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Aostract

Tne Beam alignment system for tne 24-b94m-smctor Antarcs CO
5

fusion Iasor
automatically all ns more

f
than 200 optical elomtnts. A visiDla-wavo ongtn alignment

tecnniqua 1s emp eyed wnlcn uses a telescope/TV system to view pOint-l19ht sources
appropriately located down tne beamllne. Tne centroids of the light spots are detcrmlnecl
oy a video tracker, wnicn generates error signals used by tne computer control system :.0
move appropriate mirrors in a closed-loop system. Final toucn-up alignment is
accomplished by projecting a C02 alignment laser beam tnrough the systtm and sensing its
position at tne target location.

Tne tecnni~ues and control algorithms OmplOyGd nave rssulted in alignment accuracies
exceeai~g design requlrem-nts. By employing video processing to determine tne ceatrolas
of diffraction images and by avoraglt~g over multiple TV frames, we acnleve alignment
accuracies better tnan 0.1 times system diffraction limits tn tnc presence of air
turbulence.

Introduction

BQam alignment concapts currently employed in the Antares laser recdily meet the
requirements for estaDlisning and maintaining alignment of a Iargo optical system.
Controllability has bOOn dOmOnStrdtOd to be adequate and accuracies exceed tne requirements.

Ouring operation of tn. laser, tne power amplifier, witn Its optical components, 1s
subjected to nign 10vOl snocks (13 g) frOm thO pulsed power pumping wnich nas necessitated
real iJnment after a~cn snot. Tne alignment system has been instrumental in locating
faulty optical mounts wnlch move beyond acceptable limits after laser dporatlon,

In a benign envi-~nment, tne optical stability permits satisfe~tory allgnment to oe
maintainoci for sev?ral hours at most before real i~nment is again nocasccry.

System 9verview - general alignmtnt subsystem requirements

Fundamental system requirumerlts imposed upon tne Ant~res alignment sytteml awe tne
result of operational performance needs of lasar users as well as tne specific Iastr
optical dasign. Operationally, tne Antares C02 laser is to deliver 2-4 ShOtS on t~ qet
p~r day. The nominal kllgnmont r~oulrcment is to placo 80 percent of tne laser ene,’gy
contained in 24 diStinCt CndnnOIS witnin a 280-um-diamet@r spnare coincident wltn tar~et
centers. in addition, eacn of tne 24 enerQy Channels must be independently focused and
pointed to any POIIIt in space WitiIin5 mm radial f!’Om target center.

Configuration of the laser shown in Figure 4 raquires tnat two 15-cm annular Beams (9 cm
Ill) output fom saparate driver amplifiers be transported appronimatly 28 m in air to two
locomotive-size power amplifiers. At this point, in etcn power amplifier, tne annular
beam is separated into 12 energy cnannels or sectors by a multifaceted annular mirror
(polynearon). Tne energy in eecn SOCtOr propogatet radially outwerd from tne polynearon
in a 3-cm-diameter, trepezoida l)y-snaped footprint. Independently controlled mirrors tnen
direct each sector’s energy to focus mirros wnicn provide
filtering,

a focal plant for spatitl
After SPttial filtering, tnO energy is double passed tnrou~n a 1500-torr C02

gain moaia for a comoined patn len~tn of nearly 10 m. Tne twelve sector annular trra
output from cacn power amplifier contains 20 kJ In tne now eapana?q (40-cm aiamet~r 7
trapezoidal footprints. Propagation down each sector it tntn inaepondently dlrQctea via
periscope and turnin mirrors along a 70-m vacuum patn to tne target cnamDer,
target cnamber, fins! target pointin~ and beam focusin~ are accompltsne~ with ~j ~!:
off-axis parabolas.

Tnus, due to tne laser design and operational constraints, tne hlignmant system muet
align the mirrors to transport laier energy over a total patn lnnqtn of 114 m unilo
triversin

!
tnre~ distinct pressuro zones (each of which ~re separated by salt windows).

Addltiona Iy, tfIO system IIIUltprovide tOr angular allgnment and/or beam cunterlng to
prevent vign~tting from element to 91ement. Finally, the sjstam must permit eacn sect~r
co point tne fOCuSOd ltSOr energy tO any arbitrary coordinate Xitnin a l-cm sphere
located at target center,



~lignmcnt JYO tom hardw~ra configuration

?no allgnm.nt sy~tom for tna Antarcs laser amploys both vlsibls and infrartd (10 Mm)
all naont tacnniquof.

?
As dov910pod, tn. Bulk of tnt alignment task is carrloa out at

VIS Dl# wavg)on~tns kltn final touch-up tlignmcnt at tnc targat occurring tt 10 um.

Hardwaro It@mm wnlcn cr. kcy to tnt vlsibl~ alignment task ara dcplctod scnomttically in
Figur, 1. Fundamentally, align~~nt ●rrors Jro dOttmln9d by ‘/i@wing pOint-l19tIt Sources
:ocatad tt critical allgnmtnt positions boglnning at tha polyhedron @nd continuing down
:::~a;sctor to tn~ target posltlon. Tncsc sourcas ●ra tha torminhtions of fiber optic

wrricn art illumlnatoa by o.7x1o6 footcandlas 3000”K projector lamps. An
alignment to]t$copc (doacribod in thost proccodings)z looking down & given $.ctor imagts
tnosc si,urcos onto a silicon vldlcon wnos~ raster is stabilized to 0.25 TVRL. Tha VidSCI
output from tnis ctmort is then procoslad By i video controlci tracktr. Controid
Coordinates of tnt lmtgod point sourca arc calculatta By the track~r at tnt TV frama rates
~~~~~l:::!; tnl~ Cl#tt It Sent tO a CO~PUtOr WniCh tvuragos a spoclficd nursbor of Controid

By comparing tno calculJtod avtragc of tht spot ccntrolci witn values stortd
in a ddth &tso, tna computtr dttorminas wnttn9r tna system is aligned up to tn~ sourco
Do81tlon. Snould tno Syltom Do Unaccoptao]y misallgnod, commands #r@ sent by tnc computar
via a stopper motor driv@r to null the arror my adjusting tiplttlt of appropriate
mirrors. Typical artultr resolution of tno ltrgar mirrors

‘1
in tn~ tystom is 4 ur/stQp.

Trio process ot ctlcu sting a c.ntrold attempting to null tha error and than calculating
ind comparing t now Controici is raptattd with appropriate limits until tn9 sourca is
tllgnod.

pow:;’!::!:%,:“V’”s.ctor continues in tno dcscribtd ftsnion until tnt targat
At tno tirpot locatlon t spatial allgnmant fixturo snown in figura

2,0, placas a point light sourco at tht dcsirtia baam focus coordinate for tnt sector b~ing
a]lgntd. Alignmant hgain takot PI-CC as in figure 1.0. Tnc fixturo rcforrtd to #s tn~
Allgnmont Glnbtl Positlon@r (AGP) 11 & two-axic glmbhl whicn is mountta on a tnr@o-axle
sat of lintar translation stages. Inasa flvt axes ptrmlt tnt AGP to strvc at an allgnmant
rafcrcnca for ill 24 soctort, Positioning accuracy of this Clcvic,, using
f@adbiCk, iS *15 urn,

oncocior

Locit@d on tnt Jnnrr gimoal of tric AGP is an assembly consisting of c 100-um plnnolo,
3-mm-diamator beam tpllttar, flbQr-OPtiC !Iluminator and pyroal~ctrlc (10 urn ~) dttoctor.
TIIO Intograttcl tlsombly J@rvos botn as a 1O-US datactor and as a vlsiblo sourca (DVS).

Hn@n alignaont to tno visiCl@ SOurca on th. DvS is complota, a 7-watt C02 tlignmont
lastr is injtctod into tnt btam path at tn9 output of tnt drivtr tmplifitr. Tnis algnrnont
Itaor is Col]inoar Witn trra drivtr output and propogttcl down tna visioly aligned toctor
to tno tSPSQt cntmb~r wnoro it fs brought to a focus on tna OYS, TnQ energy tnrougn tno
pinnolo, tt toan tnrou9h tno

? tn. lost fold mirror,
ormanium bommspllttcr by tnt pyroaltctrlc dotactor, 1s tnon

optirsizod by porturbatlont o Tnls finil correction cllminatas
dlCpOrOIOn Qrrors n?twoon vlsiblQ and 1O-UM w#V9)@ngtIIS ar~olng Cnlcfly frOM wtdgcd salt
windows.

Tnt datc~lbod ali nmont scn@m@ is p~rformod, in turn, on cacn of tnc 24 occtori.
JIndcpondcnt and timu tanooul allgnmun: occurs on tna two powtr ampliflcr ooamllnas from

tn~ criv~r amplifiers up to to~ ttr~at location. At tno target location allsnmcnt must b~
done t~rially ainco tna OVS ctn Sarva only ont batrsl~nt and ioctor at a tlmo,
it In ucu oy Ont baamlln~ 4nd Bcctur,

If tnt OVS
tnt indtpondtnt natiira of tnt alignment procoduras

tllowt tno otncr baamllnn to ali~n all 12 sectors in tnt vltlblo up to tnt DVS.

Alignment control algorltnms

Antlogous ta tno allgnmont systsm nardware, tnt ~lignmont control dlgoritnms
dtvolopod ta mat botn OpOrttlOll@l and hardwtr~ sptclfic raqulremontl.

wcrt
Optratlonal timt

constraints i’~qulrci tnat tht tlignmcnt functions bt automatad is mucn *S posliu la,
Automttod 0b@r~tiOn8 mutt tnan mako us. of fo~dbdck availablt from tno tlignmont ntrdwara
to provfdo propor Cloood-loop control. In tdditlOn, tna structuring of tnt softwart and
tl~oritnml mult Support syst~m lntOQrdt iOn and trOUblt shooting.



tne two mirror axts.

Performing tn. mirror porturbatlons in both an.s about the nomir,al Slignmtnt pO$lttOn
provisos tno nocassary data to dascribc Sourca di$placamcnt witn t llntar system of
●uuationsc Written In mttrix form tho movaaant of an alignment sourct is dolcribod in
terms of mirror paramtttrs as In equation (1).

~1 :’] pj - [:;]
(1)

wnaro tns ●lomants of the 2x2 matrix art Sonsltlvtty coofficlcnts associated wltn motor
staps in tnt x and y JX9S. The sourca displacam~nt rasulting from Mx Ond MY motor
movarncnts aro tnon givan by AX and Ay,

Hnon an alignment 1$ to b. pgrformcd, Oosirad AX and Ay displaccmants art obt ainca by
dlffarcncing a sourct tracker rtading with rafcr8nc@ Coordinates stortd in a aata bast.
By taking the proauct of tnt lnvtrtsd Stnttivlty matrix wltn tna displtcomcnt matr]x on.
ObtdlnS tne motor stops, ~x and

‘i ‘
r9quir9cI to null the f.rror in bctn a19s.

Inversion of tnc S9nsitlvltY ~atrlX n cd occur Only Onto and Storagt of the lnvQrtCd
cocfflcionts in a data bast pcrmlts rapid tlignmtnt via simple matrix multiplication.
NOLQ tnat no assumption nal bean made Conccrining Ortnogona!ity of mirror mo}tmonts and
tno ittrativa capability provided by computar control minimlzas tnc importtnct of actuator
Oicklasn and nonlln~aritlos In gcntral.

Tna actual alignment function pcrformod by the al~oritnm dcpands on tnc Iignt tourct
Bain

?
Vicwtci. Nulllng tn. error of a lignt sorcc vlewcd at infinity will corrtct an

angu ar Crror wnilt correcting tn. position of * sourct at a finlto ooj9ct aist4nt9
provides for baam Ccntoring. At Cortaln points within tna Dcaml in@ it is dOSir4b10 to
●stablish both bttm contorlng bnd angular alignment at tnc Qlomsnt. Tnis may ba
accompllsnod by using two mirrors In conjunction wltn tn~ two typos of rafar~n:t Ilpnt
sources. Extcndlng tn. gtncrallty of tn~ matrix conctpt to p9rform tirnultanoous anglo
correction and D9am ccntoring onc may construct tn. matrix as tnown In c~u~tion (2).

-

---
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(2)

2x2 matrix, pcrturDatio-ns of two mirrort- htva tak~n p’laca tsicc; on-ca for tacn” 9f tno
rcfcrancc lignt sourcos,

Slmultdnoou\ correction of botn angular allgnmtnr And bca,r contcring r9quiras tnat tho
Qrror displacom?nt bo Calculated for botn SourCot 09fort dny mirror ruttt ions &r@
Inltlatod, Tnls involvcl timo-consuming cnangot of tolctcopo focus (-10 SOC), wnicn may
OQ of littla ‘mportanco for t porftctly llncar oyttom. Howa+or, cxporioncc nas lnown tnat
LavQral iterations aro rQquir@d to nul I tht arror of bo:n sourcwt, tnbs incr~asing Botn
tllgnmont tlmt and M@Cn#niCCl wear of tht t~ltscopa clriv~. .An Rltorndtivo appro~cn ft to
OcCoup]@ tna proc9dura by itortting on d tingle source, for ln:t~nct until it is
ComplOt@ly tlignOd. Of course such a procaduro mutt not dirntut’b int position of
Courco not being dlroctly allgnod, So.

in~
lntpoction of cq~itlon (2) snows tnat tnis Is

possiolo dQfininQ th~ Qrror (AX and AY) Of So as Dting oqu?,l to zero, nncn tn~ initial
source, -, nac bc~n Oligncd, tno toloscopa focus may bQ cningod to VIQW So, In turn tna
position :(;;; of tnc initial s:~rco, - , wiIl BQ dQfin@d #t r~ro Corrtspondlnq co {ts
tll~I19d At clignmcnt tourct so procoods, ttlo ,ltaDlisnQd alignm~ni of
sourct o will rtmaln unctilturbsd witnln tho nonllntarfti~t of tnc ocnlitlvity matrix.

Tna cnl~f tdv#flLt9@ of tnc t~cond approach is that tht d~coupllng of tho tlignmont talk
p-rmit~ a 10ftWtr@ StrUCtUra which may bt indQptndQntl Y t-@CUtad. lndapcndant on~cution
allows allgnmcnt proctdurol which arc unwar’rtntod on t bnot-to-snot bssit to DO 01i%lnOt9d,

Wnon ali nmsnt nas b~.n so Savoroly dilturbtd tntt sourcol tr~ no Iongor in tno video
!fit)d of v cw, t~arcn procaduros tro r@quir@d, Typical ttr~cturod s@arcn pdttornt tnvolva

t conical tcan of tht fl~ld of view (FOV) tbOUt a nominal look pot itton. Equtt ion (1)
(Bin la mirror Bingl@ Bourcc) rtad~~y provtdas tho motor Stopt rQquir@d to ditpldca tna

1FOV n wnolo ?r frictional Incramontl ~n a giv~n direction, For intta,~ct, defining Ay aI
500 TVL lnd AX as Zero, onc Obttlns moto~ ottps to displaca tn~ FOV ona IIJV hoi~nt In tn.
Y axiI on’1~. similar calculations Ctn bc mcd~ for tno x axit, tharcby providing tht



,)~cgss~ry constants (mL Ir ftOpS) nacaod to Conduct 4 ‘square’ spiral s9arcn pattern.

ARtl OgOUS ctlculatlon ●ay M performod using ●quatlon (2) for couplsd soarcn (two
●irrors and two sourcts~ In a coupltd mirror sot on. may b. fcced with tno sltu~tlon
whor. Ono sourc~ IS In tne FOV 4nd Itss b~gn allgnad hut tng compllmontary sourc~ is out of
tn. fov, This roqulrom9nt Is v~ry slmllar to tna function porformod during aacouplocl
allgnmont outllnod aoovo. Thus, by defining appropriate displaccmont Qrrors as Doing
ZCrO, COnSttnt motor step values for the squiro spiral s~arcn of a giv~n light sourca arc
ganaratod.

Allanmont ?Ystem porformanco

System porfdrmtnco ustng tn. narawarc and v ‘Qlolc control t~cnnlqu~s outllnccl ●arlior
htV9 hQOn d.~OnStratCd In tho systcm through tllo pow.r tmplifiOr on SIX S@CtOrS and tO the
actual t~rgtt locatton en a 8ing18 s9ctor.
tocnniqu~ nas btcn

To date, tostlng of tna C02 alignment
llmitod to OVcluatlon on h full-SCa10 Doamllna mock-up in th~

laboratory.

Wisiula allfnmont

whllo al fgnmnt errors duo to ovtrnlght $ystom drift and prossura changes in tn~ powar
dmpliff~r arc oos@rvad and must bo corroct~d,
laser is firodo

tn. most dynamic @ff@cts occur khcn tna
Typical Crrors Obsorvad in tho System alignmnt after J lasar snot art

shown in TtDIo 1. Tn. data in tnls tablo aro btsod upon rontroid avortgcs Obtalnod from
100 succosslvc video frama8 protontod to the trackar, typlchl 1 e valuoc ara approximately
1/2 to 3/4 TVL dap~nding on tno signal-to-nolsa ratio of tnc sourco Doing tracked.

Tn. column labolaa ‘Oocouplod Itorationsm rofors to tno total number of track~r rotdtngs
and motor MOVO~OntS rsqutrwl to null tno Qrror of tn@ indtCttOd Sourca. $inct oacn source
of a couplod s-t 1s Indopondtntly ali9n0d, tna compllm~ntary Sourct must D- cn@ckQa to sot
if its alignm~nt Ivts bton disturbed. Th@ numbar of times tnlt must ba dono bcfors
C~OSOC1-]OOp C@ntOrlnQ and angular alignment
Itoratlons.”

it Obthinod Is indicttod under ‘Coupled
Rtsldual tlignmont Orrors aro tn9n indicated along wltn tho roquirod

alignment accuracy. Wnilo tha tndicatod Orror roslcluhls ar~ substantially DottQr tnan
tnoso rOqUlrOd by tnc Orror Budget, it is dono so at tn. cost of ali~nmcnt tim~o
t30n@rtlly SPQtkinO, an Oparator can manually allgn tn~ system from tnc front tna tnrougn
tno powor amplifier on t single sactor in 30-40 mlnutos. M4kln9 full U1O of tne arror
Budg@t, tno comput@r 8nOuld accompltsn this task in lass tnan ton mlnut~s.

Utilization of tnt two t P9S of #lignm@nt sourcos in a COUP1OII tlivnmont nts Permitted
rtno iaantffication of fau ty optical mountin

!
tacnnlquct in tn~ ralay ptics support

structuro locatod in tno powor am ltfior.
r

Al gnmcnt orrorl for = and So art plottad in
ftguro 4 for tn. Oack rcfloctbr al gnmont procodurt, tnotc srrort ar~ tnos~ I’osultlng from
flrlng of tnc laser, Examination of ttva errors #t tno oack rofloctor flip-in (S.) and
tn~ s at~al filt.r (-), snows a mtrkod incontistcncy, i.a. @rrors at SO indicate that
mucn l’ar~or orrorssnou,d appttrht-, $incc tnc Qrrors at . art small, all procodln~
mirrors arc r~lativoly sttblo, Roforring to Fipura A, onc is tn~n lod to suspect that tnc
mocnonical pltcamont of sourct SO is unrol lablo or tn~t mov9mont of tn~ r9~dy mirrors
occurs, Slnco mpoatability t~sts arc regularly Conductod on tnc ali~nmont lnsortion
davicas to insuro tllc~r accurats plictmont, movomont of tnc rclty mirrors was tn~ primary
susp@ct* An Invostigatien uis conauctod thit r~vaalod propor atsombly tocnnlqutil nad not
uocn followoclo After roassombly, subsoquont laser firings snowad tna error had boon
r@dUCQd by an Order of magnitud@ WO1l witntn acccpttbla lim~ts of th@ allgnm~nt Bysf@m.

C02 tlignm~nt

Evaluation of tnc C02 dlienmont ap roacn in a mock-up boamlin~ hts DQaII cniofly
concorn~d Witn vorifylng trio foonslttv ty of tno dctoctor iystom to lncromontal st~p
Cnangoa of tna ttroOt Cnambor fold mirrori. TM error budget Allocation for pointtng tn.
beam to tno DVS ts 2F iimo Singlo 9top movsmont 0? tn9 fold mirror rciult~ in an
approtitmato Mom dltplaccmont of 1’3 Mm In tho focal Planoo Alignrnant using tn. fold
mirror muot then b@ tccurrito to ●2 Itops. Plott6d in Pigurc S it tn~ OatQctor voltago as
a function of fold mirror sttp movomont about tn. nominal alignhltnt pos~tion, lno C02
Iscor used was attonuatod to provt!lo lQSS tnan 100 urn at tna focal pltnt dttcctor
corraspondlng to tna anticipated valua tfttr Propogatton tnrough baturaolo tDsorbar as

!lasin mdit. ftCh pOiIIt Plottoa on tn. graph is tllG @varag@ of 100 tamp as
:i~.in’.~o~h. 30-!IE rat. OBt@bllCnOd by a cnoppar WIIOI,I rtqutroo by tn@ pyrotl@ctrlc
aotcctoro Al tvtdancoe by tho plot, suffici~nt sonsltivit

/
to mirror movomont ts

onnfbtttd to pormtt beam pointing at tn. OVS to approximtti!y hal tno error BudgQt,

Onto vortfication of tn~ syitom fundamental tonsitivtty had botn Qstab] ishod, an
tlgoritnm W-S dovolopod to perform cloBod-loop dltgnmont uuing an LSI-11 computlr, It wa~



3801bi
found thtt roltable allgnm~nt operation could bt .Xptctad with Initial misalignments if
approxlmatoly 180 um. Vorificaton of the allgnmnt was accompllsnod by koaplng trick of
motor stops once tht particular mirror us~d oxnlDlted no backlash (cf. forward and rev.rSe
overlap shown in Flguro 5). AddltlOhtl verification was providod by taking tracker
raadlngs of the baCk Illunlnatod pinholt at tn~ tlignad position, ajsturblng tno
:::g~:;nt, Qxgrclsing the algorltnm and thsn comptrlng tn. final tracker raadlng With tho

. Alighment times wsre gen~rally on tn@ ordar of 5-7 ❑inut~s with Ihltitl
allgnmont errors of 280 ~m. ImprovQnants in the algoritnm and funaanontal clifforoncas tn
tn~ Antaros motor drlv~r ar@ ●xpected to lowtr tn. allunmont time to approximately 50
stconcls p~r sector.

Tno Antaros CO
!

lasar system is revtowod and tn. crittcal alignment system nardware
ana control tochn qu~s aro aoscribed. Fundamentally, a dual altgnm@nt approacn using Dotn
visiole and 10 Mmwavol~ngtns Is ufnployod. Initial alignment of tna ontir~ optical systwn
tdk@S PlaC@ at ViSiBle WiV@)@ngtnS permitting tno usc Of standard optical tOOlin9 during
dssombly and maintenance. Techniques for arigular alignment, beam CCIIttring, and fl@ld-Of-
viow s@arcn have Do@n dovolop@d which aro spoclal cas8s of a g~noral caltlIrat@6 matrix
algorithm. Use of the Calibrated matrix concopt is ancnablo to data base driv@n Computtr
control and reicllly supports a software structuro providing Indepondont alignment of any
glvcn Sogmont in tnO b.~ml ihe. Tno hardware and control t@cnniquas provido damonstratod
syst@m Capabilities exc@oGing th~ design r~quiromonts. Final toucn, up alignment at 10 urn
olimlnatos dispersion errors associatoa with propagation tnrougn wedgoa salt windows.
Tnls final allgnmont 1s accomplisntcl by maximizing tno ●norgy of a 10-um alignm~nt Iasor
to a pinnolo detector at tho target loca:ion with mov@ment of tne target cnambor fold
mirror. Tn@ Combinod dotoctor ucnsltlvlty and maximization tocnniquos nave demonstrated
pointing accuracies to approximat~ly half tnc roqulrod error budget.
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TaDl@ 1. Typical After-Snot Alignm@nt Errors ana Corrections

After Snot Occoupled Final Err(r, Error Budgat,
Location Error, TV Lines lt~r~tions ff~~~:~ons TV Ltncs(itm) TV lines(llr)

(AnQla Position) (Angl@ Position) (P~plo Potltion)

m

Pclyn90ron Ax=l.88(14Pr)
(cOUpled) hY--2.25(l7uI!)

so

AX=-1.76(79um)
hSo=9.bB(430um)

m w

3 Ax-o.ol(<l.our
I [

AYmB,4 64ur)
hY=-O.17(l,3ur A7-8.4 64ur)

z
> Sg

2 Ax=o.29(131Jm) dX=3105(l.4mm
AY=-O.B9(40Um) hY=JJ,5(l.4mm)

m

Bask R@fl@ctor dX=-6.06(46ur)
(Couplta) aY=ltb3(12ur)

s~

IAX--7.76 4.2mm]
&Y_-05.? 46mm)

6

9 D

Ax=o,oo 4X91403( 109ur
bY=O.61(4.tur) AYM14.3(109ur

3

4

so

IAX=O.21 l13um)
II

4X~606 3.Bmm
AVD0017 91um) aV=6.b 3,5mm
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