ve a

o0 accel eratin aps._al o the b path 472, the lengths of the drift tubes

and the @g%'g%tﬁg-si%?%ggéﬁé@id%@ giteriapredde gadinl tageising of thecr eased i n

order tobbasi 234 as & tiVRIPIABiIGH %Dc?gss%eé&iélé}’atihg%tﬁég Sp&) afiophase as the
: us,

particles are further accelerated fromgap to ga Whier eas
accel er af6felerei 278 maycepmpdsibntherREcalepdtinig strgeand rasdules (wat or s enpl oy

phasi ng ] essiye en i zabl e el ectrodes to inprove

ef fici enggb‘@f’ gmé tr%%f%lﬁ%?:@gié@%ci@{w\ﬁ%@ ?éi?%m%b%ﬂ&é‘@f%? &t apEnesdy i el ds
wi theo s levebhighwetharctbb e DOURRT: 2248 DriBedto i BEbABIAH S88UEREY R
power sour C?t' accor gel(/g?ec; o0 the present invention provides appropriate phase

aﬂvancedé%sq Bigsaqee beamArd s ceereeven may g‘éginta)gelh@‘aﬂg)cyljncﬁiolall wi t hout
t | t L t 15 WO
057 05 4 JoVLRs PRAIS &R . BAER1I0G EGhrciNG RdediBEbR Snd Rl umptcs

accel er ag8éalanigftheibteany path 262 nmaxi mum for an ion with a certain velocity

such t hat theHRr Ehas chgggea by 180 degrees as the ion travels fromthe
center of the PlS7ERIAEONOF G fnd PeEIPeClve View atanether goriammoithedorer gi zabl e

el ecis odgodeiaatreba BUNAIAIEH 6\ R EoyBhal Shdib SR ErieeBuddie oERN 92

and so on through successive gaps“along t of a
var i abl egap.capselesgting siages AR8zethamugit 2281y foor dhehiehgea| stages rpBan

facilita ie f opti or inproved acceleration efficiency for

a w de rgﬁéﬁ‘%ci %ﬁg?ggeféée lyéggiﬂdm&lh@%pwgew% rafial fopﬂé'qgéiwy:elsaﬁge of

< the poweg f ¢ ; i i r e of
ppr Ol T o e BT N e B S B b

i npr oved2a@tchide enaiggpble tlestrpdes 268 andans; iassvell ab nreursddd sleopedes Wit h

fopri fi e erat or. desi gns,_havi ng onl hase adjustnment at a
fi xed fr%%%ﬁ&cé%l %%ﬁﬁ%ﬁi%‘?& |§r§)"%8€é1%é9'é?®ie ﬂg@r%gﬁr%‘.blezga@{]e drift tube

|l engths are illustrated for the exenplary energi zabl e el ectrodes Al-A8 as
well as for the 15 grounded el ectrodes G 1-G, with each subsequent
el ectrode having a |l onger drift 9




tube length than the previous electrode. In this exenplary design, the
center to center spacing of the accelerating gaps L is roughly equal to the
desi gn pwOtQR2@feH¥el ocity divided by twi ce the RF frequendBCT/€BeISTéat
particles travel fromone gap to the next in roughly 180 degrees of the RF
cycle, wherein the design velocity is ao the particle velocity as it drifts
through the drift tube. Thus, for an accel erator (e.g., accelerator 470)
havi ng an i nteger nunber n drift tubes (e.g., wherein n = 1, 2) ..., N,

each wit ha@qdmahngzﬁtqgaseﬁaaaalzmbf 238c, ad 228e,cdach covhpdgre aliasEocigted,t he

R R TN D D LR VAR

< Al- A8) t y the follow ng equation: (1) Ln =
f-"[ h(%f%@?‘gr{%ﬁ%d@/&?wosh)] ~2 where g is the charge of the

particle, mi sThéampdifisrs 242) 262, 2621 apd TR providle fx@dFceql egroyeovearch thbat

oo Usss. | Settrbas it 268. st 7BIE s SRR e 2000200 b TR R
ener gi zabgenhtrdileatiaskies, bt eAdnpld, hfec@?dqng@o @8Rtrdl ﬁq?afg nllr%crs\?}\f o‘?%ﬁ]\/n?

deternined by the fol | ow ng equat I on
COSH) |+ ~2280. Thethisaiegasthdbe soatral w%emrz& maymromhedbhsomrel oflthes:ehaatIed for

h I th

11§ ot st A8 it 8o Q' houfuts ka5 6 Bobitiestig ek e ng
equati on: 2581 d63), ahd278( ¥6r eka?rﬁfb(éfbﬁgamstmg fﬂhé Eﬁh[ﬁ&ﬁﬂ@%' A4 Yhé BB ation of
Fig. 7, the demgn val ues of frequency ﬁ'@y charge to mass ratio (g/ mp,

peak 1RF @3 252, £9Rf ayd Zaaanﬁﬁhecma@ﬁse/@ quvnéi}orﬁﬁ94b85érﬂﬂ4)ym§1 such
e o B B RSOl W w BB B BB ™0 ©
cos4>)]"' ~&nd Eelaiﬁim phaginvg of theZRVrdnergp applied b theeeriergizabRnéleeiredas pag, f or
wher el n 298 S BNE 278 Wovisdha on goselerapt gRBLe b unoa or aHRRIA = avr { pe
(8) [(a/ Mddeletate a vhkilyBiidn spbLiBs A3V aticly bPinrgy 1878 Hh@Pacchlerator
15 228 includes a large number of components, many of which need to be properly
tuned or adjusted in order to achieve an overall tuned system. Thus, while the
accelerator 228 is flexible, the flexibility adds cost and complexity to the
accelerator 228 and an ion implantation system employing the accelerator 228.
Referring briefly to Fig. 5, a multiple energizable electrode ion accelerator
20 300 may be provided in accordance with one aspect of the invention, in order to
reduce the size and cost of ion implantation systems. The exemplary accelerator
300 comprises a plurality of n energizable electrodes 302a, 302b, 302c, through
302n (whersin n is an integer) positioned along an ion beam path 304. Constant
potential (e.g., grounded) electrodes 304u, 304v, 304w, 304x, and 304z are
25  positioned before and after the energizable electrodes so as to create a piurality
of generally equal accelerating gaps 306 between adjacent energizable
electrodes 302a-302n and constant potential electrodes 304u-304z. The
electrodes 302a, 302b, 302c, through 302n are energized by a fixed frequency RF
amplifier 310 as well as resonator 312 according to a control system 320.
30 Although the accelerator 300 may provide some measure of cost and size

10



WO U2/ US-4-4-43 PCT/ GB01/ 11a7(8 Accordingly, for a given charge to nass
ratio g/m the desired energy Eo nay be achi eved at an operating frequency
fmax gi VR BPS4HE fol | owi ng equation: s (10) frmax = fp [ (RETEBUASH§%0] 1~2.
In addition, |ower energies nay be obtained by reducing the voltages
linearly and scaling the frequency according to the follow ng equation: Zo
(11) f = a' ~2 fmax. Referring now to Fig. 8A an exenplary nornalized

vol tage vs. frequency plot 482 is illustrated for various ion species
(e.g., Skedyctien thrugh @nplaymbrit-of Rultifleenaegizhbiengectiodes (avgr, 80@at ai ned f or

desi i B+ Fig., 8B i | ar, | ot 483 of i zed
2 e 90 SBBBCARn il d0arD et Bt BRrhTASIb Ao Yo Sy ki o *°
- speci es. aHjifstRBht With 36596130 ¢arivhs fbﬁ%tgeglicgmggﬂa'e‘h%r le¥8ls r%ﬁx%@_d 9B

illustrate an ion accelerator system an eXenpl ary vari abl e
f r equencgigndicandy lesssthaattbat aidbemngelatator @@Ber at i ng st age 487 (e.g.,

simlar to th [ el erat, ao stage 470 of Fig. 7) .for

accel gr ating ?‘8§§chﬁéﬁ%&gg@§£ﬁ38§{’th&g§§'nvﬂﬁﬁﬁpeﬁg&bﬁrémp@@"ﬁ%w g gost,

advant agepes bmecmlmmz@b provigeiPgiaahé emplbyiiedt ¥Pa bARERYJTRAURfISAbIBF pover
source (not shown) ereby the resonator” provides a wi de range of resonant

f r equenc §lasiodes ke, Wilhgréater than2 asseciaiesrrnosierating gepa) inassoniatioower

" esonat o sgRLYAHbla diobBnky FRCa et TR LRI AORER mio SeAbu o2 n

order toekempldrpenuitiprelieotrod® ich d@&ilé@dn?rw@é 100 i Nleswarefor For exanpl e,
the resonator 486 may proyide for controllable frequency adjustnent in the

r angé® of ageRjaratingdonfteaveling alamorbeam-ARa Rath. st accelerating stagedOPon, t he
I T . . . .
Ul ant atpAEFELE LR o eoRpRLiDReERY e 40G0A AR UG, HtbfgR HoaR"

PCT/ GBOLA{ €87, (vhere rrHisgan infeger spaced fregeonk anbtheexesplies wlongrthe @atisyst em 440
may be og able to control the accelerating stage 400 as wel | as other
systemc ﬁ%onents. The system 410 includes a term nal 412) a beanline

e | tem 4 - 0), and
assenbly 414 frﬁeﬂeavéc!‘Bb%é??aél{?@eﬁwbﬁéwea&%{rsa gf&?ﬁlﬂ?@ﬁ Jihand 20

end station 416. The term na 2 5 operates I1n sim o the
t er nithal censtant potgntial (eagd growidedl elentrodes 406ir406j4406k, thwoughl 406yaard gh

| Ly, 422.. The. i 0 d i 24,
wni on° < MRS G RBLRIORG sl AR EE R a5 o8 O el elEshE e
di r ect ed (é.gvalktrodery 488], $¥061€ thRRIgh08Y§ Iciate § batiedh 4déh adia@ehPpaipepm 424

is conditioned by the beam ine assenbly 414, which conprises a nmass so

anal ysi s SRRENEAbIS slecirates 04z, 40Mb: 404% dhistisheAl. A Trel qrnstant patgrdial
t 4 i i - j th
T o aEfdRiRRR Mot tookfiPufkndin BPHIBELA0AS 404 Mol nIRAN A2 (.60 | "

cont eopl deweedmthepeiovirodesn404a tiwough 40dnearsliah eptraate eatii 1Y sitthges i n an
ion inplan stem_ The |s inventors have aﬁg{ eci ated that the

tati
enpl oymﬁ?cgﬁtqgﬂr’lgts%ﬁgﬁ 40003051 @ seeerfieRrstagteeledtiat JPCEedy 4858 s nmodul es
rather t téH‘@oWﬁgﬁéélpn@fythé' %I@Hr@&@s 4b& AB@ ,dc?'e‘iW@PnQHQ ofeiiddal 4agqui rement s

in sone applications. For 1 nstance, 1n an iFon I nplantation system desi gned
t o oper atlfeougk40dnwentkban angelecdtof exihendr1@ut fhe doastaet otprdia) electrpdebe

first l.d df . I ] ith
had i onAPBESiT P67 57E Prned Fav Ao S RSk A boe np o B0 fhrouoh Thus.
an i gpl aghen sges ﬁrw&iﬁé)g&eérian@égu%gccgléa&am gsmégab@‘{héfébb%l\?@éﬁ\/ singly

charged ions in the mass“range o _ AMJ; “wi a maxi mum injection

energy (e.g., A\@fiabirfrgguencyeRFreysten iapravidediwith)a wiriatieieduengy BE bui | t

e g M pblB Solfftd 24D Sicct ey 6HnaGEE il HHe ShelbRaB &RERGEEE G088 e
through 404n via a variable frequency resonator 432, whereby an alternating

potential of a controlled frequency and amplitude may be applied to the

30 energizable electrodes 404a through 404n in order to create aiternating electric

11



a s accelerator were built as a single nodule, the range of frequency
tenability would be a factor of 12, while the range of el ectrode voltage
control wWoulRz@sHd3a factor of about 16. A typical two stagRCTHeBIgIF7etoul d
reduce the required frequency range to a factor of 6 and the required

el ectrode control range to a factor of 4. In this exanple, only the first
nodul e woul d be turned on to achieve energies in the s o range of 1 OkeV
to 400keV. For higher energies, both nodul es would be on. 19 WO

112/ (15. fields-i tREHCBItAtin® §Zp8 48adh an@zsmkﬂ:emuémh.emﬁerf@e&;@eﬁncg\%hd/aﬂab' e
resonator ang RF power stem_ The second and subsequent nodul és woul d

SysSL, . ,
al ways beArpREtyde o H’I?e%lth%‘ai'ﬂg fisldssin the @ars 420d(a@ur8 Walkasithe welativee same

- frequency : i : i e t hough relative phase
of modul St eredf ki RAcR 8 ofheh B PRb GRS torh et B 4 0
i's il ustasaddtiondliacbeleratiig stagesymaydse hejuatdddas 6@strol&lRRenaado410b in a
* bean i ne assenbly 414a, each of which includes a plurality of energizable
el ect Pode¥"AGRY @P(ﬁﬁﬁ?i"d’a@%mr%'é%helésc%lPEﬂi@Qtﬂi’e‘g%é@Q aleng the pah beam
424. The ggcel erating stages 404a and 404b are individually associated with
vari abl e frequency RF power sources |0 430a and 430b, respectively, as well
as vari abl e frBwuemployneartrofteosingecSRE, poavel s6dizde 486 peicissceiaied AR
operat i ng fre ueggbes i.fn t he iadi vi dual stages 404a and 404b may be the
same or ﬁgorﬁ&?r Sgnificantly feAHEes Ihesize pBdsost Pl the regrlerading Stage 409 abl e
f r equency(eyinedraparetiadit {ialor Yonvantioy deeoRFRsH 098 dhRthe lghyre initial
accel erating stage 404a in the accelerator, which may also | e “oper at ed
at the amnserator 8§0of i 5)r AAjtheough the powetrsmamce anteesofiatoMd8eaner , t he

that of e edrdioVaRreof feBeEhdyen iiaRad Ae dfiebe e €1 ed.
and furt heid respnaRradi 2steapbetivelf CofsEibt 5N siglé High ;5&{/@#&:&@?%&%8913?? be

3
acconpl i shed by any appropriate neans, incl E@i ng "t he control system 404a.
ao A contl$ §ipicglytsapalien i phugicaksiap éegbl and lesa sasty) thanea piuajtienti es and

anplitud re j a-and _430b and sonat prs
330a, - andoAiACY fe 5 I0RG b¥ReR o SRBERR AP T 4eE B BUE L HSSRNR ougn
t he heani(ierg, kigh @obley rating), ressnal l432s T, ted sizb \whddwaionehef the energy
applied to tl}g stagtes 404a and 404b. In addition, the control system 440a
may furt RGCeIREAURg i8R 4076 iedeisRdr ol ot her system conponents, such as the
i on source 42 inR0 i n and/ or
the end stati g?] atgtlig'.OHI ?ﬁwc?ﬁaf)ée)&x;bg?I’é%%g?eelgpﬁiﬁgﬁ?ég?gga(rgg&’ ?%%éﬁgansy nunber
of such dbakdidhatcontyoksystern 44D)ris Sanificantidowenthias that dhthegeiceldratorbe

i 01157 228 A SRR B4 Beda b TR BB hiomre ™ *°
f r eqyencyppipsigd ﬁfea_aédeme.@tiag%'fa@g@uom&w&&%ue%ﬁﬁﬁé%n&fﬁ BHRAM: Y ages

over conventl ona_l 1 on | ITpl ant atlon systens and acce tors. r 1nstance,
t he i ndi AngLRPariculay energy-( B wjll bepmited thatwhareassuchitaningsdrtlae or  432a,

' a somsuRmP sy PRS0 BBl Bt & o B 8 (arpl i 1 er
430 and rgspiifiegroand &oritofs, thatOningfthb @oRfroNsyditers 44teassdadtelivinh He
accelerating the sane range of ion species and energy levels. In this

regard, t€MRlayracselegatingaRdetiQinyelves iy the adiuataentofihe figguenty st

(e.g I Wala) : il b is.de-energized.
Wibzh ¢ g aBpiaas LER SRR DAl Bk 43R ERBLAR8, 230, Adidiiaife

anpl i fi erthd 80atreinsysters onay furthed2aljiesinhd phasingssiede R poweR GrolPthégsow&d

final particle ergies wthin the range. A second (e.g., higher) particle
ener gy réﬁb‘écecﬁﬁ}ﬁ"tglrg%p% tg QtiemnesieBF AP RIRETS (9-0n PRk fcqalrratidgel er ati ng
. stages 4 AdjegM t h appropriate adjustnents to the frequencies and
voItagesgﬁgyﬁﬂgscorrggbonding RF systens. i5 A further aspect of the

i( nvention pr O\Mmiesvérolr;]@ﬁ'enljahc%rmgeh of thepoaverfsauinee éBOepirevildéé fgr & ividEes

e.g., stages 400 i i op. buncher stage in an ion accel erator.

et 0301 ndangsof Sunacit fof stferetl iod Sekins, Ao SSs oA IBERIF .o Jbem 41 Cb
is illustrated having a single accelerating stage 400 in a beanline
assenbly 414b, preceded along the path of the beam 424 by an ion buncher
450. The ao buncher stage has a variabl eqbrequency buncher power source 460
and a vari abl e frequency resonator 462 associated therewith to facilitate
bunching of ions fromthe ion source 420. The bunched ions are then
provided to the accelerating stage 400 for acceleration thereof to a
desired energy prior to inplantation on the workpi ece 30. The buncher power
source 460 and resonator 462 may be a5 operated at the accel erating stage
frequency or a harnonic thereof. Mreover, the relative phasing between the

- o, . oy AN N Y T T N — .- - PR — N S __




WO f12/0OS~-4.13 PCT/GB(11/f1S71 8 both the exenplary accel erating stage 400
as well as other conponents in the ion inplantation system 410b, i ncl uding
t he i on WOBHWEH4A50, buncher power source 460, and the buNEHMEBOVEIE@nat or
462. It will be appreciated that such an inplantation system 410b may
further conprise additional accelerating stages 400 positioned along the
path of the ion beam 424 in accordance with the present invention. The
present invention finds application in a variety of forns, including those
|11 ust r atagflistatshliges Fexiimty Befed Qecél@ﬁbtrﬂb@ége aeb Hdslﬁé%trff%tuﬁg | nstance,
as illustrated in Fig. 14, an accel erating Stage 600 may be p ovi ded in an
i 0 i npl aiventerns teyaateh & Excapd that Qimnabnhomaieqmencgiemtomtmg source 630

aTage GoBcEeRIELBes Y b R b A sl e RE e adurrt BIRR. i on
are ener gicgeldrdting HepE26 Yl BBIvafiabld frBqhidscyPbHWRer sémbémmt érﬂi‘réébﬂa?é’?s

“illustrated herein, the system 610 conprises a term nal 2, a beam i ne
assendbl y4§2zprowﬁles|f@r aenesatly eengistent gceclemater e@rprﬁmalfomarduscpmw an ion

source 62 2. The ion source 620
produces gngrggﬁ\yﬁgalwlé@ﬁht\%ﬂr"\é%é Eﬂﬁlla %@Qﬁ#@%ﬁe%@éﬂ’ﬁ?@%@%@m y 614.
The ion heeslefdr 228}, adthodgh Hexibte, m?lndtaeta@regﬁiamé\% siéh Efficiditiend

station 616. The ion beam 624 is conditioned bfyf t he beaml i ne assenbly 614,

whi ch coRfFISSdB2Ry gresiegAyrepsand anergrasgrr&tem ighlly imadjgstreerirefithag st age
600. The quR&% i ate
char ge- tg nasga?g%?{%b%gq? g&ggg&?erail ng S a'é%é Eg%re gﬂ?g'%z;@%g{)&&gtl ng stage

600 m;rrpavar@ale ru:batrbbay&emRF I addigionahhy iredieiduabaesistatoranod@e «flteet ri cal
degr ees 8 hase via.th é) ower sour e 630, as .and the resognator 632,
wher eby S r?ﬁule 8%@8?%‘?53@?\%2 ?se”%féeso?@é' YoeriEnizeddor enly pnefesioRr at i ng

gaps t heggheibuenm, eﬂér&;{ﬂ%ﬁ%ﬂﬂﬂe Bt ﬁ@eﬁé 3%3 Bg;'v iddfCcL rodes
|nterposedtherebetween inth cce eratl stae 6 a plurality
of first thetewghztiel ecceﬂ@'atrmeﬁmrwas Iﬁmmarwmmﬂdnr ttnoseembergsrz@desu a

th af | d
or mor e 3ngtshsReetndns Sefinian s Sato0 atads 4B8arn Faratisohan fea” one
ener gi Zeﬁrw|@e§fcﬁ¢§%t€’ar%% at aMufk] %%3—&&5&'5&?@ fPéaUéﬁC%glyérgg}zggshﬁn wo)

term nal ther eof In this manner, Tor Instance, degr ee ase
rel at i ondHiapility ﬁrge\ﬂﬂﬂa@iaﬂﬁethﬁé%fﬁ EUEYE S l@ﬂﬂiWQlYZ@!mFée eoettolsbaed al ong t he

th of h t ed
Pherern BISEEE Sficonth " Bor WERAEE 1he LanaBc IRl oS i8lued uf e R o, ©
ener gi zabsbsa)natt@mmmm bendeslgm@&i epetata¢n atfadfiend)oames baswRm ofé ahle
i nvention grovr des a E r accelerating ions in_an ion inplantation

system AR B&@Hﬂf'ﬁ?%arfﬁ %%GC% Gq'i‘%“‘f'}{ | iienafraplementatipn, #grangptdiough t he
exenpl ar pefidiPab SR Mia hhdigbiNigds geﬁte Sl FloRRE 7 BuBBoR a{deCS O
steps, it wl e appreci ate at t sent ‘i nvention not I'mted by
the to N&ngﬁ@btypid:aﬂydeedm'gptaht speqnes as sonme steps may occur in different

orders and/ or oncurr t | v¥tH her steps apart from hat shown and
descri bed her 'Pr?cgg%?@ Eé\' fRdSie imRraNemehis fesuling fremiheise al |

i 11 ustrabeshuRigie I cordance
with the pr ese‘ﬁt %P%?eﬁﬁ%rﬁé&%ordggvi? Htﬁ?b&&ﬁﬂ @d&é@g@ﬁg&g ?hrhaot%Pt he

nmet hod 569hlﬁﬁ95 Bertherrpqoehend Sizeiimpraverneots ﬁswmtadtvhthtthe ejppaaMmsf and

t | | th
ot et oy DHIREAEh S ef By £88 e BRongloRs Rl edVin noRrbayERRtiodbbd s oc i on
beam i s gacificedd agtmay Be thd2asd I?ﬁtHeOabdé%’tﬁ'tdFeaod)@f lsrgpsl 'Irﬂﬂ’eed‘ e exanpl e, by
an ion source, such as source 420 of Fig. 12, and may be conditioned in a

nass analW@ﬂEo"ﬁﬁ@N@tfomthaéﬂ@e 2peelekatngrstage 4 06amay aaliere geaiehed (e. g.

. using an Hﬁﬂﬁf provided to one
or nore eﬁg@dﬁéa Ie“”ﬁ&q% oﬁv e‘g%ﬁ3$£§ﬁ5$§%§(ggﬁtggﬁ?P%@@ ﬁb 9g§PBng a

path at & the &, sie ald easmptexngrmptcaﬁetn@ttsld‘és@ﬂt@édt gdove the energi zable

. el ectrodes at step 510 using a variable frequency RF system (e.g., power

source 430 and associ ated resonator). The frequency of the 25 power source

may be adjusted at step 508, as needed, in order to provide the desired

accel eration of the ions. The provision of a plurality of energizable

el ectrodes and the energization thereof ysing a variable frequency RF power

source at step 510 provides significant advantages over acceleration

techni ques enpl oyed in conventional ion inplantation systens. Furthernore,

it wll be 3 o appreciated that the tuning of an ion inplantation system

for a specific ion species 23 WO 02/ 05. 1-4-13 PCT/ GBOL/ 057(r 8 and/ or

specific energy is greatly sinplified by the invention, whereby the
adjustnent of the frequency of operatron at step 508 may. provrde for such
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certain aspects and inplenentations) it will be appreciated that equival ent
s alterations and nodifications will occur to others skilled in the art
upon t heWpgiaiiHd3 and under st andi ng of this specificati on MIdGBHASHEnhexed
drawings. In particular regard to the various functions perfornmed by the
above descri bed conponents (assenblies, devices, circuits, systens, etc.),
the ternms (including a reference to a "neans") used to describe such
conponents are intended to correspond, unless io otherwi se indicated) to
any conponent ARbGHh R%s bAERFiZANE ld@fddesesbd aw&pr hdd él@%tr%%no@%@'
component (i.e., that is functionally equivalent), even though not

st ruct ur ahe gxemplanaiamacealerdier 40Q aredlostratedio Fig.c6 asthiavingraugbhnequaie

- f ti i i.0 i t d I i.npl t at.i f th
| nvent - oletbthEind Briifl o 6 VA0 BRI M HETER SRt PanB Ve fiht i on
i ncl udes agceleraidneperf@afiites TR, WachRIMAW aSotheFBYbEEr PLAE ivaitien, the
“instructions for performng the steps of the various nethods of the

i nvent i oleqtiodgdangthsmaiiarease frant thewgrirariceang to dre exikenthotiisi on may

Sueh {eatsrReraatl O RATE R ¥ TSRl Bl YE Te of her

i mpl ementwtareinsarasxeraplang adesieratdr aN0 irdivday eighbaRefgifalid tlabtroges K1,

parti cul gr ao application. Furthernore) to the extent that the terns

"i ncl ude$2: A3, Ad 4@y A§: andifif spaceghglonga begninath 4fRdbelwerari Bunghereof are
used in ej ks I b Dt e Gl ai e

ot endod TiEe 4 A E b LSRG i Opt il Shiby iid RIS BIdRAL e )
WO | 12/ OSthe-BuRtidr@ayd @34 @Rayrbaioparatively conranted] ¢o aharssbetated ¢afigslat i ng

ions tra eling abg_,ngalpathina ion inplantation system the acce| erator
compr i si NEAUREY FE{PoyleioTRHTGRI a0 [SSRBRIOF Gih SrOMRy 8 anergipe apransioigable
ener gi zal@1RaBahsRAR n SRR rbﬂab%ﬁcﬁ@g!i&%fto%@fgﬁrgﬁ?eﬁeté]éc first

vari abl e frequency RF power source and a first vari requency

r esonat oA lc & ASs Adg AR, Ay endtAS ini el acsklarating slage dowmstceand aldrigithever y
ot her eney ii | e electrode in the first series and a second term nal
el ectri c&P y connected with remaining electrodes in the first series, the

firsgsvariabl Wy &a qBEJRRIBIE fSUTHPIORES DT BA tah PPTEE afd foRBRAY | NY
potentials of a controllTed frequency and anplitude to the first and second

t er mi nal glontibenate df2thaiyyepnitaabiuacsenstaged7diand thanfirssenengizabde ni nal s

bei ng ou ] el cele iml1l,
wher ei n Eeﬁéegtr\?gj??ﬁaﬁl Q‘obrg%agug§Hgé>}ﬂgg%ég5\c§.1rnd§§ﬁ|%@%c§%s @ﬁe@aﬁsag’%%%s’equency
RF r eson@&)GArGs canhGadireshidleaved batweay thd eosngidabié efedviddes A 1agut 40
MHz. 3. The i?]n acce r of claiml, further conprising a variable

|
f r equencRlonshtheRath &7 %;?théhﬁéi('f%ﬁgfﬂuﬁ‘ﬂ)%q plegtroge thﬁt?éypﬁtf%ﬂé}f 4% ng

St a0, al G dnBFqiPANI el BEORPRNABE Wifh b P LolhAE BIbcBS GO ddifed LT St
accelerating stage along the path. 4. e accel erator of claim 3,
wher ei n daminatreent ofdhadina) enhergibabie letactiodaghs.c dhprgreasdech elecandes &bll-e

| trod t ed m qf ,the, fj t | ti t | th th
2nd o valBa PR BT Buute ol atarieRloyslt it gush dsne . T
ener gi zalltRsiic’ AdRaghetid §uaGupbIscRer sfbWEEInardar ?&gﬁd\ﬁﬁé aid|r equency

U
corresponding to the frequency of the first acceleratihg stage and a
cont r ol | decysirsgef an idn beapdravediogtadiend thespathdd@ er ati ng stage to create an

2l tergating ChfeldletolhblelobBBiaY AJaR Uaeh Sk Sl BRald 1 beam
path 472 from a support member 479 which extends generally parallel to the
beam path 472 between the matching quadrupole 478B and the focusing device
476. The support member 479 includes a pair of vertically extending support
members 480A and 4808 providing mechanical support for the energizable

30 electrodes A1-A8 and the support member 479, as well as providing for electrical

14



WO 112/ 0S-4-1-43 PCT/ GBOL/ OS7C8 5. The ion accelerator of claim1, wherein
the alternating potentials at the first and second termnals are out of
phase wi WR B#&Hdhot her by about 180 degrees. 6. The ion RCEHEGCBIIASGES of
claiml1, further conprising: a second accelerating stage spaced from and
downstream of the first accelerating stage along the path, wherein the
second accel erating stage conprises a second series of energizable

el ectrodes spaced from one another along the path; and a second vari abl e

f r equencycoRReptiovethesool with anciriabiefreqdeNsy RERyatdm qﬁwﬁwﬂﬁor&@g%or
conpri si nﬁ a first termnal electrically connected with every other

ener gi zatihe elacirodesd! -A. ithaugbdhe exemplaryarteleretar A insludesawo such

- electricald dagyd th 1 . e in the second series, the
second vgllre ingcbeﬁe #rgéﬁeﬁ%%ﬂ%& Q@%@geﬁ%@%%g%%%frﬁlﬂ FhIHPR or fo
al t er nat iprgvidetseppberlas well abto tédude wolthgeedifiobritialsbatdeenténdrglald ol | ed

‘* frequency lé:é;éc{esp P%;ar]ngr__to a harnonic of the frequency of the first

accel ér at§ o PEMRIei Agctaitiea tharleciioden A -ABsta theiserrarhd
t i nal [ f 1 a i | f
er m na f‘mﬁ@bemwane theﬁéﬁbg'}st!is@@;@gbﬂ? aerl'i%atﬁurg &'}ﬁﬁg@'&@ﬁgﬁﬁﬁ% or 0

cl ai m 6) rein the first and seco eque our ces

ar e oper #79% resultinginredltagewdrops atorgthedengtinoftthe saibpertmaeinber agbenai al s in

the fi rstt and secppnd a cel.ergti ng stages. 8. The jon accelerator of claim
i

6, wher e Iﬂ'stcl"?‘é:’_efq onghyedicabmenieaTs A0IMaY bguRYigledito ghsure ditbes are
oper abl e dr@rgighbietelbdtoddd RiJA‘Seaﬂéhﬁsﬂoﬂghg%%g%érESteﬂikﬁrﬁ&hhé(ﬁnﬁﬂfsem' al's
ages. 9. e 1on f

inthe first and second accelerating s accel érator o
cl ai #P6, regeidethe vertical membeds 4801as Welkqadhe gupfom ovenbspd7e endysbadj ust abl e

7 epbomcTTaliHed Bt B8bE R hRoua WG ST (b Tider @eaaus, 5|
PCT/ GBOL/nQ%y 68 chBulaldttin SHeh s Rt br F@dtﬁﬁg‘stt@;ngfgﬁtgrﬁpﬁgﬂﬁ%gf' ng a

vari abl e frequency ion buncher sta%g1 | ocat e
accel erating sthegenelozaglea elecisades AdnA8 asevelbas theogundiedelbctnadesiGilons t o

ol ai m 10 CRERE FaasR T duBRE s cRel ik Kliecfevel sl E FEShEA st an
ener g5 zall7e. éfardimposcied acael@dtiop ificenty thé ehdihs 6 throidIsdIbBPogdge

along the path and a variable frequency buncher RF system operable to
ener gi ze?vﬁgg@rﬂépgﬂﬁ%?@déh%&%ﬂé’f the gaes tharebetwassymay gedesignedont r ol | ed

frequenc i i t I rat | st age
b o CoStERTRATBADSIONG the dat 4ToIHEN Fbmbine oo R4 EREIRHB A" §
creat e athalkertenaf thegneteetyr inorfd ledificyae pf the BE dnergh edirngpagplisd toeef i r st
accel eratj n?q{.st@ge al.on t/RFA%a;&é lé_.. AN i on acrﬁ?\_l erator for accelerating
i ons traPOFE? @ﬁ%"t’é?c%ét Y- i PYAD 1905 Rt anceitateddpsyccesEvaccel er at or
conpsy Sl Rgeelad 1R8] €

P ents oqa2ooRiatrGuR dlnling badmh Fatiti72 g lediins B ENH RLEar N

- el ect r od€gntarrtamgsterapacing thergefirnaywberadvahiageoushyniatmatsepdn @ndié rato

const ant TOftER b SIEPBIT R Aerb Bt BIF B RreE A et pRl heibiosiee

el ect r odéstherhiceigratdaefretRipatgaprt enti al el ectrodes are spaced from

adj acent energi_i zabl e el ectrodes to define accel erating gaps therebetween;
hus, whereas accelerators having fixed frequency RF ampilifiers and

25  resonators employ phasing adjustment between successive energizable
electrodes to improve efficiency (e.g., to thereby adjust the relative phase of
electric fields within successive accelerating gaps), the use of a variable
frequency RF power source according to the present invention provides
appropriate phase advance as ions travel from one accelerating gap to the next,

30  without the need for independent phase control, thereby making the overall
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a variable frequency RF systemelectrically connected with the energizable
el ectrodes and operable to apply an alternating potential of a controlled

f requency0i0@/084#nge bet ween about 4 MHz and about 40 MHARGTEGBHAST68

energi zabl e el ectrodes to create alternating electric fields in the
accelerating gaps in a controlled fashion in order to accelerate ions

t hrough the accelerating stage along the path; and 27 WO U2l USs- 4- ~~3

PCT/ GBU / US7G8 a vari abl e frequency ion buncher stage |ocated upstream of

t he accebgstat siE¢eripeadiusndntthis pgatt, azodlcopiorabifieidneywih bedrakirnghed i ons

12, wher St b8 Wi peastan Veldatnzych Bintiim bitphateeandimby S80 dgarees o
- ener gi ZaQb%@i(ﬁPﬁé\?&Efﬂoﬁ?ﬂi@éeM@FbL%r‘ﬁ@f atde i 'egﬂééagtr% al ong the

path and a variable frequency buncher RF systemo t 0 energi ze the
ener gi zabetvagrean eogegizibleradedtiodeA mridea geiagiedatleatroda 3)db tiealcéntequéncy

phases ni TP SERSELEAR Ao BB ABToRioR URGoSTE 0P8 ARSE Ba o TR 1 g
el ectri cprdvidion aF an@ridbfe fagllendyfpotéiesd e 2eeBIERGtO thePbraskat Mvadiionher ein

the variabl e frequency RF system of the accel erating stage conprises a
vari abl efgdiléaiesaopieverpantco§ epdimal @r dopemeshacssileration aifigiehey fae arwideout 4

Mz and t d iable f . t dj,yst abl e i
Fange beltbnB Pes el dhaRs e aBERBRa kOGRS RngE A tSe BBwr i o
accel er akystgni. oRr insaNRk] BE RF epdtem ARG lah Goerafifg rabest AbproRinsatahem the

accelerator conprising: a first accelerating stage conprising: a first
ener §? zaBr40 MHzchapbeenfeung therayiderfor significantlyimpseveccacesiergtiopot ent i al

el ectrodeg; . i £ . tial

el ectr odgﬁ'lcc?)e(r:r{acg ggﬁﬁgﬁé%geré gf'npﬁégte(#éﬁ g?%gb*%ﬁéf'égﬂg%%g,bqggﬁ second

const ant aposierdtoatiesigrs haoitgy drig phask ddjussheata afixéteregaengy.zabl e

el ectrode, vthr in the consta?r]t otenti l: el.ectrodes are spaced fromthe
ener gi zabl e elERS SRMPGrY2EE @ragercggpg IO H?ﬂ)gr'fftﬁét?%ﬁégﬁlﬁeﬁf? and a first
vari abl e; gm L haal FRIYREA] | 1 t gi zabl e

el ect rodglhgﬁ operg 8§%®b§d&%b@g%ﬁ%%@(§rléfnc§“ ng 'f)?)'?gan# g)lé"(#qg'sg‘? WO

112/ US- t graineiet/ eidtirddesl 6711@8cwith eakch etbbeguerdnalgctandk hayihgtaidagéodrft eat e

| t t lectric fields in th | er at | i trolled
Fash o 14b4/eREM fshdbe Breviale slesiioden B iR SREHRPetestuEeng e iaidost age
al ong t hgeiiet Bpading ot tﬁ@@@@@lteﬁé%ﬁ'@ ﬁpﬁ%ﬂi_ ROrctighBiLe §OARG R BEsigh pHREaBd

ener gi zabl e el ectrode al ong the Fa and two ‘or nore constant potenti al
el ect r od¥elositndbvifed byntwise tba difyfreguenrcyeisgch thatepaiticieg travel ffamronegdpf i ne

accel eratd pa GaR% TP G B Yredl8! the RF cycle, wherein the design velocity is

20 the particle velocity as it drifts through the drift tube. Thus, for an accelerator
(e.g., accelerator 470) having an integer number n drift tubes (e.g., whereinn = 1,
2, ..., N), each with a peak RF potential Vif and an injector voltage Vi (e.g., the
voltage at which ions are injected into the accelerator), the drift tube gap to gap
lengths Ln of the energizable electrodes (e.g., electrodes A1-A8) may be

25  determined by the following equation:
(1) Ln=f"[1%(a/m)(Vi+ (2n-1)Vif cos®)]"?

where q is the charge of the particle, m is the mass, and @ is typically +/- 30
30 degrees such that cos® is %4[3]"2. In addition, for the grounded electrodes (e.g.,
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a second variable frequency RF systemelectrically connected with the
second energi zabl e el ectrode and operable to apply an alternating potenti al
of a conWOdRlvgEHanplitude and a controlled frequency cor rSpGRAIIFS 0 a
harmoni ¢ of the frequency of the first accelerating stage to create
alternating electric fields in the accelerating gaps in a controlled
fashion. 16. The ion accelerator of claim15, further conprising a variable
frequency ion buncher stage |ocated upstream of and providi ng bunched ions
to the ficlettratiesdi2Git interlestvagiebativeeg theenpedizablé kledthedéA1 aB)etiry at or  of
claim 16, erein, variable freguenCé ion lﬂjp{gher st age conprises an

ener gi zal9PR 18198P $i3/ACPS L9BaY Hsdsteuningd bydberfollawingequationt i ng st age
-along the path and a vari abl e frequency buncher RF system operable to
energi ze the energi zabl e el ectrode of the ion buncher stage at a controlled
frequency cor (@spohgdi=tj'[VdgirEVi +Smviehcys®)]/2 he first accel erating stage
“and a_controll ed phase with respect to the first accelerating stage to
creat® an alternating electric field to provide bunched ions to the first
accel erating Sta ; Iiflo 4w I 18.
The ion accel er a?%rﬂg? QgiStaiﬂ%’ ?gé B%ﬁ% eei Iﬁ@%%lﬂl{égﬁgﬁﬁéﬁf )gléa?b élgﬁ

f r equencRcRElesater 478 inFig. dpwhatseie the dimensiehaire in plillisiatershefheetimalt he

al ternati i i fir d.secand accel erating stages. 19. The
i on accelbéggf g‘ﬁg@& Eél%}iylr#eié?&ﬁﬁgﬁaitbﬁﬁﬂéOIFqVY'gg e&Hﬁgg%cond vari abl e
frequency RF systens are operable to adjust the rel ative phasi ng between
the alternative potentials in the first and second accel erating stages. 20.
The i®n accel é?at oF DA B2MVIBcoshbrein the first and second variabl e
frequency RF systens are adjustable to provide alternating potentials in a
frequency range between a first frequency and about ten tinmes the first

frequency. 21.In Feeexemplaey phgleaiantatidn of Rigl7 Lthe ddsige valddieofffiddifenapd
second vz{ &’a | e fregggnCé,RF systens each conprise a variable frequency RF
pover soliPbe ip pass 48tie (9/Phquiesrly RFceitagedV olwandiniection anargwbl e
frequenc i e . ..are each
adj ust ablx\égget eneilgowt}%% 4%%§§HY %ﬂ%@pﬁ ljl%\'olf‘akllﬁlfzﬁé %&f'iﬁﬁggﬁby%élant ation
syst & cdeterminedjaceordingtosbarfokbowipgremiations: di rect charged i ons having an
initial energy along a path; an ion accelerator for accelerating the
charged ions fromthe initial energy to a second energy along the path, the
ion accel erat g4y copRr 'p@{q/m)biVist @ﬁcﬂwoaé&sﬂg]@t age conprising a first
series of energizable el ectrodes spaced from one” anot her al ong the path;
and a first variable frequency RF power source and a first variable
frequency RF rgsonat or RriSy a first termnal electrically connected
wth every ott‘ r e 8r‘gﬁ§§5l+eé'§*/agtcp8§é' inthe first series and a second

termaal electrically connected with renmaining electrodes in the first
series, the first variable frequency RF power source operable to apply

al ternating 3dhe resulignt pperation for shépdrift subemunder etbeeaenditionsmay contr ol | ed
frequenc i ; i t i pals, the alternating
pot ent i ar%ﬁg% ?’%re%qjé‘*rﬁgg %%gﬁg,g\gé%@rﬁ gﬁ%%naﬁggﬁg)lrneg{%\u{b l(‘)f phase with one
anot her; an end station operable to position a workpiece so that charged

i ons accel erated to_t_hge.s_econd energy inpact the workpiece; and a
controller opé at i Vél‘)f] Bnnected with the variable frequency RF systemto

25

(7)  Vif=aVrip;

8 [(a/m)T"/ = [(¢/m)o%)"?/fp; and
30 (9) E=aEp g/qp.
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control the frequency and anplitude of the alternating potential. 23. The
ion inplantation systemof claim?22, further conprising a variable

f requencWoOiiiSBehcher stage | ocated upstream of the firstPCAEGRNESAR ng
stage along the path, and operable to provide bunched ions to the first
accel erating stage along the path. 24. The ion inplantation systemof claim
23, wherein variable frequency ion buncher stage conprises an energi zabl e

el ectrode | ocated upstreamof the first accel erating stage along the path
and a vari abl e frequency buncher RF system operable to energize the

energi zabl e el ectrode of the ion buncher stage at a controlled frequency
cor r espondi ngACE0kdiRaly fod @cgivgn shatdectofnass raticainerthe idegiret agergn&pa

S oL A B S e B BRSBTS i ©

accelerating stage along the path. 25. An ion inplantation system
*conprising: an ion source operable to direct charged ions having an initial
enery al ong é1Q)at ﬁ?aéﬁ-fDd(ﬂ/'é\)/é@/i%)mh?or for accelerating the charged ions
fromthe initial energy to a second energy along the path, the ion
accelerator conprising: a first accelerating stage conprising: a first

ener gi zabl additienloade eabayigs ity e bbtaived b tedudhby 92 (6I inearly and
PCT/ GBI | lg/;éll S7 two or nore constant potential electrodes arranged al ong

[
the pat hS&RItNg ¢ eﬁf@%”@bﬁﬁ’é’?ﬁ?ﬂ'”%@ﬂ et follpwingeayalign:| ocat ed upstream of the
energi zabl e el ectrode, and a second constant potential el ectrode |ocated
downstream of the energi zabl e el ectrode, wherein the constant potenti al
el ectar odes ar é11s)paéed11grfmaxt he energi zabl e el ectrode to define accel erating
gaps therebetween; a first variable frequency RF systemelectrically
connected with the energizabl e el ectrode and operable to apply an

alternating pReftihgind (AFBOBAT bRIMbIAANBRAKIAN, HEYd Id! dRdRreycat @

alternating electriC fields™ n the acc ating gaps | cont d
fashi on Plet 48ads illustrataskios vatieus tomsspduies (hgt, IBb-#+, Px, Paa; B¢ nad Pg+s). age

along th : d ecaond celerati Stage conprj sing.. a_second

ener gi za@]@%&%gﬁg(ﬁi&"% WEEE pﬁﬁa"g,%ffer %ﬂ%S'BM%SP'eﬁﬁ +co&‘srf-'8n§§péf‘enti al
el ects odeserapReppidt48® dfftorenfsad paliee va! Reqiats BlinRtatd® iR &ky.L pdef i ne
accel erati ng_gaps .t herebetween; and a second variabl e frequency RF sSystem

el ect ri cBirryBtoAnd fHed iRNtaPecies. second ener gi zabl e el ectrode and operabl e
t I i (] : | | d d a,
0 PELY 3 2ELARGRY) A AR o by b S STBIS WS oy e

control |l ed frequency correspon arno

first acaetelemtomsyst¢ragi8s witlc anab@naplans vaidolg frega@?dsy‘{ Goaxigl rdéoiglatdrPe
statl on operable to

posi t1 ori46 BBR IR i Sating state i g 8 6 S IREOdhE R eEPIT axelaratoad ener gy

i/gIr)ia%}ol L&??ﬁm@%: 7)2‘!‘&)&%&8&85&&@ RS aPAf 3'HekRl YalhABE CTRE (b dihibie
486 may be advantageously employed in association with a variable frequency
RF power source (not shown), whereby the resonator provides a wide range of
resonant frequency adjustment substantially corresponding with that of the power
source (e.g., from one to ten times a given frequency). In the exemplary

25  resonator 486, a shunt 490 is movable in the direction of arrow 492 in order to
tune the resonator to a desired operating frequency. For example, the resonator
486 may provide for controllable frequency adjustment in the range of about 4-40
MHz.
According to another aspect of the invention, the exemplary accelerating

30 stage 400 may be incorporated into an ion implantation system 410, as illustrated
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control the frequency and anplitude of the alternating potential. 26. A

nmet hod of accelerating ions traveling along a path in an ion inplantation
system WOMROEiHhg: 32 WO 1121(1S-L-t.13 PCT/ GBO 1 / ()EMWB8BY/WVsdi ng a
plurality of energizable el ectrodes spaced from one another in series al ong
the path to define a plurality of accel erating gaps therebetween; and
creating a plurality of alternating electric fields in the plurality of
accel erating gaps using a variable frequency RF systemelectrically

connect ednwiig.hl Q. hie thisuregaird ythefexensplgiyzadrite| el siein ddesnay be opeeatiietigod of
cl ai m 26, V\:heF I n c(%rfﬁati.ng t he ﬁlaralit{ of alternating electric fields
conpr i sesCAWS &enﬁc erg!tlp 29% A ﬁét"léﬂ agpthgr YSEYRCEBIMEENts-efiency and
- anpl i t udesyserh 39 00hluabS et 919! & BRLRIRLELIRISY 413 (20 AntRid APl
frequency 'RF power source and a vari able Trequency Tesonaf®t el ecttically
connect edexamplanhacosienating isjags 480 rgd zabérd etadiorr 418:sThe 8ermihal 442 hod of

- claim_27, f h I sing: hi ' 1y DC i b

Csi ng San RS SERTR AShR JortHe SemtaLFRR! Flond. Arander 3n o senee 1o

th | ] [ t ) d of
1o 27 per s INGP Vet BONBLETIRY P2, Mo R SquréR acl oo ©
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s 1 a2 biln WIEAUENORRTS (I VEHE0 T loe S RIS #18. PRSI e
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a) ca] ca] cﬁage:aq)ﬁ.z'i] cal ca] ca]_ cal ca] calsa] ca _
a1 ST1 0] whRlER NG BPWtD Elg ok B Fmrolpe 1heeoniampiatps duy Beisipe s cal ca
]2\3\2]ngglliiﬁ?é@%@v%@g&&%%yﬂ@ hFRhGAHdIEAGA system. The
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al cal cal ol el sl Salged) ShSauid Gald 45 SRL Sl GAb ALy NS AaS RS R -

design and control requirements in some applications. For instance, in an ion

implantation system designed to operate over a wide range of final or output ion

energies, only the first module would be used for lower range energies, with one

20  or more additional accelerating stages turned on to achieve higher energies.

Thus, an implanter designed to deliver, for example, 100keV to 1600keV singly

charged ions in the mass range of 5 — 45 AMU, with a maximum injection energy

(e.g., ion energy entering the accelerator) of 100keV may be built using muitiple

variable frequency accelerating stages according to the invention. If such an

25  accelerator were built as a single module, the range of frequency tunability would

be a factor of 12, while the range of electrode voltage control would be a factor of

about 16. A typical two stage design would reduce the required frequency range

to a factor of 6 and the required electrode control range to a factor of 4. In this

example, only the first module would be turned on to achieve energies in the

30 range of 100keV to 400keV. For higher energies, both modules would be on.
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20 A control system 440a may be operable to control the frequencies and
amplitudes of the respective power sources 430a and 430b and resonators 432a,
and 432b to affect a desired net acceleration of the beam 424 through the
beamline assembly 4144, as well as the relative phasing of the energy applied to
the stages 404a and 404b. In addition, the control system 440a may further be

25  operative to control other system components, such as the ion source 420, the
power supply 422, the mass analysis magnet 426, and/or the end station 416. It
will be appreciated in this regard, that any number of such accelerating stages
404n (e.g., where n is an integer) may be provided in an ion implantation system
in accordance with the invention.
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5‘6?\?%‘&%- g%gg@? )J%‘I’(ﬁlegﬁ/‘? e%b?) ﬁ(lj_ ?ta%ﬁ’%’f%g@ %e e&sarglzed Within this first

rage, the frequency and voltage provided by the ampllfler 430a and resonator

432a can be adjusted according to desired final particle energies within the range. -

A second (e.g., higher) particle energy range could also be accommodated by
energizing both the accelerating stages 404a and 404b, with appropriate
adjustments to the frequencies and voltages of the corresponding RF systems.

A further aspect of the invention provides for combining one or more of the
accelerating stages (e.g., stages 400) with an ion buncher stage in an ion
accelerator. Referring now to Fig. 12, another exemplary ion implantation system
410b is illustrated having a single accelerating stage 400 in a beamline assembly
414b, preceded along the path of the beam 424 by an ion buncher 450. The
buncher stage has a variable frequency buncher power source 460 and a variable
frequency resonator 462 associated therewith to facilitate bunching of ions from
the ion source 420. The bunched ions are then provided to the accelerating stage
400 for acceleration thereof to a desired energy prior to implantation on the
workpiece 30. The buncher power source 460 and resonator 462 may be
operated at the accelerating stage frequency or a harmonic thereof. Moreover,
the relative phasing between the accelerating stage 400 and the variable
frequency buncher stage 450 may be controlled, and also may be adjustable.

The setting of such relative phasing and other control functions in the
system 410b may be accomplished by any appropriate means, including a control
system 440b. The control system 440b may be adapted to control operation of

21
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The present invention finds application in a variety of forms, including those
illustrated and described herein, and others not illustrated. For instance, as
illustrated in Fig. 14, an accelerating stage 600 may be provided in an
implantation system 610 with a variable frequency RF power source 630 and a
corresponding variable frequency resonator 632 where the accelerating stage 600
comprises energizable electrodes spaced along a beam path, which are
energized by the RF system. As with the other implantation systems illustrated
herein, the system 610 comprises a terminal 612, a beamline assembly 614, and
an end station 616. The terminal 612 includes an ion source 620 powered by a
high voltage power supply 622. The ion source 620 produces an ion beam 624,
which is provided to the beamline assembly 614. The ion beam 624 is then
directed toward a target wafer 30 in the end station 616. The ion beam 624 is
conditioned by the beamline assembly 614, which comprises a mass analysis
magnet 626 and the accelerating stage 600. The mass analysis magnet 626
passes only ions of an appropriate charge-to-mass ratio to the accelerating stage
600.

The accelerating stage 600 comprises interleaved RF energizable
electrodes driven 180 electrical degrees apart in phase via the power source 630
and the resonator 632, whereby push-pull accelerating fields are generated in the
accelerating gaps therebetween, without any grounded or constant potential
electrodes interposed therebetween. Thus, in the accelerating stage 600, a
plurality of first enérgizable electrodes 604a, 604c, and 604n are energized via
connection with a first (e.g., "+") terminal of the resonator 632 and one or more
second energizable electrodes 604b, 604d, and 604n are energized via a second
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different phase relationships may be provided between adjacent energizable
5  electrodes in an accelerating stage.
Another aspect of the invention provides a method for accelerating ions in
an ion implantation system. An exemplary method 500 is illustrated in Fig. 13.
Although the exemplary method 500 is illustrated and described herein as a series
of steps, it will be appreciated that the present invention is not limited by the

10 illustrated ordering of steps, as some steps may occur in different orders and/or
concurrently with other steps apart from that shown and described herein, in
accordance with the invention. In addition, not all illustrated steps may be
required to implement a methodology in accordance with the present invention.
Moreover, it will be appreciated that the method 500 may be impiemented in

15  association with the apparatus and systems illustrated and described herein as
well as in association with other systems not illustrated.

in accordance with the method 500, a DC ion beam is received at step 502.
The ion beam may be supplied, for example, by an ion source, such as source
420 of Fig. 12, and may be conditioned in a mass analysis magnet 426.

20  Thereafter, the beam may be bunched (e.g., using an ion buncher 450) at step
504. The bunched ions are provided to one or more energizable electrodes (e.g.,
energizable electrodes 404) along a path at step 506. An alternating potential is
applied to the energizable electrodes at step 510 using a variable frequency RF
system (e.g., power source 430 and associated resonator). The frequency of the

25  power source may be adjusted at step 508, as needed, in order to provide the
desired acceleration of the ions. The provision of a plurality of energizable
electrodes and the energization thereof using a variable frequency RF power
source at step 510 provides significant advantages over acceleration techniques
employed in conventional ion implantation systems. Furthermore, it will be

30  appreciated that the tuning of an ion implantation system for a specific ion species
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certain aspects and implementations, it will be appreciated that equivalent

5  alterations and modifications will occur to others skilled in the art upon the reading

and understanding of this specification and the annexed drawings. In particular
regard to the various functions performed by the above described components
(assemblies, devices, circuits, systems, etc.), the terms (including a reference to a
‘means") used to describe such components are intended to correspond, unless

10  otherwise indicated, to any component which performs the specified function of
the described component (i.e., that is functionally equivalent), even though not
structurally equivalent to the disclosed structure, which performs the function in
the herein illustrated exemplary implementations of the invention. In this regard, it
will also be recognized that the invention includes a computer-readable medium

15 having computer-executable instructions for performing the steps of the various
methods of the invention. In addition, while a particular feature of the invention
may have been disclosed with respect to only one of several implementations,
such feature may be combined with one or more other features of the other
implementations as may be desired and advantageous for any given or particular

20  application. Furthermore, to the extent that the terms "includes”, "including",
"has", "having", "with", and variants thereof are used in either the detailed
description or the claims, these terms are intended to be inclusive in a manner
similar to the term "comprising".
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Ani |on accelerator for accelerating ions traveling along a path in an

ion implantation system, the accelerator comprising:

a first accelerating stage comprising a first series of energizable electrodes
spaced from one another along the path; and

‘a first variable frequency RF power source and a first variable frequency
RF resonator comprising a first terminal electrically connected with every other
energizable electrode in the first series and a second terminal electrically
connected with remaining electrodes in the first series, the first variable frequency
RF power source operable to apply alternating potentials of a controlled frequency
and amplitude to the first and second terminals, the alternating potentials at the
first and second terminals being out of phase with one another.

2. The ion accelerator of claim 1, wherein the variable frequency RF
power source and the variable frequency RF resonator are each adjustable in a
range from about 4 MHz to about 40 MHz.

3. The ion accelerator of claim 1, further comprising a variable
frequency ion buncher stage located upstream of the first accelerating stage along
the path, and operable to provide bunched ions to the first accelerating stage
along the path.

4, The ion accelerator of claim 3, wherein variable frequency ion
buncher stage comprises an energizable electrode located upstream of the first
accelerating stage along the path and a variable frequency buncher RF system
operable to energize the energizable electrode of the ion buncher stage at a
controlled frequency corresponding to the frequency of the first accelerating stage
and a controlled phase with respect to the first accelerating stage to create an
alternating electric field to provide bunched ions to the first accelerating stage
along the path.
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10 5. The ion accelerator of claim 1, wherein the alternating potentials at

the first and second terminals are out of phase with one another by about 180

degrees.

6. The ion accelerator of claim 1, further comprising:

a second accelerating stage spaced from and downstream of the first
accelerating stage along the path, wherein the second accelerating stage
comprises a second series of energizable electrodes spaced from one another
along the path; and

a second variable frequency RF power source and a second variable
frequency RF resonator comprising a first terminal electrically connected with
every other energizable electrode in the second series and a second terminal
electrically connected with remaining electrodes in the second series, the second
variable frequency RF power source being operable to apply alternating potentials
to the first and second terminals of a controlled frequency corresponding to a
harmonic of the frequency of the first accelerating stage, the alternating potentials
at the first and second terminals being out of phase with one another.

7. The ion accelerator of claim 6, wherein the first and second variable
frequency RF power sources are operable to fix relative phasing between the

alternative potentials in the first and second accelerating stages.

8. The ion accelerator of claim 6, wherein the first and second variable
frequency RF power sources are operable to adjust the relative phasing between

the alternative potentials in the first and second accelerating stages.
9. The ion accelerator of claim 6, wherein the first variable frequency

RF power source is adjustable to provide the alternating potential in a frequency
range between a first frequency and about ten times the first frequency.
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11. The ion accelerator of claim 10, wherein the variable frequency ion
buncher stage comprises an energizable electrode located upstream of the first
accelerating stage along the path and a variable frequency buncher RF system
operable to energize the energizable electrode of the ion buncher stage at a
controlled frequency corresponding to the frequency of the first accelerating stage
and a controlled phase with respect to the first accelerating stage to create an
alternating electric field to provide bunched ions to the first accelerating stage
along the path.

12.  Anion accelerator for accelerating ions traveling along a path in an
ion implantation system, the accelerator comprising:

an accelerating stage comprising:

one or more energizable electrodes another along the path; and

two or more constant potential electrodes arranged along the path
with a first constant potential electrode located upstream of the energizable
electrodes, and a second constant potential electrode located downstream
of the energizable electrodes, wherein the constant potential electrodes are
spaced from adjacent energizable electrodes to define accelerating gaps
therebetween;

a variable frequency RF system electrically connected with the energizable
electrodes and operable to apply an alternating potential of a controlled frequency
in a range between about 4 MHz and about 40 MHz to the energizable electrodes
to create alternating electric fields in the accelerating gaps in a controlled fashion
in order to accelerate ions through the accelerating stage along the path; and
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10%& () - %" 10%&driable #BGuency ion buncher stage located upstream of the
accelerating stage along the path, and operable to provide bunched ions to the
accelerating stage along the path.

13.  The ion accelerator of claim 12, wherein the variable frequency ion
buncher stage comprises an energizable electrode located upstream of the
accelerating stage along the path and a variable frequency buncher RF system
operable to energize the energizable electrode of the ion buncher stage at a
controlled frequency corresponding to the frequency of the accelerating stage and
a controlled phase with respect to the accelerating stage to create an alternating
electric field along the path.

14.  The ion accelerator of claim 13, wherein the variable frequency RF
system of the accelerating stage comprises a variable frequency RF power source
adjustable in a range between about 4 MHz and about 40 MHz and a variable

frequency resonator adjustable in a range between about 4 MHz and about 40
MHz.

15.  Anion accelerator for accelerating ions traveling along a path in an
ion implantation system, the accelerator comprising:

a first accelerating stage comprising:

a first energizable electrode along the path; and

two or more constant potential electrodes arranged along the path
with a first constant potential electrode located upstream of the energizable
electrode, and a second constant potential electrode located downstream
of the energizable electrode, wherein the constant potential electrodes are ‘
spaced from the energizable electrode to define accelerating gaps
therebetween; and

a first variable frequency RF system electrically connected with the

energizable electrode and operable to apply an alternating potential of a
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the accelerating gaps in a controlled fashion i ll"l order to accelerate ions
through the first accelerating stage along the path; and
a second accelerating stage comprising:
a second energizable electrode along the path; and
two or more constant potential electrodes spaced from the
energizable electrode along the path to define accelerating gaps
therebetween; and
a second variable frequency RF system electrically connected with
the second energizable electrode and operable to apply an alternating
potential of a controlled amplitude and a controlled frequency
corresponding to a harmonic of the frequency of the first accelerating stage
to create alternating electric fields in the accelerating gaps in a controlied

fashion.

16.  The ion accelerator of claim 15, further comprising a variable
frequency ion buncher stage located upstream of and providing bunched ions to
the first accelerating stage along the path.

17.  The ion accelerator of claim 16, wherein variable frequency ion
buncher stage comprises an energizable electrode located upstream of the first
accelerating stage along the path and a variable frequency buncher RF system
operable to energize the energizable electrode of the ion buncher stage at a
controlled frequency corresponding to the frequency of the first accelerating stage
and a controlled phase with respect to the first accelerating stage to create an
alternating electric field to provide bunched ions to the first accelerating stage
along the path. |
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variable frequency RF systems are operable to fix relative phasing between the

alternative potentials in the first and second accelerating stages.

19.  The ion accelerator of claim 15, wherein the first and second
variable frequency RF systems are operable to adjust the relative phasing
between the alternative potentials in the first and second accelerating stages.

20. The ion accelerator of claim 15, wherein the first and second
variable frequency RF systems are adjustable to provide alternating potentials in a

frequency range between a first frequency and about ten times the first frequency. -

21.  The ion accelerator of claim 15, wherein the first and second
variable frequency RF systems each comprise a variable frequency RF power
source and a variable frequency resonator, wherein the variable frequency RF
power source and the variable frequency resonator are each adjustable between
about 4 MHz and about 40 MHz.

22.  Anion implantation system comprising:
an ion source operable to direct charged ions having an initial energy along
a path;
an ion accelerator for accelerating the charged ions from the initial energy
to a second energy along the path, the ion accelerator comprising:
a first accelerating stage comprising a first series of energizable
electrodes spaced from one another along the path; and
a first variable frequency RF power source and a first variable
frequency RF resonator comprising a first terminal electrically connected
with every other energizable electrode in the first series and a second
terminal electrically connected with remaining electrodes in the first series,

the first variable frequency RF power source operable to apply alternating
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out of phase with one another;

an end station operable to position a workpiece so that charged ions

accelerated to the second energy impact the workpiece; and
a controller operatively connected with the variable frequency RF system to

control the frequency and amplitude of the alternating potential.

23.  The ion implantation system of claim 22, further comprising a
variable frequency ion buncher stage located upstream of the first accelerating
stage along the path, and operable to provide bunched ions to the first
accelerating stage along the path.

24.  The ion implantation system of claim 23, wherein variable frequency
ion buncher stage comprises an energizable electrode located upstream of the
first accelerating stage along the path and a variable frequency buncher RF
system operable to energize the energizable electrode of the ion buncher stage at
a controlled frequency corresponding to the frequency of the first accelerating
stage and a controlled phase with respect to the first accelerating stage to create
an alternating electric field to provide bunched ions to the first accelerating stage
along the path.

25.  Anion implantation system comprising:
an ion source operable to direct charged ions having an initial energy along
a path;
an ion accelerator for accelerating the charged ions from the initial energy
to a second energy along the path, the ion accelerator comprising:
a first accelerating stage comprising:

a first energizable electrode along the path; and
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constant potential electrodes are spaced from the energizable

electrode to define accelerating gaps therebetween;

a first variable frequency RF system electrically connected with the
energizable electrode and operable to apply an alternating potential of a
controlled frequency and amplitude to create alternating electric fields in
the accelerating gaps in a controlled fashion in order to accelerate ions
through the first accelerating stage along the path; and

a second accelerating stage comprising:

a second energizable electrode along the path; and
two or more constant potential electrodes spaced from the

energizable electrode along the path to define accelerating gaps

therebetween; and

a second variable frequency RF system electrically connected with
the second energizable electrode and operable to apply an alternating
potential of a controlled amplitude and a controlled frequency
corresponding to a harmonic of the frequency of the first accelerating stage
to create alternating electric fields in the accelerating gaps in a controlled
fashion;
an end station operable to position a workpiece so that charged ions

accelerated to the second energy impact the workpiece; and
a controller operatively connected with the variable frequency RF system to
control the frequency and amplitude of the alternating potential.

26. A method of accelerating ions traveling along a path in an ion
implantation system, comprising: '
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providing a plurality of energizable electrodes spaced from one another in
series along the path to define a plurality of accelerating gaps therebetween; and

creating a plurality of alternating electric fields in the plurality of
accelerating gaps using a variable frequency RF system electrically connected
with the plurality of energizable electrodes.

27.  The method of claim 26, wherein creating the plurality of alternating
electric fields comprises applying an alternating potential of a controlled frequency
and amplitude to the plurality of energizable electrodes using a variable frequency
RF power source and a variable frequency resonator electrically connected with
the plurality of energizable electrodes.

28.  The method of claim 27, further comprising:

bunching ions from a generally DC ion beam using an ion buncher; and

providing bunched ions from the ion buncher to the plurality of energizable
electrodes along the path.

29.  The method of claim 27, further comprising adjusting the frequency
of the variable frequency RF power source in a frequency range, wherein the

frequency range includes a first frequency and frequencies of between about one

and ten times the first frequency.
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