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A B S T R A C T

g ‘he proposwi  SJ]ace Itltc[femrlwt  ry Nlission (SIitl) s~)acwraft carries IIi,gh rcsolut  ior] stellar i)]tcrfc’ro~[]et  ers for
ltlicro-arc-s[’cc)  xLcl accuracy astrometric Illeasurcl[lcnts. Tllcsc  stel lar  interfcrometws  re[[uire pico~lleter accuracy
orm dirncmiorlal  metrology gauges, surface metrolofw  gauges  and 3-diluctlsioIlal  mtrology  gawys.  l’h~’ at)solute
metrology gallgm rcqllired  Iy these  intmferolneters  ran  t)r co~lsiderat)ly  less accurate dtle to the carcfl]l desigu of
the astromctric ir)terfcrolllcters  oll the s[)acccraft.

()~)en-faced,  hollow’ corller  cube rctrc)-reflectors arc used as fiducials  in the olle-(litllf’[lsiollal  relative and  al)sc)-
lutc metrology gauges and the 3-dilllellsional  xlletrologY  gaw. l’he  diffraction caused by the asse~l~l)ly  alld the
colu~)oncnt  cfcfccts of these  hollow retro-rcfkctors affects the accuracy of these metrology gauges. A sitnulat,io~l
quantifyitlg  soruc of the ef~ects  of the component  atld asse~nb]y defects of hollo~r  retro-rdlectors  OJ1 tfle accuracy of
a picomcter  li]lear metrology gauge  is prese[[ted.

An auto-aliguiug,  3-dimensiox]al  metrology gauge comtructcd Usit)g  the sub-picoxlleter  li~~ear Iuetr’ol%?’ gallges
~vas described io earlier papers. The  functioni~lg automatic alignlllcllt  and tllc sllt~-llallolllct~’r, itl-air  tracking results
from t Ilis 3-clitlKmsional nletjrology gauge are presented.

1. I N T R O D U C T I O N

\rery high resolution spatial interferomctry  requires picolueter  level one-dittlensional  metrology, surface metrology
arid 3-dimemional  Illett’obgy.  ~h(? abSOIUtC  Cfistanrc Itleas~lleIue  Ilts }Vittl aCCUraCi(W  of OIIIY 1 ~)at’t i[l a IllillioIl are
required due to the careful desigIl of spacecraft like the ~)roposed Space IIIterferoIlletry  ~Iission (SI\I),  carryiug
hi~h resollltio[l  stellar illtf’rfc’ror[letets.

I 234 a relati,r~  *l,etlOlogv ga~]g(, ca~)at)le  of sulhpicometer  accuracy, a surfar~’  m’trolotvIn four previous papers ,
gauge  with sub-nanometer rel)eatability,  al!cl a cotllj)lctely  functional a}m)lute metrology gauge  ~vith a rqwitability
of nearly of 1 part in 106, and initial test results frolu a 3-dituctlsiolial  luetrology  gauge were descril)ed.

~’he 3-dimet~sioxlal gauge described had just been constructed last year. To test its hardware atlcl its soft~varc I
IIad pcrforlued  high speed tracking tests where the air turbulellce  and tile alubieut  vibratiom did not have a major
effect of the tracking performance. These  tests had verified that the gauge was functiollal  and ready to IN placed
irl its vaculll[l c}lal]~ber.

‘1’hme gauges  use hollow corner cut)e retro-reflectors  as fidu(ial  poi[lts.  I’tlc laser twat[ls frortl the gau~c heads
strike  tlw corllm  of the rrtro-refim-tor.  This  corner  is tile I[[ost  ill-dcfitled area  of the rt~tro-reflector  dtle to ~llanw
factllrillg  and asseltlt)ly df’fects. Strong  diffracted fields Ca(lsed t)y ttwse defects alter tllc ilicidellt  Iwartl. resulting
ill a reflected lwam that bears little r(w’~[lt)latlcc’ to it. At t Ile etL(l of the last paImr 1. actual ~)icturxxs  of a lwaltl
iliiitlt’llt oli d lligllly-accutat[,  rt,tr<)-lc’flt’(tor  atld t 11(’ reflect cd Iwat[l fro~[l  tllc sallle ret rcl-reffector Iverc sllolvll.

In \vllat  follo~vs,  I will first describe a simulation shoivillg  exactly llo~~ ttlese diffracted fields arise and quantifyillg
tllei[ effects 011 tllc accuracy of the c)lle-clillle[lsic)rlal nlct[ology  ~auges using thrw retmreflectors as fiducials.

Next, the ill-air,  auto-alignmcrlt  restllts  fro[ll the litlear gauges  of ttle 3-r) ~twt rology gauge is prest’[lt cd.

F’inatly,  the in-air, actual trackirig  results froltt tl)e 3-dil[lctwiollal ruetmlogy  ~augc for exte[lded  r[loas[tre~tlent
cor[lcr cul)e :uotiom are prcsent(d. Thr detected Illot io]ls allmv t lle crudely Iilcasuml iuitial Imsit iotls of tile
xll(,asuretllerlt  heads to be refined by requiring total agreer[letlt bet~v(’ell all tritl~l~tll~~tic]l[s.



[rig{lre  1: Cor[l[lllt(’(1  (lifF1’il(’li[jrl  ~mttelr] of tll(I rf,tlf(’t(’(1  1)(’ar[l fror[l  a Iif)ll(nv rf,tro-r[’fle(tol

2. 3-I)  METROLOGY GA[JGE

2.1. Comer  CtIbe Induced Aberrat ions

In the prwious ])aper 4, the effect  of a Iligllly accurate, hollmv ret rw;eflector  o!l a Iicarly Gaussian, iucidcmt  beam  was
exIm  irnmltally  measured l}Y digit izir~g tllc ir[lages  of the incider~t arid t l)c reflected t]eams. The ~)icturwl  diffraction
patter~)s  ltirlt at the cause  of the I)cmrn  ~)rofilc daltlage.  It is ~[lmt likely to tw caused  by the gaps  tmt~veen the edges
of the front surface mirrors tlmt  forrll  ttle llollmv retrc)-rellcct(~t’.

III orxlel to dctmmirlc  the exact cause of tklcse difFract  ic)n lmtt c[lis, I set u]) a sil[lulat iotl usill~ ttw JI’1, developed
hlAC0S5  program.  III this sirnulatiorl  a Gaussian Iwatr] \vit II a 3 Iurli waist radius  impinges orl a hollmr  retro-
reflector with gaps of the order of 120 I[licm[ls  bet wwtl tile fxlgfw  of its frt)rlt surface mirrms, wit II a surface }varl~age
of the order of A/10 on the slltface  of tl~cse ruirrots  and lvith a sli~llt deliatiorl frorll orthogmality of the order  of 1
arc-second between  the mirror  faces. I’he area of tltc twat[l is covered hy a 2.56 x 256 gricl of points. ‘IThe  silnulatioxl
is l)erforlrwcf ;vit h unpolarized li~ltt }wal)~s. The  effects of polarizat  iorl lvill t)c exarniried irl a sutEQquellt paper.

Fig. 1 showw the cotnputed  rcflectet] beam at a tvavelerlgth of 632.8 ~lHl at a distance comparable to the one in
4 All }jasic features of tile observed  diffraction pattern are present inthe exl)erimcnt  described itl rriy ~)re~rious ~EiIm .

the computecl  beam. As a luatter of fact, ol]e car) adjust tllc par’arllcter’s  (Iescriljcd above to make the t~vo pictures
as silni]ar  to each other as possi})le, ded~lci~lg a~)proxirllat if)rls to tile a(t ual corner cube parameters in the ~wocess.

The  ]Iext st e~) is to estiruatc tlw eff[’cts  of t hw diff’ract iorl pat t ems orl t lie accuracy of the lirlear metrology
g a u g e s .  otnriously,  if the 1)(’ilrIIS 11(’ver  Itlove rxlativ(  to tile ret ro-rx~fl[’ct(~ls  arlcl they  ]Iever cliaIIge  size. t h e s e
diffraction]] pat terrls CIO not cl Latlge the ac(uracy.  Iri realistic ex[)erir[l([it  ;il collfigllrat  ions. t hesr  coxldit  ions are never
satisfied. Dit heriug  that ]noves tllc t~ealll orl tl]e sllrfiir(, of t tl(’ Cul)(’  I)y lar~(’ atlloullts  is used to auto-align the
C)ll{’-[lil  llCrlSiOIlal ltl[’tlOIO~~  g?lll~(’.

A siluulation  that closet!  a~)pl(xilllat  m a ollf’-(lir[lf’tlsic)rlal  l[lct roloxy” Kau&t’  is set u~) t)y placillg  ttvo comer  cube
retro-reflcctol-s  10.44 meters a~mrt. .-1 r(,ferf’rlc(  Gaussi:tll  I)(wtlt t Iavc[s  a sliort (iistarlcc of the order  of 10 cm arid
iln~)iuges  on a photo-detector. 1’!Lc Illo!litor” t)(,arll takes a rotlll(l triI) twtuw[l tile 1~’trcj-rf’flectc)rs  arid then interferes
\vitll the refererlce twanl orl ttl(, ~)t~oto-(l(,t(’(.tor. ‘1’1[(’  lJearti arifl tlie (t)r!If’1  (111)[’  Ixlrarlletms  are identical to tllc ones
iu the ~)revious sirnulatiorl.  ~vitti ttl{’ (Ix(cl]licjrl  of tll(’ \! ’ilVf’lCrlgttl  of lip, tit. It is 1:319 !1[[1 in this sir[lulatiorl,

lrl o r d e r  to ciuantify effe(ts  of I)e:lrll ~vavffrorlt  (Iistortioli”  or[ tl[(’ (I(>te(tf’(1 I)!taw.  I defirle  a c[)rlcc[)t k]]o;vrl a s
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“tile ortlmgonal  \vavcfro11t”6. IJct .4 be a war Gaussiali  cor[l~)lcx,  refcwllcc  wavefront  that does ll(jt travrl bctwwvl
ttle WI tier cubes.  Let 1? be anf)tller  Ilc,ar Gamsiatl, cottlplex wavefrollt that tak(s a IOUII(l tri~) I)etww’tl  tile COIIICI
CII}WS :~l]tl ttletl  returtls  to ttle det,m.tiotl locatioli. .4 and 11 ill(’ assllt[lc[l  to have the sallle lx)larizat  ic)t], evcll aft et
tile routltl tti[).

At the detector, nearly  equal  parts of .4 and B interfete  lvitll eactl otllcr  (Illc to ttle d(sig[l of tllc tlettw3dy11e
gaug’c. ‘1’tle interference is accomplished by coltl[)utitig the irltegrate(l  absolute rllagtlitudr  of the suIti of tlle tww
}vavf’f[OIlt  s.

where <> clenotcs tilne  average atld spatial illtegratio~l c)ver the itltersection  of ttlc Imtded sup~mrts of the
entire  wavefrollts  .4 and B, awl  a, ~ are c(mstatlts  that are dcterlnilled  by ttle details of tile detcctioli  lllecllarlis~n.
in a heterodyne  interfemneter, o is nearly  equal to ~ itl Iliagllitude.  Fkl.( 1) leads to:

It is clear  that the itlterfcrence  is produced by the tmll < AB” > and its complex conjugate. If this  ter~n
varlisbcs, there is no interference between these two wavefrotits.  I define the orthogollal  l~art DO of the ~vavefront
B to a given reference wavefront  .4 as:

L’. =11 -- [< 1).4’  >/< 1.412  >].4. (3)

The parallel part BP of the wavefront  B to the given referellce  wavcfront .4 is defined as:

BP = [< 1).48 >/< 1.412  >].4. (4)

N o t e  t h a t  B = BO + BP, < IB12 >=< [11.12 > + < IB{,12 > ald < .4BO* >= O, indicatitl.g  that only BP
contributes to th~’ detected fringe.

l’be  magnitude of the complex rw[~ber [< 11.48  >/< 1.412 >] is related  to the “fringe corltrast”, and its phase
apart fto~n the propagation phase 2kL where  k is the wave lluInbm of t IIe propagat  img wave and  1. is t Ile one way
separation bet~vecn tile corner  cubes, indicates the “extra phase shift” acquired due to diffractio~l damage  at tile
corllm  cube retro-reflectors.

Fig. 2 shows the “extra phase shift” acquired as the retrcl-reflectors  ~IIove transverse to tllc liglit bear~l.

Fig. 3 SILOWS tlIe ilItelLsity of tile “ortllogo[lal  wavefrotll” ttlat does Ilot colltribut[’  to the detect  (xl })IuMc, but
reduces the “frillge contrast” at the extrerlle  of the motion.  ~’he xllaxi~nutn  aru~)litude  of the initial ~;aussian  tvas
1. ‘1’he spatial axes of the plot is labelled  in j)ixels. IrI this sir[lulatio~]  there }vere nearly  20 pixels to a In~n.

Tile polarizatio]l  c)f the reflected beam froln the retro-reflectors  also gets altered as the beam tnoves 011 the
surface of the retro-reflectors.  I~L the llext sectimls,  ex~wrilncntal  data vcrifyill.g  tt]is effect will tw ~)rescllted.  ArI
al]alysis  to deterr[lille  the exact  nature of the observed effect  is irl IJrogress.

2.2. Ditheringaxd  Auto-alignment

\f’hell tile output of twootle-dittlcrisiollal  relative metrology gauges Itlollitoring  tl]e distallcc  betkveen tlvo corners
are co]n~)arecl to each other for small motions of the order of fe~v ~vavelengtbs  of light, there is usually a linear
drift  ill theout~)ut cotll~Jarisoll l)rol)ortiorlal  tc~tllt~ltlisaligrlrtL[,llt oftll(’se  lillc’arg:~tlgesp.  III order to separate the
actual distance cllarqy  from the alig[l[llellt drift, these gauges rtlust to be aligtled autolllatically parallel to the line
cor][lcctirig  tt]c corllers  of the corrwr cul)e.



Figure  2: The  effect of cortlercul)e itlll)~rfcctions  011 t]ic detected I)lMSC
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IJigure4:  q’hefivcaud  six~Jt)illt flitllf’rillg~J:ltt[’rlls
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The gauge  si.guals themselves can Lc used to ~wrform this alignment. It is very easy to ,geor~letrically prove that
the lille Connectitlg the coruers  of the two ideal  coruer cut~esj s~mm  ttle maxituum  clistallce hetweetl  t}lc cubes.  .411y
otller  liue scgluent  tJounclect by the cornet  cut)e surfaces that is at ati augle to lit~e colluectillg  tlle corners  is shorter.

\t’hen  the beam  lauuche[  cube that colltrols  the directiotl  of tllc beam hetweeu  the corner cut~cs is Iuoved  arouud
the litle connectirlg  the corllers  of the cor~ler  cubes, the lllcasured  distallce  falls oIi a sylumetric  paraboloid ~vith
apex ill the direction of the lille colluectirlg  the corliers  of the corner  CUIWS for sluall  motions  011 absolutely perfect
retro-reflectors.

If tl(e sides of the retro-reflectors are riot exactly orthogonal to each ot}ler, a six sided figure that could vary
between  an iut’erted  pyratuid  7, a saddle  sha~)ed  surface, aud all upright pyramid gets added orl to the symmetric
~mral)oloid.  To nlake  the matters more diflicult,  the diffractiotl  ~)atterus caused by the ga~)s Iwtweell the surfaces,
ttlc surface figure errors atld the altered beam Imlarization  furtllcr  distort this already colu~jlicated figure pullitlg
it away from the paraboloid and turnil]g  it irlto all asymlrletric  surface lvith ~nultir)le maxiltla.

However, by chc]osing suflicimitly large’ dither amplitude, it is alluost  al~vays possible to reach the sy[[lmetric
tails of the “original” paraboloid. A fit to this paraboloid theu poiuts  to its apex that is supposedly the optittlum
aiiguruent  position. If the corner cube retro-rdlectors  are very badly  made,  this alignment procedure \vill in general
fail poiutiug  to a phantom corner that does not follow tlw cube motion.

TO test these ideas, the 3-D metrology apparatus that was descrit)ed  ill my last paper
3 is equipl)ed  ~vitll dithering

heads that can ltlove the beams away froru the optimal aligIlluellt  positiou by a maximum angular amplitude of
al)out  50 to 100 ~uicro-radians.  The heads catl IN made to follo~v  various dithering pattmms  the extetlt  of }vhich
{le~)end orlly ON the a~’ailat)le CP[J  spmd  of tlle controlling colll~)uters.

~>UI’iIlg the kt JTW, thC’ COIltIOlliU~ COHl~)UkIS  W(’II’ (’(lllij)~)d With 33 ]IIIZ 68040” IIliClopt’OCC’SSOrX,”  WabliUg
me to perform five aud six poitlt  ditllmed  measurelueuts  ~vhile trackiug  the Itleasuremmlt  cormr cube iu three
dimensions. Tile dithering ~)atterIls  are illllstratul iu Fig. 4.

The five poitlt dither pattern was chosen to test lIOW stationary the ula~)~)ed surface ;ras.  If tile surface rotates
at all, the five point quadratic solution fails poiuting  the gauge irl a I)ad direct  ion. The  six point solution will
al~vays flrld the extre mum ~)oitit of u’tlat it percei~’es  to be actual cotuer. Ho\vevcr,  cle~mnditlg  011 the fiILe scale
structure of the surface sampled, this dmluced corllcr  ~tlay ~lot he the actual cortler.  The follo~viug  figures illustrate
the ideas preseuted  with actual gauge out~)ut.  The lirlear Iuot iotl of ttlc culw that is ~v~’11 t racke(l is rt,lllovcd froru
tllc gra~)hs to make the sltlall variations visible.
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Fig. 5 show’s one of the heacl out~)uts  without dithering (mitral cfithcting  ~)ositioll). Tlwre  is a linear drift of
-2.27 nm per  ~vave of measuremmlt  COHICI cube ]notion.

Fig. 6 shows the same head output with five point  dithering. There  is no litlear  drift, I)ut the five point solution
occasionally fails, indicating that the quadratic surface that is beiug  solved for is changing as the corner cube  moves
a~vay from the head.

Fig. 7 shows another head scanning through the six point dither pattern as the corller  cube moves a~vay from
the head. The measurernertts  corresponding to different dither positions are plot ted \vit h clifferellt  line styles.

Fig. 8 shcnvs the six point solutiml  to the ciitherecl head  lnotion  as the rf’tro-reflector  IIIovcs  a~vay from the head.
As clearly seen, the fitted position is very close to the central (no dither) position.

Recently, I upgraded the cent rolling computers to a m(lcll faster Illicroprocessor  that gave a 16 t inles speed
increase. A colnplete  5 x 5 a~ld 10 x 10 raster scans of ttle cor~ler  area of the measurenlent  retrmreflector will be
I)erforrnecl itl the near future. The results Qf tlwse scans will be presented in a sut)seclue~lt  paper.

2.3. The 13 fTect of Retro-reflector  Defects on Polarization

J$’ith the faster CPU,  the 3-ditnensio~lal metrology gauge can IIICW  its measurement corner  cube for about 25
microns using its pusher PZ1 in less t.ha]] 10 minutes while collecting enough data to perforIn  cyclic averaging and
improve its olle-dit[lerlsic) llal resolution in vacullrli to s(ll)-[)icc)lfl(’tf’rs.

I)urillg  o~le such rull without dithering and in still air. I nlo[~itored  tlle “self-interference” 0[1 otlc of tht’ outer
head sigtlals  as the middle  servo head was controllitlg  the lll{jtiO1l.  Siticc the outer  heads see tllc lllcasure[Iiellt  corner
cube at an angle and the measure  metlt, corlwr cube is lnoving ~lear v1. ~mtpetldicular  to the base  plarle. ttle outer
head beam actually walks transversely ml the Illeasuretnetlt  retro-reflector.  If the t)eam polarizatio!l  is af~ectecl by
tile diffractioll  and other defects  of the corner cube, this should ltlanifcst  itself as a change  in tllc “self -itlterference”
alll~)litllde.

Fig. 9 sho~vs “self-interference” observed by Head # 1 as a futlction  of t}le motion of the measurernel}t  corner
cul)e. The “one-w’avelength  of C)PD” pmiodicity  is as exl)ected.  and it is used to elirnitlate  all traces of “’self-
interference” 1P. However, the periodic challge in tlie att~plitu(le of this “s(’lf-itlterfcretlcf~” ~vas ul\ex~)c,cted. T h e
period of the change in tlle altll)litude  is larger than 10 ~vaveletlgttls of (11’1)  and it does depend 0[1 the head that



Fi~ure  6: ‘1’hc I[ea(l # 1 trackitlg  ~vitll five lmint dithcriltg
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is performing the measurement as these  see the corner cube at different at%les. T o  make  sure that the comer
cube is responsible for the variations observed, I rotated the corner  cube by llearly  90 clegrees and relwatecl  the
measure lnent.

Fig. 10 show’s ‘%elf-interference” observed  by Head # 1 as a function of the lnotion  of the measurement comer
cu})e after  the rotation. ~’he long term pcrioclicity  has changed. lVhetl the cutw is rotatecl  back to its original
position, the amplitude pattern goes back to the one S11OWH ill Fig. g indi~ating  that ilicle~d the corner  CUl)e defects
and the associated diffraction pattml are causing  these changes in the polarization. Furthermore, if one rotates
the cube so that another head is lIearly at the same orientation with respect to tile cube as the previous one, a
pattern I’ariation  nearly identical to that of the previous liead a~)pears.

The results of alL analysis precisely deterrniuing  the cause of these  polarizatioll  changes ~vill be reported in a
subsequellt  paper.

2.4. The Complete Solution to Sur;eying  in 3-dinlensions  in Euclidean Space

It is very well knolvn that the position of a point in three dimensions call I)e precisely determined if the distances
from this point to three other reference points that do not lie o~l a straight line are .givell.

In what follows, I will give analytic formulas that can be usecl in a baud-helcl calculator to compute the location
of the trackecl point  with res~)ect to 3 reference points wilen all the connecting distances are knofvn. The author
has not s(’ctL  tlicse  forluulas  in tlw literatllre before.

Fig. 11 sholvs tl~e geonletrical  arrmgeltwnt. The lel@ hs .sl, ,sz, al~tl ss forlll tile reference t)asc triallgle  of an
irregular  tetrahedron. The lengths SJ , S5 and sfi connect tllc tracked ~joillt to tlle refere~lce I)asc triangle. }t de[lott’s
the heigtlt  of the tracked poillt  as ltleasured  from the reference kJaS[’  trki~i~l(’  ~)]atle. Ttlc’ coordinate Ie[lgths hl,
/)2 and I):j are tho distances froIn the foot~)riut of the hei~,llt of tile tetrallfdrou to tile si(les of tllc t)ase reference
triangle. The four numbers  h, hl, h?, a~ld /L:j redundatlt  ly detcrrilirle  the positiorl”  of ttle tracked ~)oitlt. Xote that
the coordinate lengths Itl and h2 an(l h3 catl be Ilegative  itldicatitlg  that tile footl)rit~t of tile IIcight is 011 t]le outside
of the i)ase tria]lgle.
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= Base plane

‘ts12s32s52  + s12s32s62 — s~2s~2S52  + s,2s42s62 + S12S52SG 2 +s2~s~2s.1*  -t s2~s:j2’s5*

+s22s42s52 +s22s42s62  ‘s22s52s62+  s32s42s52- s32s42s62+  s32s52s62)/d”,

where  d is givetl by:

(f ‘–s14-s24-s34 +2 S12S22+  2SL2S32+ 2.~z2s32.

Nc)te that d== 4 *Area of the triangle (sl, s2, ss).  l’he  cmrdillatc le~lgtlls hl, h~ and hs are given hy:

hl = (2s]2(s22+  s52-s62)-(s12+  S~2– S~2)(S12– Sd2+SS2))/2Sld,

hz= (h22(S32--  S42y  S62)-(S22~  s32–s12)(s22 –s52+s62))/%d,

h3=(%32(s22  --s52+s62)-(s22+  S32–  S12)(S32– SJ2+S62))/%3d,

Tllcseforr~lulas  areused  itlcort~~JutiI1  gtlletrackiIlg ~~crf()rttlance  sllo\vI~itl thcfollo~viug  section.

(5)

(6)

(7)

(8)

(9)

2.5. 3-dimensional Tkacking in still Air

The  five heads of the $dinwnsioua] metrology gauge together with the moving rncasurenlcrlt  coruer  cube  form ei,ght
tetratledrato monitor the motion of the measurement corner cutw. Fig. 12 shows the base configurationsof these
tetratledra.

In order to be able to derive the relative motion of the n]easuremont, corner cube,  the ~msitious of the base heads
and the initial positioll  of the lneasurenlellt  corner  cube arc crudely measllrecl using rulers alLd digital photogra~)hs.

The  3-dinlmlsio~lal  metrology gauge is operated in the lloll-ditlicrcd  mode in still air inside the ~’acuuln  c}lambcr
on seismic isolation tracking the measurement cormrcubc  for au approxiniatc  total nlotioll  of 23 lllicrons,  Itmvitlg
away from the plane  of the heads.  ~$~hc~l the motion of t}le I[lcasurcltmtlt corttcr  c(II)C is solved for eacl~ tctrahcdra
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Figure  12
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using the formulas given above and the crude survey, the solutions for cliffereut tetrahedral differ by an amount
linearly proportional to the motion of the measuretuer~t Corlicr  culJc. l’his  amount is about 8 to 10 nm per
watwlength  of OPD  motion. Since the surveying is crude, a fit is perforlucd  using all available data to determine
thcfiual  positiousof thehcads  as well as themotiotl of the measurement coruercuhe  by lI~ir~ittlizillg ttleclifferetlce
iu the motion reported by all eight tetraliedra.

Ingenwal,  there are manylocal  nlitli[ua  not  allofwhic}l corres~)orl(l  totlle})llysical K)ositiolls  ofttleheadsarld
the measuremellt  corner cube. Amoug these, the oneclosest to the crude survey positicn]  is re.garcled as tile final
trackirlg  result.  This approac histakrm itlorcler to test thegauge  before theimtallation of the absolute metrology
gauge 011 five of its beams.

The maximum base head coordit~ate difference after  tile solutiou  is about four Iuillimeters. ‘lhe  largest dis-
placmnellt  is in the initial z position of the measurerue[lt  corner  cube, ~vhich is the most umertain of the crudely
surveyed Ieugths.  This displaccmerlt  is al)out  2.5 cerlti[t]eters,

After the new solution is substituted, t’he disagreemer)t  betlveer)  all eight tetrahedral is less than 2 IIIU peak for
about 35 wavelengths of OPD  motion itl all coordinates of the measurertleut  corl~er  cube. For shorter stretches
moticnl  of the order of 10 wavelengths of OPD,  the residual disagreement is well belo~v a rla~lo[tleter.  A situilar  run
with a rotatecl  retro-reflector  does agree v’ith the results of the unrotated ruu ~vithin a few nlm in the lr)casurelllent
retro-reflector  position and head positions.

Figs. 13, 14, 15 sho!v  the detected lllotiou  of tlIe tucasureluel~t  cor]ler cube by tetrahedrorl # 1 itl x, y atld z
coordinates.

Figs. 16, 17, 18 sho~v  difference betweeu  ~vhat is ltlcasured  by tetrahe(lroll  # 1 and all tile other tet rahedra iu
x, y at)d z coordinates respectively. The tetrahedral are distinguished by differeut Iiue styles  itl tile ~Jlots.

Due to index of refraction of the beam launcher cube itl tlw lueasurement  beams,  the optical Iellgth measured
by the heads does not correspond to the physical ler@h  measured by a ruler almlg the l~lei~surellleut beams,  This
causes outer heacls  to appear move out of the base plane by a ahout a millimeter. The absolute Illetrology  system
does offer a calit)ratiou  of this amou~lt as well.

The  performance of the .gaug~ with absolute metrology and ;vith ditheritlg  ill vacutllu  will t)e reimrted itl ttle
suhsequeut  paper.



Figure  13: The  x coordinate of the ltlotion  detected by
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Figure  14: The y coordinate of the ltIotion detected by tetraheclro~l # 1
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Figure  15: The  z coordinate of tllc I[lot ioll detected by tct rallcdroll  #1
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Figure  ii’: The  y coordinate diffrrenco txl~vccm tf’trahcdrorl  #1 and all others
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3. SUMMAILY

A si[lllllation  sllmving tile dfccts of imlmrfcct  olml-face(l  cortler  cube  retm-rcflmtors 011 tile ~neasurelnmlt l a s e r
lwat[ls is preserlted.  For ~vcll-llladc corner  cubes the detectml  ~)liase error  is 1(’ss than 30 lJicotIlcters  as tllc c u b e
moves transverse to the Iigllt beam for a fe~v trave]eagt  hs of Iigllt. l’hc  effects of polarization is [lot corlsidercd  irl
this  sitnulatioll.  The  results c)f a silnulation  including polarization effects will bc presetltcfl  ill a suimqucnt  paper.

1’lIc hetcmdyne gauge data showing the effects of the corlwr cube defects on the polarization of tllc reflected
t)cal[ls  is presented.

Analytical tracking formulas for 3-dinlensional  metrology is given. These  are simple enough to implenlent  on a
hand-held calculator.

Finally, the tracking performance of the 3-dinlensional  nletrchgy gauge itl still air without  absolute nletrol%~,
but with  an initial crude survey is presented.

lV’hen the final head positions as well as the total motion is solved for usitlg the data and the condition that all
eight tettahedra  must agree on the I1lOtiO1l, the residual disagreement between the tetrahedral is below’ a nanotneter
in x, y and z coordinates for short stretches of motion less than IO wavelengths of OPI)  at 1319 n[n. The total
disagreement is below 2 nm peak for nearly 35 wavelengths of OPI) motion at the same wavelength.

I’he maxi[num  difference between the crucle survey positions and the solved positions of tlw heads is about four
millimeters. The largest displacement is in the initial z position of the measurement COI Iler cubcl  that is the most
uncertai[l  of the crudely surveyed lengths. ‘1’his  disl Jlacelne[lt is about 2.5 celltinleters.

The lmrforlnance  of the 3-climensional  metrology gauge ill vacuu[[l  }with absolute nletrology  ~vill be rel)orted  itl
the sllbsecluerlt paper.
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+ 3 INTRODUCTION
. SIM requires a metrology system to measure the three

dimensional baseline vector between any two of its siderostats
and the distance from the beam combiner to the baseline end
points.
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METROLOGY SYSTEMS
. For astrometry, the instrument is completely described by four

parameters:

. The baseline vector (3 components)

. The delay offset

. SIM uses laser metrology systems to monitor these parameters
directly:

. Laser optical truss concept (External Metrology)

. Delay-offset monitor (Internal Metrology)

. 3-D metrology accuracy of 25-250 picometers is required for
1-10 pas astrometryo
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3-D METROLOGY



3D METROLOGY EXPERIMENT CONFIGURATION

2

Super Invar
breadboard

1 meter Fine axial motion
PZT

//

Axial rotation

ft Launcher heads (5) stage

Test corner cube

~miq

“z’” axis
stage

/
f
I

, b
66X” axis
stage

32;--_/
Vertical rotation
stage shown through
the “x” axis stage //

Fiber and electrical
signals to the launcher
heads Electrical cabling to the 5 degree of freedom stage

/ /
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RETRO-REFLECTOR INDUCED
ABERRATIONS
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3 D Metrology, l{ead #1 tracking head #5 in air (12/03/1996)
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I EFFECT OF RETRO-REFLECTOR
DEFECTS ON POLARIZATION
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3-DIMENSIONAL TRAC~NG
IN AIR



“ Base plane

~~Tracked point

}12 = (-S,’SG4 -  S , ’ lS , ’  -  S“S, ’  -  S,4S,Z  - s,~s,’ - s,’ls,~  - s,’sj~s,’  + s,~s,’s’~  + s,’s,’s,~

+s12s32s52  +s12s32s62  2s 42  2— S1 s~ +s1’s’2s6’  +s1’s5’s6’  +s2’s3’s4’-t  s~~ss~s<)’

+S~2S~2S~2+ s22sd2s~2–  s~2ss2s~2+  ss2$’2s&2  ‘s32542s~2+s32s52sfj2)/d2  ,

wrllere d is giverl by:

d’ = –s 1

4 – S24 – S 3

4 + 2s12s22 + 2s12s32 + 2s22s~2.

N o t e  t h a t  d=:4 *Area of thetria~igle (S 1 , S 2 , S 3 ).  ~hc ccic>rclit~atelel]gttls hl, h2 and h3 aregivel~by:

hl =(2 S12(SZ2+  S52-SC2)  -( S12+SZ2-  S32)(S,2- S42+SS2))/2SICl,

h2=(2s22(s32–  S42+S62)–(S22  +s32-s12)(s22  –s52+s62))/2s2d,

h3=(’&2(Sj2-  S~2+SG2)-  (SZ2+  S32–S,2)(,S32–<$~2+S~2))/2,S:]~j

THE COMPLETE SOLUTION TO
THREE DIMENSIONAL SURVEYING
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SUMMARY

O A simulation showing the effects of imperfect open-faced
corner cube retro-reflectors is presented. For well made cubes,
and for large enough input beams, the detected phase errors
are less than 30 picometers as the cube moves transverse to the
input beam by a few wavelengths of light.

. Heterodyne gauge data showing the effects of the corner cube
defects on the polarization of the reflected beams is shown.

● Simple analytical tracking formulas for 3-dimensional metrology
is given.

. Tracking performance of the 3-dimensional metrology gauge in
still air without absolute metrology, but with a crude initial
survey is presented. When the final head positions as well as the
total motion is solved for, the residual disagreement between all
tetrahedral is below one nanometer for about 10 wavelengths of
OPD of total motion. For larger excursions, the disagreement
is below 2 nm peak.



NEXTSTEPS

Larger total motions result in more accurate determinations
of the base geometry. These are implemented using the motion
stages. The resulting total motion will be 100 times larger,
enabling us to determine the base geometry with sub-millimeter
accuracy.

Absolute metrology gauges on the five out-of-base-plane lengths
will increase the accuracy of the base geometry solution even
further as only one parameter needs to be solved for with
this arrangement.

Finally, in vacuum operation will remove all air turbulence
and immensely improve the temperature stabiIity.
With the high speed scanning system, the location of the
tracked virtual corner is more accurately determined by
performing a raster scan of the apex area of the corner cube.

The combined steps above will enable us to finally reduce the
tracking error to tens of picometers.


