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NOTES OF EIECTROSTATIC ICH OPTICS AND
HEAM TRANSPORT FOR ION IMPLANTATION

J. D. Laraom

A oherged particle moving from iom ecurae to
argst 1n uaraad by externally applisd elsctric’ snd msgnatic
f{eldg and by the presence of nearby particlea {apmcs chargs).
Exkernal f1alda uvasd o pocelerate, fooua, end deflent boame
of particles maoy be subdivided lnto fialda e od trenigvarcely
%0 the beem (#.g. dipcls defleatora, guadrupsle lemess, opmos
chergs lensas, eta.)] ind falds applied longltudinally +to the
beaw (a.g. Bocelarators, gap lenoea, olneel lmness, stec. ).
Givern Imowledge of the dimiritution of awppllasd flalds ene cay
in prinolple predicot (olmesically] the papt and futurs for
aTTY cle in the Bean from 1te tion and velosity
aosordinaten at any lotsrmediats location. When B fopussd lmege
nugt be produssd on target (as raquired for alorosocpy} thie
study lp properly named *ion optlos* whereas 1T the pinrpoae
1s 1o movm partlelss afficlantly rfroa place o place,
thim stdy 1k wore cpproprintwly nawed “beas ransport®. :

pt=prde aport. For meny applicaiions
yala la o desordibe vary sccurstely
arged partloles.

Fropeasas ot soeneble o
fret opder malyplie are oewslly orlled "aberrations®™ becnuse
dietort the final jmege in come way. Howevar, caution
1e prder) for exapple, yoadrupols lenses exhibtdt mstlgmatlism
which, despits the insirivation of aberration, is a first crisr
effout, Pizst opder Lon optlics rests on the apewaption of &
litear relationship betweesn particle position mnd velaclity at
cne 1oetont ix flze mmd the posltion snd veloclty poms tinw
letsr. In one plane (ase flg., 1}, thle reletionaklp may be
expregoed by the linear egwmtlcome

X @ BiyX, + Byp%g + 843, LY
xt= l.artq' + azzl:é + Roqr iz2)
whars X 1i'| flaplacemant onlar 4 the bean axis 2,

divergmos *engle® x' = 2/L 18 the ratic of travaveras fo
lemgitudinal velocitlea, {X,.x§) mre inttial partlcls eoardli-
ntom, (x,2') ares final cle onordinataw, mRnd th'l:iia:"
cenetants thet ralats 1nitinl smd finel skates, & o8

xat of mquatime apply to the orthogonal diredtion y) usuaily,
notiong in rond ¥ are not couplesd and may b atulied geparsiely.
Eqe. 1 and 2 pay bo wrltiten ln mairix form ae

2 fag 22 w5y (R

x" =E21 EEE .23_ :l'; . {3}
1] bo b 1 1 .
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The Zx2 sub-matrix oo the diagenal in eq. 3 is a phandard
Torwl:2, The tnird colums s not ctandard, oftan 11 is omittaed
cnd eng or more Alternative columes gubstituted. A& uselul
property of lineer squatiens Ls that sesquonces of gopRratie
linear operatioms perpeturte the same linagr» form. The
advantage of matrix methada is that matrices mey he derived

for 1ndividoel devices (e.g. scceleraiors, bending magnets,
defleciors, lenses, oF empty apace)] and the effect of using
ceveral such deviees sequantially is mzcertiined Ly multiplying
together Individeal matrices taken in proper order. Natrices
Ao not changs the physiga of beam transport but they simpli Ly
the bookkeeplng. XBo. 3 pertains to ame particle. Using two
veptors reprecenting twe particles or raye it i easy to

expand this gescriptiun to ipelude prowvertles of a beam

of partleoless.

Fatrlices for a field-free drift space of langth.f « A
xhin lenz af fogal length £, and a ganeral lens having abjlect
ang image foeal lengtha (fy and fp] and focal pointa (Fy and

FE} aTe
drift lanae . ﬁanaral lens
(1 ij [ 1 ﬂ).( AR R R A
o 1 1/f 1 -u‘fE —131,«“1':a
Both leneg matricez represent inpulses heving no insartian

length: the finlte longth of real devirea is incluaded by
aAdings drift space to each side of the impules.

Trgﬂg¥9r§g figlds, Electredes or magned pules placed on
sppozite sides of the berm yroduce figlds perpendleulsr to

the bgam. Two poles produce dipele flelds that dellect oT
Etewr the beam sideways. ZElectrle dipolas accelerate perticles
epproeching an attrecting electrade and depcelerate partigles
approashing & repelling olectiroda. The resulting linear

di fferentlal in particle speeds AerDEE thg gap cAuzes the
deflected beam to convergs toward a (uwswally distenk) line
fogus. The imoulge mairix for a deflector is

1 o i \ f= -Igfﬁ;cz—ﬁ,ﬂl. {7-12)
o= . E Ll
1/t K- o B= ;Lf{zmufqlﬂ'.
b o 1 j £ = (/) 1-HAn/ma}] iien
N - = &ﬂ{[.{lmfma]l. filter

whers of is the eleetric deflection angle, (3 is the memetie
deflectien sngle, ol is particle energy, and A= 13 the {emall}
di ffersnen io mess from moncencrgatic pRrilelea of mass ™,
that pass wndeflected through the epggzed plectric and
mametie Fields of = Wien velosity filter.
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Four rTegulerly spacad peles of alternating polarity
gurreunding the beam mroduce quadrupels fielde. IMig. 2 ahows
gepurets x and y conponents ol the quadrupoia flald snd how
these add rectorielly in the x.{npllmu. Tha nagnltude of
anch fim2d compoment inoressen enrly awey from the mxiw.
' a produces =anv‘rfl.n¢ {concave) snd Alvar {ecnivex )
nrmundur lsnpes @ipultanecusly in the X mnd 3 p whoga
matrices ars

( posd {Lfﬂ]umi (cnu:hﬂl. {Ifﬂ}ninllrﬂ)n (13,14)
{o/L)elne  coss b\ (9/Llminke  coshe /D' ’
o = (Lal(r i, oy = 1L (an/any/iaan/f T, as0)

whers @ is a gecaetrla mﬁr desoriving iu.rt.'l.uln trajecta-
risg through a lens of I, ¥. 18 the sleotrode +al
2t Tadive & in &b eleetria lans, aftd dB/dy im the field grsal-
snt in & nagnetle lame. Flg. 3 lilusiratad how linearly
chenging treneverse flalde on Ap & lanp. 4 guadrupals
nginglet* lana nsnsasarily diverged the heom in ong plenw)
hewsver, two singlet lensem of oppoalts pelard {altermating
gradients) form & quadrupole “foublet® Hane thet provides net

CamnyY ¢ in both plansd. A auadrupole viplet* lans

conals of hask-to-back doublat lendes haa mitvor eymwetiry
about ite mldplana; this prapervyed MCTe betwban -

ina and outgolng beemg then 1s pessible ualr n dowblat
lana. space chargs lyna alss produces itransverds Tosuaing .
fiplda thet ars closaly rwlated to g 1s fislda. Wherehs

the quedripols mingiet lens cbays wq. 13 gmugl..nc} in one
plane apd ginulianeonaly eq. 1h (diverging) 1in orthe
plang, the apace charge lesno asnteining m nﬂnllx—nim [+
clond of trapped charge obeys slther eq. 13 or &4. 1% but
net both at cooe.

EW_‘_ Lengltodinel #ialda ars ussd to nccelsrate
avd , ToetLlY . roous beams of charged particles. Natrloss
for & unlform Tleld mecelerator snd for lenges that form In
fringing flelda at the sniratice {cmmf'm axit
{diverging) ere

axit sooelepator — entrance = 2 )
1 ohf1 EL;"[HH])( t o} £ = MRTA(R -1},
1/ 1f\e 1R 1/¥ J ¥ = ~HLAR"-1}.
whers R = (U ﬁ}i ig the ratlo of partlole speede nt wxit wnd

sntrAnoe . s ontrance lene i@ the dominsnt. optical wlement)

ita fooel length is inversely onal +o accelerator
ant. Orogping tha baam a suall dlaxstsy walet

i.t zhe aocelspator antrence wffectively nullifies the entrance
anp. :



alfm

Where longltwdinal fields are not uniform {ewch 2m at
the ande of & graded accalermtor tuba), o B in longltedinal
fip1d produss trensverss fleold componsntis ah to riret order
have the proparties of a lsng. To wndarstand thle, suppose
that the slectrio potential dlgtribution neer the sxle any
he approxinatad by the powsr sarlep sEpanalon

#tr.!}-l"‘h’-i‘-ﬂ{ﬂz'hz] * oarar B IED}
Eq. 20 obeya Laplace's equeticn (im sylindrical coordinaten)
Bszarz + {1/¢) 3#{'@:‘ + szfa 2 a o, {21}

which demoribes patentinl distrlbutiona in nnzt:r space. 04
powerp of T are Omitted from eg. 20 in order %o r
reiationnl symmatry ebout the axic mo that & (r) =& (-r).
Tha slectric Fisald coapornents aascolmted wlth eg. ara

£!=3¢ fa!ﬂhq'zﬂi“'-t-; {22}
B_= 24 /31 = —er + JU). {23)
Obsmrve that radial forces vary in on to r gmn
aq. 23). Buch oea comptitete m lene (pee $lg. 3). Foroem

proportl onal 4o bl the lmage and prodopa aberratlen.

Lansss created by changing longl tudinal flelde lack the
slaplicity of guadrupole lungen in which the transvarss fiald -
copponant is almont aocnotent mtgt Tor %ﬂ
the enda. Lengitudinal fisld lanses exist only wl 5
rl fields end axisting enalytlc prossdures are lnadequwate
to de forepal eqguailons of motlom. Usually the potaniial
digbibuticn within m lens ia dstermined n ﬂll-'liifﬂ-'l'l‘!-
neing snslog sethods but now almset sxolusively by digital.
computer) and then numerieal integrationa sre uesd to trunsport
Anapls Taye the potential. Fooml a8 abiaingd
thinm are publivhsd in %ables ond phu*es.  Onfartunately.
one Tuet select from auong meny poocibls lsne goomeirias
without moah goldanos. . :

Two populer designe ars the single-gep lene and two-gap
aineel lens feteicated from aylinders of equal djametar.
Pz. 4 phows that in offect emoh gap oomslsis of two "ol -
lonpes”, ans cmverging snd the other dl . The beam
almiys sperde more tlms o the comrsrging b producing a
net converging lens. In anh ¢inzsl lang the ssarter glaotraode
may wither aosylerate or dscelerats the lncoming beam. For
a ?.m applisd voliage the decelsrating lema 14 mmEor
bt 1t suffera the #isadvantege that inltia) deculereticn in
the Aiverging aanl-lwne g the eize &f the bssm caasing
aubutentinlly mors sberration {becawee of the r® nonlinearity
indloated in eq. 26).
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ng pnd thays grace sree. Flg. 1 $llustratss a typlcal
gty Iranepart situntion, A emall dismster bheem (a.g. emerging
fron 80 1on scidce or Dass analyais elite} sxpends to much
dlawotor btefore belng focumed bysa lens to enother soall
apet. Theae smell ta are called 'n&ah' or "croasovers”
and correspond closaly (but not sxectly) to objects mnd imagan
of 11ght optdcs. The lens cannot reduas the target apot
soeller than sowe xinimom sixe lnpoead by the findte ares
ecoupd e by the bean in x,x' "phase space”. Epighter boams
coaller arsis in phspe ppaoe mnd axn be fooused to

aco
soeller alse apots.

Mg. 1 aleoc whowa typleal phade sphce arse "allipses”
angoainted with the bemm. Ellipees or other sheapea in phase
spaos shear hopisontally (wlthoot chemging groa) as the baam
drifta in fAeld-free mpics (beomnse partiolas engles de not
ohenge but perticls position chenges lineerly with lﬁ:rl!

g functieom of tioe, as iief by eg. %}. Ellipsas
varticelly within A thin lena {becauss particle positiona
do not nha:ﬂg i cla engles change linearly with position,
as lgplied 2q. 5 ond fig. 3}, 5Spot wegnification from _
waigt te walet L@ comtroliled Ty geametyy. OCnce the lsns hae
foruged the beam to & wilsgt ou target it san deo nething more
to aontrel the walpt size. Two lenses are roquired to both
ﬁ::uua a walgt mnd contrel the slzs of tho walei, Wlthin

43, the firdt lsne sontrolasthe sise of the bean sntaring
the mecend lenm; ihis determizos (by inverse proportiona) the
siee of the welst that tha secomd lens will deliver to the

m-tl .
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