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Craxin9 lncidmca b9am ●8p4ndor=

Pr@sad R. Akkapeddi, Paul Glenn ●nd Anthony ?uschotto

P*rkin-EIDer Corporation
Danbury, Connecticut 06010

Ouentin App9rt mnd V. K. Vimvgnathan

La AIUOB matlona: Laboratory
Los Almm, M*U Mecieo 87545

Abstract

A Grazin9 Incidcncz Beam Bzpandtr (GIBE) tglmscopa la hin9 dosignmd ●nd fabricated to
M used ●s ●n ●quivalont cnd mir:or in o lon9 Iasor rornonator cavity. ?ho dos19n
roquitmonts for thim GIBE flow down Croa ● gcncrlc ?rm Zloctron Lamr (?EL) resonator.
?ho natur~ of the ~L gain volume (a thin, ~ncil-like, on-axis re9ion) dictmt.s that the
output bem h sery mall. Such ● thin MM with the high ~or lmvala charactorl~tic of
?ELS would have to travel ~rhaps hundrmds of meters or more befora ●xpandin9 ●nou9h ta
●now roflectlon fra mlod mirrors. A GIBE. on the othor hanJ, would S11OU Dl~Cin9 thase
opticm clos-r to the 9tin ro9im and

Rtmults ●re presented rolatlng to
●nhlysls, r~diua of curvatur. analys
concentric lamer cavity with s GIBE.

As th~ laser tochnolaqy ●atures, I

thut roducos tho cavity lengths ●ubstanti;lly. -

optical ●nd mechanical dos19n, ●l19rmont sensitivity
s, la-or csvlty stability •nalysi~ of ● linear stable

?abricntion dmtalls 01 tho GIBE ●rc ●lso qiv.n.

Introduction

@r. and ●ore emphasis is being plncmd on optimum 9ain
●xtraction, turmbiilty conmidmratlona, ● tc. Optimal 9ain ●mtractlon places unlqu~ chal-
l~n~t~ on tha optical dosl~n of thoso cavities. The tunability mnsiderations P-e chal.
lmnges in coatln9 technology. The optical systems dosi9n for such lamrs la ultimntcly
constrained by the dam Q of optical surfaces dlm to the ~aaor Cluonce.
Musola ●nd David Jordan ! h.ve prop..d th. U.e of gr.zin~ inc,d.nce .l..~~~”~~!y~~;~e~
laser systems to lncreasc the dua~c thresholds. Subsequently, ●mveral OIq~niZ~tl~nO *
hava proposed Chc usc of 9razin9 incidence ●loments for Froc Electron Laser cavities.

Pree Clsctron Laser- (?SLS) offer the Possibility of h~9h cstractlon cfficienciot with
tunability. tiovovtr, the natur~ of tho gain volum (a thin, pencil-llka, on-axis rs910n
where photons csn Inttiract with ● stroas of h19h velocity ●lsctrons) dictates that the
output tbvaa ix vary small. such ● thin bream with tho

~or. .spandin9 .rioush to .11ow
●r lovolc characteristic of PELs

would havt to travel porhapm ● hundrad •~tors or moro
rofl~ctlon frm molod ■ irlors, At shorter distai?cos, tho flux will W 80 lar9t due to tha
●nail beam sise that the th.rmal deformations of Iho ●irror would ruin the bean quality.

In order to understand th. md~-optic interaction of m PZL cavity with 9razln9 Incidence
●lements, WQ have desi9n@d ~nd are In the procoms of fabllcat!n9 ● ●GrszIn9 Incidence BQam
zspander (GIBC)”. A GIBE uonmiBtO of ● 10n9, r.arrou, Graslng Incld~nce Optic (GIL)), fol-
lovod by ● lar90r, more oonvontlorml optic (In thl@ cast ● rotro-sphere). Tho CIO mrven
to dlverqe t).. baa ●nd thus greatly reduce the total path lon9th to the sphcricml retro-
rcfloctorm ●t the ●nd of the rasonator,

Thim OIBI! will be placed In s breadboard domonstratlon ●t LOB AlaBos National Laboratory
te 9ain intightc into those state-of-the-art cavltlot ccrntsinirtg 9razln~ incidence
●lemorrtn.

In this pF
r

r, we will
Y

rovlde ● systems C,VOI’VIOWInto the ●nal SIS, docign, fabrication
●nd test of CM QIBI!. iOpt cal dosion detail- ●re providod irl snot ●1 pap?r (Ref. 4) which
is ●lso Mln9 preaentod at this conferorrce.

‘ Thim work wmn prformed unde~ the “Grazln9 Incidence Bem Expanderm contract No.
9-X54-R344G-1, mupport.d by Lon Alanom Mmtional Laboratory,



~y8tcm rogulrments

?ho priaary roquiramont in dcsivning ●nd building cn n~ is to produes ● mystom which 10
Simultaneously capable of givin~ tht roquirod output -r ●nd high wavofront quality.
This lDPOSCD tl~ht roqulromcnts on ehe overall optical desi~n, on the fabrication of the
optical caporwrto, ●nd on the ●ssembly ●nd ●llgment of the system. In this section, *
considtr tbo flowdown of tb.sa suhsyatam requlromantc. A2thou@b we do not proment.eny
●pecific n~rical mluom for the requirements, we indicate tho critical ●reaac w~lch ●re
then derelopmd further undar the heading of #yatem Analysia ●nd Decign.

?be qenaral purpose of the optical deB1gn ●ctivity im to ●chieve a design which ●m8ureS
th~ required per ●nd btqh wavefront quality, by sottinq balanced requirrnnts on the
fabrication, ●ssembly, ●nd ●ligament. Althou h it 1s relatively straightforward to ze
up with ● tbeorotically ●ccoptsble dasiqn, it 1 ● more difficult to ●chieve ●n acceptabl?
balance btveen tho varioua fabrication ●ream, ●ssembly, ●nd ●llgrrment. Thus, ttm oPtical
desiqn pham is really the system ●nalyais phase. The Specific requirements placed on the
optical desiqn are (1) vavefront quality, which describms the r~t-mean-aquar. (rms)
wavtfront .rror of the oteady state made of the resonator; (2) ~er IoSa Wr pm~~t which
is the SDount of power that wou?,d b loot durin9 one reund trip (pamm) throu9h the
ra~onator, ●mauming thero ware no qain ●mdium; ●nd (3) the location of the beam waist ●nd
the orientation of the optical ●xis.

Aqain, it la rwlat~mly 8trai9htf@rward to oac up with ● 0e8i9n which theoretically
● eets ●ll of the ●bova requiromenta. Bowever, th. oenaid~ration of actual tolerances in
the fabrication, sssembly, ●nd ali9~ent ●reas loads to the dev~lo~nc of subayatem rc-
quiremonts in theso ●reas. This im done by way of ● rror bud9@ts, ~bined with Ovtrall
;Squiromenta on ●ajor 8yat@m charact~ristica such ●s resonator cavity 18n9th, ham Waiat
sis~, ●nd total output power.

The most important ● rror budget is the one for wav~front quality. In wet optical ●ys-
tems, this srror budqet rolat.a to ● wavofront which propmqatet only Once throu9h th~ 8Y8-
tem ●nd which therafore never interacts with itself. The ●ltration is mrc difficult for ●

resoPator, where the Imprtant crltorlon Im the wavefront quality ef the atoady -tata mode.
There is no ●imple way to rclato the ctoady otatc wavafront quality to the quality of ●

wav~front vhich propa9atos through the system enly onct. Wev.rthalems, tho -st reasonable
w-y to ●pproach thlc ● rror budqet ●s ● firmt cut is to ●ssi9n (budqet) ● slnqlt proms
wavcfront quality r~quir.mant to th~ ayatcm, ●nd to Mot Oun Square (RSS) tho contributions
to this budget Crm ●ll the tlemcrrts of tha systcm. (?or ●n ?ltL, whera a relatiwly largr
Percentqc of tn. circulatlnq pcuer i- ●xtracted on ●tch pamm, imlyirtq that photons Sake
only ● mall numbar of pams~s th;ouqh the remonato;, thla im ● W;* reasonable promdurc
than for ● stabl~ laser rsmonator where the ~rcenta ● of ●xtracted pwer la very small.

!The contributions to this ● rror budqct include th~ f quro quality of all ●irrors, th-
tharmally lnductd mirror ●urfaca deviations, the symtem aliqrrment, ●nd vibration or jlttar
caused by kth the ●nvironmant ●nd by th~ action of th~ -linq syates.

The othor important ●rror Wrdgat lm tho bno for -r leas per pmmm. The contributions
to thiu ● rror budget include the reflectivity of all ●lrrora, the ■irror aiaes (relative to
the Mam SASQ), the syatea ●li9nment, ●nd to sx ●xt.nt, the ●urface quality, ●specially
in terms of rouqhness, which ~ntrlbutea to scattar, which in turn remults in per lo-s.

TO s-arise ●o far, we have diaeusced the 9@neral ●nd o~clfic requirements plac.d on
the optical deslsn (systoa analysis) tamk. Heeting theme requirement roquJ.res the devel-
opment of tvo ●ajcr ●rror budqets, ●nd tho ro~nltion of oeerall requirements on major
Nystom eharacterictlc~ such an resonator cavity ltnqth, baas waimt ●lse, and total output
~cr . TO meet the ●rror bu~qets while falllnq within tho Constraint on the overall ●ys-
tem, ono ● utt take J detailed look ●t tho Interplay btweeri tha varioua fabrication, ●msam-
bly, ●nd ●ils-ent Aseuos. In tblm Nper, we do not discums tho dovolomsnt of real ● rror
bud9tts. BOvever, w- baw listed above th? contributors to ●ach ● rror budqct. BQ1OU, WC
●uaarisc ●ae of th~ warious imsuem to be kept in mind in the arena of fabrlcstlon, ●aBem-
bly, ●nd ●llqnaent whllc developing tht real ●rror budsets, We then diocuss th~sc topics
In more detail under tho headlnq of 9yst@m Analyn!o ●nd Desiwn.

)np~ct on fabrication, ●s ●•~~, ●nd ●llgnmont

In tne fabrication .araa, we muot oonmidar the sise ot the optics, their lon~itudlnhl and
lataral radii of uurvature, their ooatln9, their #ur!lae# quality, and th~ir -ling
●yotomt. Th.ae pmrametels ●re ●ll rol~ted in termn of their requirements. For ●aampl?,
one of the r, ulrementa on the aoalinq ●yctem for ● ●irror Am to ~lve ●cceptably osall ●ur-

7fact deforamt ons duc to the thermal ●ffects of ●bsorbed flus. TFIS requirement on tho
murface deformations ~ust b balanced dir.ctly ●9alnmt the requlrwme:,t on residual flqure



●

● rrers m the mirror ●urfaco, since -Zh crrers ●ffect ths cystom ~rformancc in the ceme
way, by degradlnq the wavefront quallty. AS tnothcr ●xampl., on. of th8 purposes of the
coating, obvioucly, 18 to ●inl=ixc th. power loss. Smovor, in doing thlc, tho coatinq
●lso ●ln(=isoa tha ~or hbsorbd by tho ●irror, which ●inimises the thermally induced sur-
faco doformatlona, which ualnicoa the wavo!ront qwallty. thuo, ttm costing ●ffects ttw
dovol~nt of brth error btigota. Zn @bott, ●ll of the fabrication issues (si-c of the
opticc, radii of curwturo, ~ting, flgur~ qua:ity, ●nd coolin~ ●yctcmm) ●ust be ●xamined
not only in terms of practicality, but ●lso in terms of their inter-relatlonshipn, ●nd
their ispact on th~ symtom ● rror budgets.

In the ●osnbly ●nd ●li9rmvnt ●rea, H ●uot consider the muntin~ ●nd size of the op-
tics, ●m wail ●s their ●llg~nt. ?or *cry lar~e Dyatws, it Is cmncaivable that the self
-ight deflection of tha Bountod optics COU14 ●ccount for ● consid~rable PrtiOn of the
wavefront quality srror budget, ●lthough this is u~:tally not tbe case for cmaller, do~n-
Stration ●ystcma. In addition, care ●ust & taken in tbe mounting •n~ ●ssembly prwess not
to clamp in any undue defomationm into the ●urface. This can h ●ccaplished by building
mounts that are kinesatlc or nearly so. ?inally, ●lignment mettmds ● ust be provided in the
mounts which have the sonsltlvltios dictated by the wavafront quality ●nd pwer 10MS ●rror
budqetm. ?rovldin~ hi~hly ssnsiti?e ●lignment methods could ●ff~ct the vibration levels
●llowed in the optics, which WOU14 then affect the wavefront quality ● rror bud9@t.

To ●uomrica, w. hmvo dimrussd s-e of the icsuez involved in setting requirement m
the fabrication, amkembly, and allgrment. Those requirements ●rc derived frm th~ top
level symtsm roquironents ●ccounted for in tho optical demiqn/syDtom sn~lycis phase.

In this section, we discuss In d,tall srn add~tional lSDUOS involved in the optical
desi9n ●id the tinalyalm of the resonator cavity. He ●lso ●lmboratc on the opto-mechanical
d~~i9n, mnd the fabrication/netrolOqy/to8t effort,

optical 6QB*

In this ●nd the followin~ ●oction, we ●laborat~ on Sae optical dosi9n considerations in
●n ?l!L ●yctem with ● GIBE. In particular, w emaris@ in thic ●octlon the considerations
which 9ovcrn tho Optfcai proscription of the GIO. Then, in the followin9 section, we 8uFI-
marica s~e modellirq ●fforts that have gone into studying ●nd toloranclnq a psrticuls{ FEL
de8i9n. These ●fforts Include tiollln9 the ahan9e In intensity distribution caused by the
GIO, ●- well ●s modelllns the ●lignment ●ff~cts pculiar to ●n FEL rosoilstor with ● GIBE.
(Both of these topics ● re covered in more deta’1 In Ref. 4.)

In ● conventio~al opticbl ●ys~em, when a ●irror 1s requirad to chanqe the div@r9cnce
●ngle of c Spharlcal ham, ● uonic section (such as ● hyperboloid or ●llipsoid) ~s umed.
Since Caussltn-sphwrlcal beams of the ty~ found in ●table lamer rosonatorm have locally
spherical wsvefronts, it 1s natural to ●ssume that ● conic section, in particular a convex
hyperboloid, ●hould bs used for th~ GIO in ●n FK roaonator. Wwever, a glvan on-axis 8ec-
tion of ● Gaus~ian-@phcrlcal bem has an ●ppmrent aenter of curvature whose ●sial location
demnds on tha asial location of the ●ectlon bein9 conmiderod. ?blc chansen the whole
geometry, ●nd rul~s out tha use of ● conic section. (S-e PiQure l.) In other words, *he
section of the GIO clocost to ths wiggler sees a different spparont oonttx of currature of
the ha- than does the ●ection farthest awuy fra the wigqi~r. ?harefore, ● hywr~loid is
not the rcquirod surf~ce for ●aintaining the Gaucsian-opherlcal besm charactnr whil~
chan91n9 tht dlver~ence ●ngle. ?ho definition of the optimum prescription for the GIO nur-
faCC it that it i- the surface in -pace for which, ●t @ach point, the optical path from thv
real beam waist is ●qual to th# optical peth fra tho virtual ham waist ●m lda9ed by the
G1O.

l%e de ●lo~ent of tl)c o \inuB pr~scrlption for the GIo is cou.red in detail An ● cepar-
1ate p4psr . rIt is worthwhi ● to note, fmwevor, that in the ●nd, the dtfftrence betueen the

optlaum pr.scrlption ●nd ● ●im 1. byper~loid which ralays the r-al beam waimt to the vlr.
!tual beam wajmt, wam ●smential y negligible in the

[ ~;;;~;;:r~:~e;%8 ;;~’~k~;;:?amandtrue bvcause, in our o~me, the :::r;SL ●any na 10Is
bec~usc ths GICJ was relatlvol

i.
When, t ● 010 1s ●ither fewer Rayleiqh lengths ●WaY

frcm the beM wtilmt, or ●ISQ onger, the deviation fuoc ● hy~rboloid would h ●orw
submtantlal.

lh this section, we ●ummarls- O-C modellin9 ●ffort- that hav,r qone Into ●tudyln9 and
●stabli@hln9 tolerances for ● pmrtic,ular FEL des19n, Them ●ffort- include mdelllnq the
chan9e in intensity distrlbutio~ c-used by th. CIO, as well ●a uodellin9 the ●l.19nment ●!-
fectl p~culjtr to ●n FEL resonator ~lth ● GIBE,



wc fir-t csaaine the chanq~ in lnt,snsity distrlbut!on. Tbo 010 la *siQnd to chang~
tht local ●Phorlcal curwature of th~ wovafront whllo ●till ma:ntainlng tho baam’s Caussian-
●pherical chsrnet~rlsticg. In oth.r words, tho GIO chansos tho ●flectlwc baam focus (or
waimt) loc~tlon. The question that ●rlsas la how thio Optit ●ffects the Gaussian intensity
profilo. TO ●nswmr tbio question, w traced rays Cra tho wwofront Incidant on the G1O to
the rc:lcctod wt?ofront, koopins track of ●ach ray’m r.latlw paition in the ytrpil. ?ra
th~ ray trace, wa dot~rninod hW sach ray ●hiftc its c.latirc location within tho pupil.
Tha maEim- ●hlft in ths cam studi.d was dctorn$rmd to b only 2.25t of tho pupil
diamvtor, in ● ro~lon Acrt thrr intensity ia only 5S of the ~ak. Constqusntly, tha pupil
●hiftirq has ● n.91i9ibl. .ff@ct a intensity. (?or details of this analysis, SOC nof. 4.1

W. now turn to the ●nalysis of ~!aaliqrmcnt ●ffocts. ~r= tba opticcl description, w.
bavt ●xprosmions dcfinin(~ the phat. of ~th th. inzl~ ●d Outsoifigkus ●t ●ny ~int in
8pa C* . WC hav ●loo cmputod a sot of ~ints dofinlns the G1O mrrface. N@xt ua can ●pply
t ●imalisnment by tlltins or diaplacinQ tho GIO in ●ny dirocti~ and c9putinq ● w sQt Of
points dofininq tho surfaco coordinates of th~ ■18al19ned GIO. Subatitutirt9 thaw ?aluos
into the ●zprocoions for phase of the tm uav~fronts, ua can calculate tbo OPD ●ppllcd tc
tho wtvofront ●nd ●ccount for tho pupil shifting that ~urs. Bocaumo th~ pupil shiftirq
is dlfforcnt for the two dir.ctjons in which tht llsht la travolli~, d@pandin9 on th~ mis-
●li9ram~nt, tho wavofront distortlonc ■ay b difforont in the two diroctlons. W h.lvo
l-kod ●t six pJsslble t~s of ●!calisrm.rrtof tha GIO, dioplmcomants in s, y, ●nd t, ●.d
rotations ●bout tlw x, y, and c sxos (Pigur@ 2). In ord~r to charactorlar tha phaso ●ber-
rmtlons due to ssch 8isall#m~nt, m have dgc~poo.d the distortions an ●ach wawofront into
8Qrnikc Polynomials. Each misaliswnt tran-latos onto the wavofront pri-rily ●s s-e
combination of piston, tilt, focus, ●nd ●atipmatim.

In tha md@llin9, wc Isnorod the piston, tilt, ●nd focus m~nontc of tha wavofront
● rror . This W-S justified by a tw ●ta9c sr9aont. ?irmt, tb~ pr~conco of mall awunts
of these abrratioms doct, rmt lnflucnct the asount of ●mtiqmatica addmd by the GZO ●ither
on tht first pass or on chc return trtp. Second, ths tilt ●nd focus capermnts of the
wavofront srror Rimply imply tnst tho waist locatlm ef tho ●tabl@ MO will ba ●hlftod
slishtly. [PIStOn ● rrors ●ra ●ntlrely irrolwcnt.) In this sonmo, tho mltuation is the
same as for ● conventional ●tablm rmaonatorl mall ●icali rmarrts of on~ of tha ●nd ■irrors

1do not •ff~ct the oha~ of the stable DO& but only tha wa St location. Toloranc.s on th~
waist locatlon w~ro ●et, but this ic tiyond the ●Copa of this papar. Thus, only the ●rtilf-
● atlsm componant- wore rolovant to this analysis.

Tablo 1 rolatos nach •jsal~qrmont to which •stlsmatl~m ‘O d@9raas or 45 do9r@om) is cr@-
•t~d, and ●lmo ●hews the rqlativc ●a9nitudos of the ●berrations soon by tho incomin9 ●nd
out oin9 uavo.

!
?or the rotatlona, tho ma9nitudos of tho ●barratiori ●rc ●qual for the in-

com n9 ●nd outgoing wave. Pot dicplacomcnts, th- rolativ~ ●a9nltud~s ●re d@s19n do~ndcnt.
Por our damisn, tht out90jn9 wsva showod ●~rrntions ●trout an ord.r of m9nitudt 9roatcr
than th~ lncomln9 wc~e. TAG incomlrq wava is dofirmd ●s that aaln9 Crm th. wi991_r ●nd
tht out90in9 ●s that eairq fro,a the rotrosphor. ●nd djrccttd tward tho wi9910r.

TO ~umartca tho dclitng ●ffort and romults, w us~d a phytiical optias prr,pasntion
emputcr oodc to ●imulats ?EL resonator with ● 121BE. Th@ moot important ●l)pactm @saain@d
wor~ th rodlstrihution of jntcnslty ●nd t,ha sff~ctt of aisaliw~nt~. rh,~ redistribution
ot Int@nsity cau~-d by tho ‘;:0 was fcund to ha n@911qfblt. The ●ffcctt of ●isaliqnmcnta
WCIQ wdcllrd in ta~sn OI! Xarnlk@ ~lynomlal Coafficionts. It was found that tho sost
critical mlmullgnmtnts (fhoac of tho G]O) oauaod sariouc munto of tilt, focus, ●nd asti9-
●atlsm .rrorm In the muv~front. Th@ tilt ●nd focus ● rrors wcro lntorprctod An t.rm of
displacomnt of thr M&m wmiat. Th@ ●st19matism ● rrors, hwovor, eontributad di?satly to ●

degradation in both the tic ●hapa ●nd tho baam pow.r. In fact, w found that bth the
DO& -ha~ ●nd pwcr 10CK oould b Molled quit~ ●ccurately in tarms of just th.
●iumli9naont-inUucod •sti~matiam, This mada tha derivation of ● mlaali9rk9ant ●rror bud9at,
in tarmt of system roquirektonta on mod. ●hapa and ~ar loam, c ralativoly ●tralshtforward
pr~~dura.

GIBE Op to-mechanical d~sign ●nd fabricotlon

Ths ~razln9 inc!dene~ bomm ●spandor (GIBE) oonaiata of ttro ●irror ●lonontcl ● lon9 nar-
rw 9raxln9 lncldoncc optlcm (hypar~lold) o~ratln9 ●t ●n 06 do9roc an910 of Incldance
which divrr~na ● pancil-llk. baa on to ● lar9.r conve~ltional ●phorlcal rotrorofloctor 17
sctars away ●t tho ●nd nf the rtsonator cavity. Bocaum of tho lar9@ ●oparatlon btwe.n
t.h~ tuo ●lrrorm, it la impractical to mount the ●irrors ●s ● mot in orm ●tructurol tht:c-

hns bgn damisnod to Ikavt its mwn rsapact~vs munt with ●eh
~~~:~~a~~~;;r%a~~~;!bnch. Stab{ lityof..ch optical banchr.lativa tothaoth.r
bnchcm will ha maintained in tha lakratory snvirongant.

At is soan in Pi9urg 3, th~ unusual 9amttry of tho hyparbolold ●irror (a thin, lan~,
narrow ●lomnt of varyin9 radius of curvature) raquircd that nov~l dasi9n tochniqua~ bv



To ●c-dato the GIBE ?U pncil kmB, the hyperboloid ●irror wan co~fi9ured into s
thin rectangle C35 m lon9 s 76 _ wido I 50.0 u thick, Thr thickness of th~ ■irror Qlc-
ment was basad on ●chiaving ●d~quatc structural stiffness when •up~rt~d on ●dge through
its ccntar of ~ravity ●s ● triple span ban with outer grids free with ●upprts spaced much
that s81F deflection at the ●nds 1s ●qual to contcr d~floction (about 1 xicroinch for high
tn). In or~or to aintain the ●lig~ent tolaranc~s ~f th~ 9ra@Jng incidence ●s s~cificd
by th- optical dco,9n (?lgurc 1), ● tbroc-pint kinematic support schema lrmansitiv~ to
loading ●nd tamperaturc ●s shwn irI ?Igure 5 was icplgsontod. Basically, the ●irror ● t-
tachmants consist af orm fixed r~forenc~ ~int ●nd two floating pints which are frse to
move orth~onslly with renpact to the CIEed pint in rospwe to temperature ch~nges with-
out inducing undggirablc strain in tLc mirror. ●all joint tw floxurcs ●re umd ●t the
●irror ●ttachment ●nds ta ●void uent or mirror bendinq distortion, At tne mse sttach-
●nt ●nds of tb~ two floatin9 su~rts, dlrcctiona] flcxure biades ●re used tor controlled
scftneos in one dircctlon ●nd high ~tiffnoss ncxmal to that diroc:fon, Super-lnvar mater-
ial which matches the near sero thermal co~fflci~nt of ●spanslon of seIodu: is used for the
thre~ ~untin9 padn which ●rc .pozy mnded to the mirror. Tho three -untin9 pxts which
●xtond dwn fra the invar pads ●ttach to a plate which tics tbo ●lrrer ●srambly to the
~unt backln9 plat~. A standard, cmmerclally svailable ~unt (DNI-12) fta John Onertl
Optical C-pany was seloct~d for both tho byperbalold and upherical ●lrrora. The ~ount in
F ru9qed desi~n (cast iron baa?) ●nd provides two ●~eu of flna tilt ●djustment ●nd tnree
●xec of translation ●djuatmeat, Pint pitch ncrcws on the tilt ●xec provide the required
ali9rment precimion as dictated by tbe optical tolerance. Locking nuts ●rt Included on
●ll ●djustments to ●aintain mtabllity ●fter ●ligament. ?he DSM-11 mount ●lao provideg the
correct he~~ht o? 12.0 ~ 0.25 inches frm the optical ●sis of aach ●lement to the table
allrface.

The spherical Zerodur mirror, having ● 28 cm outsi(le diarmter ●nd >5 m clear aperture,
is ● ●traightforuard designl it i- k~.ncmstlcally ●ounted in ● convantion~l aluminum cell at
Lhr@@ points ●nd held in place by flexurc bladoc ●s shwn in Figure 6. Th@ cell 1s ●t-
tach~d to the Uncrtl wunt (DSW12) backing plate ●t %hree ~ints.

For ch-eking day to day optical al19rment, three cll~~ent rofer~nce flats (X6E P/N
716250) have bmn providod: two on byperbloid and on~ 011 cphcrlcal retr~refluctor, The
●irror flats include tar9ctn co that you can chech pocition ●s well ●n ●n91? with respect
to the line of ●ight.

In this sactiorl, we ■u.mmaricc the critical larues involved in meanurin9 both the GIO
during its fabricat~on, ●nd the ●ysten during lem alignment.

In order to Masur@ the aurfacsc of ●ll the ●irrors in ●n PEL cavity ●xcapt the GIO,
conventional intorfcraetric technlquea can be urnod, ●nd will not k dlmcuss~d here. aow-
uwr, different tochnlques Bust h used for the GIO. The choice of technlqu~ ca> depend
very heavily on ths tmbricatlon agthod chosen.

In particular, if the GIO Is fabl!catod with dla.mend turning tochnlquaa, thm it could
b qultc foamibie to uue tha diamond turning ●achine itself a~ tha mamaurlnq Instrun@nt.
Althou9h It Is btter in theory not to uuo ●ny dcvirw to ■ easure Its wn performance, thit
objection can h ovarcume and Indoad has hen o~arcm in ●-c ottrcrdiamond turning
●ppllcationa. nr lnstunce, the dAmond turnin9 ●chin. can M umd to iwasure ● cylinder
or ● ●phern which warn provioucly artlfled by ● diffcrant lnatrument. If the dimond
turnin$ cachlne ●gieaa with th~ previous certification,
It WILI be ●ble to 90 back and

then i? ia ● ●afc t~sumptlon that
rellably ❑ onuura the ●urfacc of tht CIO.



Iii eur CSOC, tht GXO W*S fabiicatod with ~nvofitl~l Optical grindin9 ●nd ~liahinq
technfqms. This called foK the usc Of ~ro ~nv~atlortal -anm Of opticm] ~tcol~y durinq
fsoricatfon. Bow@ver, •inc~ the optic wan ~raduall

i
brought into its final flgur~ from #

●uch Coarsar f19uro, tho IIBUS1 problams of makln9 t ● trancltion hetwe.n emrat mechanical
●etrology ●nd tin. optical Wtroltqy bad to b consldgred,

~ ●amura th, tinal figure ●nd to UOIVC the tranaitioninq problomc, t- 9cnorlc t~8
of optical metrol~y wre considurod. ?irot, tharo was Che poooibillty of nozul lnCldOnCc
metrol%Y. u@l~~pr~viOucly -rtifi.d toroid.. ar.fcr.nms.rf.c~. And.econd, tbc~t
W8S th@ po~mlbl lty of 9ra~ing lmcidcncc ~trolqy, ut~ng s •p)r~r~ ●S ● rof~rcncc SucfsC@.
TtIQ two qcnmric approaches ●ra shown in ?i9ur@ 7.
●rrmarisod *lotf.

?b~ pro’c ●nd mn’m of ●ach ●pproach are

?or tho normal incidoncc ~strolqy ●ppr~ch, it WOuld ~ ~ces~~ry to f~br~c~to ●nd cer-
tify ● lbn9, concave, toroidkl test plate.
Qffort.

?hio is not mnthlnkablo, but muld be ● major
Ronttholcss, it is ~asiblc that tbo test plmtc could M used MO m lntogral part

of the qaneratlen procema of the real Optic. Anothar drawback to tbe normal incidtncc •~
preach lM that tharc would be s~varal fr~~t~ of ~nt~rfcron~ ~t-en the ta~t plato ●nd
tbc OFtiC, ●ven uban tbt real optic ach;a?~d its fiMl f19urc ●nd ●ll r~lati?o tilt was
rtmovod fr~ the optics. ?inally, in favor of this oethod, normal incidence metrol~y oZ-
fers the highest sensitjrfty in term of n~bgr of interferoqr~ fringes pr unit surfact
deformation. Bowever, becauec of this hi9h seneitlvity, while the optic wae in Mtween ●
Coaree stat. mnd ~tu final figure, this ~th~ WUld ~ cery difficult tO USC, ●in:e the
high ●z’n81t171ty itself w~ld iDply an isprmtimlly larqe nmbar of fringes. Tbercfore, ●

separate ●etroloqy ●ethod would have to be devised for this transition ~riti,

POr the grazlnq incidence mtroloqy ●pproach, tbe reference surface could h a ●imple
c~here, ●hd there would k no Intorferance fringes ~tween the teet plate and the optic
ahen th~ optic ●chieved its fintl figure. In this approach, the sensitivity ie reduced by
the cosine of the incidence angle, which can ●ean & meneitiwlty dgcream by ● factor of
ten er more. 9hi# ●pparent drawback, b-ever, offers the ~azibil~ty of uein~ thic ●mme
●pproach during tbe trar,sition Perid betw~en cearse fisure ●d final fi~ure.

It wa8 decld~d to use the grtz!ng incidence ●etrol~y ●pproach because of the ●ase of
●akir[9 ● reference turface, because of the lack of interference fringes ●t the achievement
of finsl fj9ure, and be:ause the ●pproach could bV used to make thm transition period
●anier. Becauee w had a relatively l~se toler~nco an the ●bsolute eurface ●rror on the
GIO, we did not f~dl that the loss of sensitivity was critical, ●specig~ly given the ●dvan-
tage of ●asln9 the transition ~rid.

?lnally, the usc of the 9razin9 incidence ●pproach ●llwed us to 9ain ●x~rience in the
●li9tunent procedure. Specifically, we dasigned ●n interferometer for ~rforming system

●li9nment which shared ●any c~on features with the metrology interf~r~eter. Wt ●lso
s~cifi~d ●n ●li9Ment Mnltoring system usln9 flrnte whoee pur~se was to verify “;hat
●~ignment wan ●aintained durin~ lacer opratlon, without havln9 to turn the laser off ●nd
re-install the ●li9nment intcr:er~eter.

In cOnclunlon, w
GIBE wiil be umed in
with ● ?ree Electron
th~ PEL technolqy.

Conclusions

have desig~ed and fabricatd ● Graain9 Incidence Be- Eapander. This
@ breadbard demonstration to unde(atand the systems Izsuus ~ssociatcd
Laarr ●yatem. TtIls ●x~rimental dcmonatration is ● key ●$lestonc in
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