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ABSTRACT

T he proposed Space Interferomet ry Mission (SIM) spacecraft carries high resolution stellar interferometers for
micro-arc-seco nd accuracy astrometric measurements. These stellar interferometers require picometer accuracy
one dimensional metrology gauges, surface metrology gauges and 3-dimensional metrology gauges. The absolute
metrology gauges required by these interferometers can be considerably less accurate due to the careful design of
the astrometric interferometers on the spacecraft.

Open-faced, hollow’ corner cube rctrc)-reflectors are used as fiducials in the one-dimensional relative and abso-
lute metrology gauges and the 3-diinensional metrology gauge. The diffraction caused by the assembly and the
component defects of these hollow retro-reflectors affects the accuracy of these metrology gauges. A simulation
quantifyving some of the effects of the compounent and assembly defects of hollow retro-reflectors onthe accuracy of
apicometer linear metrology gauge is presented.

An auto-aligning, 3-dimensional metrology gauge constructed using the sub-picometer linear metrology gauges
was described in earlier papers. The functioning automatic alignment and the sub-nanometer,in-air tracking results
from t his 3-dimensional metrology gauge are presented.

1. INTRODUCTION

Very high resolution spatia interferometry requires picometer level one-dimensional metrology, surface metrology
and 3-dimensional metrology. The absolute distance measureme nts with accuracies of only 1 part in a million are
required due to the careful design of spacecraft like the proposed Space Interferometry Mission (SIN), carrying
high resolution stellar interferometers.

In four previous papérd?arclativemetrologygaugecapable of sub-picometer accuracy, a surface metrology
gauge with sub-nanometer repeatability, and a completely functional absolute metrology gauge with arcpeatability
of nearly of 1 part in 10°, and initial test results from a 3-dimensional metrology gauge were described.

The 3-dimensional gauge described had just been constructed last year. To test its hardware and its software |
had performed high speed tracking tests where the air turbulence and the ambient vibrations did not have a major
effect of the tracking performance. These tests had verified that the gauge was functional and ready to he placed
in its vacuum chamber.

These gauges use hollow corner cube retro-reflectors as fiducial points. The laser beams from the gauge heads
strike the corner of the retro-reflector. This corner is tile most ill-defined area of the retro-reflector due to manu-
facturing and assembly defects. Strong diffracted fields caused by these defects alter the incident beam. resulting
in a reflected beam that bears little rescmblance to it. At t he end of the last paper!. actual pictures of abeam
incident on a highly-accurate retro-reflector and t he reflect ed beam from the same ret ro-reflector were shown.

In what follows, | will first describe a simulation showing exactly how these diffracted fields arise and quantifying
their effects onthe accuracy of the one-dimensional metrology gauges using these retro-reflectors as fiducials.
Next, the in-air, auto-alignment results from the linear gauges of the 3-r) metrology gauge is present ed.

Finally, the in-air, actual tracking results from the 3-dimensional metrology gauge for extended measurement
corner cube motions are presented. The detected motions allow t he crudely measured initial posit ions of the
measurement heads to be refined by requiring total agrecment between al triangulations.



Figure 1: Computed ditfraction pattern of the reflected beamn from a hollow retro-reflecton

2. 3-1) METROLOGY GAUGE

2.1. Comer Cube Induced Aberrations

In the previous paper’, the effect of a highly accurate, hollow retro-reflector on ancarly Gaussian, incident beam was
experimentally measured by digit izing the images of theincidentand t he reflected beams. The pictured diffraction
patterns hint a the cause of the beam profile damage. It is nost likely to be caused by the gaps between the edges
of the front surface mirrors thatform the hollow retro-reflector.

Inorder to determine the exact causc of these diffraction patterns, 1 set up a simnulation using the JPL. developed
MACOS? program. In this simulationa Gaussian beam with a 3 mm waist radius impinges on a hollow retro-
reflector with gaps of the order of 120 microns bet ween the edges of its front surface mirrors, wit b a surface warpage
of the order of A/10on the surface of these mirrors and with a slight deviation from orthogonality of the order of 1
arc-second between the mirror faces. The area of the beamis covered by a256 x 256 grid of points. The siinulation
is performed wit h unpolarized light heams. The effects of polarization will be examined in a subsequent paper.

Fig. 1 shows the computed reflected beam at a wavelength of 632.8 nmat a distance comparable to the onein
the experiment described in my previous papert Allbasic features of the observed diffraction pattern are present in
the computed beam. As a matter of fact, one can adjust the paramecters described above to make the two pictures
as similar to each other as possible, deducing approximations to the actual corner cube parameters in the process.

The next st ep is to estimate the effects of t hese diffraction pat t ems ont he accuracy of the linear metrology
gauges. Obviously, if the beams never move relative to the retro-reflectors and they never change size, these
diffraction]] pat ternsdo not chiange the accuracy. In redistic experiment al coufigurat ions. t hese condit ions are never
satisfied. Dit hering that moves the beam on the surface of t he cube by large amounts is used to auto-align the
one-dir nensional metrology gauge.

A simulation that closely approximates a one-dimensional met rology gauge is set up by placing two corner cube
retro-reflectors 10.44 meters apart. Areference Gaussian beam t ravels a short distance of the order of 10 cm and
impinges on a photo-detector. The monitor beam takes a round trip between the retro-reflectors arid then interferes
with the reference beam on the photo-detector. The beam and the corner cube parameters are identical to the ones
in the previous simulation. with the exception of the w-avelength of lig ht, It is 1319 nmin this simulation.

In order to quantify effects of beamn wavefront distortion on the detected phase, | define a concept known as



“tile orthogonal wavefront”¢. Let A be a near Gaussian complex, reference wavefront that does not travel between
the corner cubes. Let B be another near Gaussian, complex wavefront that takes around trip between the corner
cubes and then returns to the detection location. .4 and I are assumed to have the same polarization, even after
tile round trip.

At the detector, nearly equal parts of A and B interfere with each other due to the design of the heterodyne
gauge. The interference is accomplished by computing the integrated absolute magnitude of the sutn of the two
wavefront s,

Inter ference = <|OA + /31)’[2> = ((ad+ 3B) (ad+ 8B)"), (1)

where <> denotestime average and spatial integration over the intersection of the hounded supports of the
entire wavefronts 4 and B, and a, 8 are constants that are determined by the details of the detection mmechanism.
in a heterodyne interferometer,  is nearly equal to 3 inmagnitude. Eq.( 1) leads to:

Inter ference = |a|* < |A]? > +|8]° < |B|* > +aB* < AB* > +f8a" < BA* > . (2)

It is clear that the interference is produced by the term < AB* > and its complex conjugate. If thisterm
vanishes, there is no interference between these two wavefronts. | define the orthogonal part B, of the wavefront
B to a given reference wavefront 4 as:

B,= B - [< BA* >/< |A

2 >]A. 3
The parallel part B, of the wavefront B to the given reference wavefront 4 is defined as:

By, =[< BA” >/< |A

2 >] A (4)

Note that B = B, + BP, < |BI’>=<|B,|* > + < |B,]> > and < AB,” >= O, indicating that only B,
contributes to the detected fringe.

The magnitude of the complex number [< BA* >/< Al2 >] is related to the “fringe contrast”, and its phase
apart from the propagation phase 2kL where k is the wave number of t he propagating wave and 1. ist he one way
separation between the corner cubes, indicates the “extra phase shift” acquired due to diffraction damage at the
corner cube retro-reflectors.

Fig. 2 shows the “extra phase shift” acquired as the retro-reflectors move transverse to the light beam.

Fig. 3 showsthe intensity of the “orthogonal wavefront” that does not contribute to the detect ed phase, but
reduces the “fringe contrast” at the extreme of the motion. The maximmum amplitude of the initial Gaussian was
1. The spatial axes of the plot is labelled in pixels. In this simulation there were nearly 20 pixels to a mm.

Tile polarization of the reflected beam frowm the retro-reflectors also gets altered as the beam moveson the
surface of the retro-reflectors. In the next sections, experimental data verifying this effect will be presented. An
analysis to determine the exact nature of the observed effect isin progress.

2.2. Dithering and Auto-alignment

When the output of two one-dimensional relative metrology gauges monitoring the distance between two corners
are compared to each other for small motions of the order of few wavelengths of light, there is usualy a linear
drift in the output comparison proportional to the misalignment of these lincar gauges 2. In order to separate the
actual distance change from the alignment drift, these gauges must to be aligned automatically parallel to the line
connecting the corners of the corner cube.



Figure 2: The effect of corner cube imperfections on the detected phase
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Figure 4: The five and six point dithering patterns
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The gauge signals themselves can be used to perform this aignment. It is very easy to geometrically prove that
the line connecting the corners of the two ideal coruer cubes, spans the maximum distance between the cubes. Any
other line segment bounded by the corner cube surfaces that is at an angle to line connecting the corners is shorter.

When the beam launcher cube that controls the direction of the beam between the corner cubes is moved around
the line connecting the corners of the corner cubes, the measured distance falls on a symmetric paraboloid with
apex in the direction of the line connecting the corners of the corner cubes for small motions on absolutely perfect
retro-reflectors.

1f the sides of the retro-reflectors arenot exactly orthogonal toeach other, a six sided figure that could vary
between an inverted pyramid 7 a saddle shaped surface, aud an upright pyramid gets added on to the symmetric
paraboloid. To make the matters more difficult, the diffraction patterns caused by the gaps between the surfaces,
the surface figure errors and the atered beam polarization further distort this already complicated figure pulling
it away from the paraboloid and turning itinto an asymmetric surface with multiple maxima.

However, by choosing sufficiently large’ dither amplitude, it is alinost always possible to reach the symmetric
tails of the “original” paraboloid. A fit to this paraboloid theu points to its apex that is supposedly the optimum
alignment position. If the corner cube retro-reflectors are very badly made, this alignment procedure will in general
fall pointing to a phantom corner that does not follow the cube motion.

To test these ideas, the 3-D metrology apparatus that was described inmy last paper’is equipped with dithering
heads that can move the beams away from the optimal alignment positiou by a maximum angular amplitude of
about 50 to 100 micro-radians. The heads caube made to follow various dithering patterns the extent of which
depend only on the available CPU speed of the controlling computers.

During the last year, the controlling computers were equipped with 33 MHz 68040 microprocessors, enabling
me to perform five aud six point dithered measurements while tracking the measurement corner cube in three
dimensions. The dithering patterns are illustrated in Fig. 4.

The five point dither pattern was chosen to test how stationary the mapped surface was. If the surface rotates
at al, the five point quadratic solution fails pointing the gauge in a bad direction. The six point solution will
always find the extre mum point of what it perceives to be actual corner. However, depending on the fine scale
structure of the surface sampled, this deduced corner may not be the actual corner. The following figures illustrate
the ideas presented with actual gauge output. The linear motion of the cube that is well t racked is removed from
the graphs to make the small variations visible.



Figure 5: The Head #1 tracking without dithering
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Fig. 5 shows one of the head outputs without dithering (central dithering position). There is a linear drift of
-2.27 nm per wave of measurement corner cube motion.

Fig. 6 shows the same head output with five point dithering. There is no lincar drift, but the five point solution
occasionally fails, indicating that the quadratic surface that is being solved for is changing as the corner cube moves
away from the head.

Fig. 7 shows another head scanning through the six point dither pattern as the corner cube moves away from
the head. The measurements corresponding to different dither positions are plot ted wit h different line styles.

Fig. 8 shows the six point solution t0 the dithered head motion as the retro-reflector moves away from the head.
As clearly seen,the fitted position is very close to the centra (no dither) position.

Recently, | upgraded the cent rolling computers to a much faster microprocessor that gave al6 times speed
increase. A complete 5 x5 and 10 x 10 raster scans of thecorner area of the measurement retro-reflector will be
performedin the near future. The results ¢f these scans willbe presented in a subsequent paper.

2.3. The E ffect of Retro-reflector Defects on Polarization

With the faster CPU, the 3-dimmensional metrology gauge can move its measurement corner cube for about 25
microns using its pusher PZ7T inless than 10 minutes while collecting enough data to perforin cyclic averaging and
improve its one-dimensio nal resolution in vacuum to sub-picometers.

During one such run without dithering and in sill air. Imonitored the “self-interference” on one of the outer
head signals as the middle servo head was controlling the mmotion. Since the outer heads see the neasurement corner
cube at an angle and the measure ment corner cube is moving nearlyperpendicular to the base plane. the outer
head beam actually walks transversely on the measurement retro-reflector. If the beam polarization is affected by
the diffraction and other defects of the corner cube, this should manifest itself as a change in the “self-interference”
amplitude.

Fig. 9 shows “self-interference” observed by Head # 1 as a function of the motion of the measurement corner
cube. The “one-wavelength of OPD” periodicity is as expected, and it is used to eliminate all traces of “seilf-
interference” 2. However, the periodic change in the amplitude of this “self-interference” was unexpected. The
period of the change in the amplitude is larger than 10 wavelengths of OPD and it does depend onthe head that



Figure 6: The Head # 1 tracking with five point dithering
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Figure 7: The Head #3 tracking with SiX point dithering
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Figure 8: The Head #3 tracking the computed corner
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Figure 10: The self-interference observed by Head #1 after rotation
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is performing the measurement as thesesee the corner cube at different angles. TO make sure that the corner
cube is responsible for the variations observed, | rotated the corner cube by nearly 90 degrees and repeated the
measure rement.

Fig. 10 shows ‘%elf-interference” observed by Head # 1 as a function of the motion of the measurement corner
cube after the rotation. The long term periodicity has changed. When the cube is rotated back to its original
position, the amplitude pattern goes back to the oneshownin Fig.9indicating that indecd the corner cube defects
and the associated diffraction pattern are causing these changes in the polarization. Furthermore, if one rotates

the cube so that another head is nearly at the same orientation with respect to tile cube as the previous one, a
pattern variation nearly identical to that of the previous head appears.

The results of an analysis precisely determining the cause of these polarization changes will be reported in a
subsequent paper.

2.4. The Complete Solution to Surveying in 3-dimensions in Euclidean Space

It is very well known that the position of a point in three dimensions canbe precisely determined if the distances
from this point to three other reference points that do not lie on a straight line are given.

In what follows, | will give analytic formulas that can be used in a baud-helcl calculator to compute the location

of the tracked point with respect to 3 reference points when all the connecting distances are known. The author
has not seen these formulas in the literature before.

Fig. 11 shows the geometrical arrangement. The lengt hs 81,52, and sa form the reference base triangle of an
irregular tetrahedron. The lengths sy, s5 and sg connect the tracked point to the reference base triangle. £ denotes
the height of the tracked point as measured from the reference basetriangleplane. The coordinate lengths b1,
ho and hjarethe distances from the footprint of the height of the tetrahedron to the sides of the base reference
triangle. The four numbers h, hi,hs, and hyredundant ly determine the position of the tracked point. Xote that
the coordinate lengths h1iand hy and kg can be negative indicating that the footprint of the height is 011 the outside
of the base triangle.

: 2 2 2 4.2 2, 1,2 a2 2 2 2 a2, 22
B o= (‘81'564 - 81456" - S-_)'S44 - Sg‘hﬂ; — ngs;,l — 83 857 — 817827837 + §17827847 + 817827 S¢



Figure 11: The 3-dimensional surveyiug geometry
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where d is given by:

2 2 9 2 92
d? = —511 — s2% — 531 4+ 2512527 4 25,2832 4 2897537 (6)

Note that d ==4« Area of the triangle (s1, s», s3). The coordinate lengths by, k2 and hs are given by:

Ry = (281%(82% 4 857 — 8562) — (812 4 827 — 837)(81° — 547 + 557))/251d, (7
ho = (25,2(s3% — 542 562) — (522 4 83° — 5:2) (827 — 852 + 362))/23-_)(1, (8)
hy = (253%(s2% — 857 + s67) — (527 4 53% — 81%)(s3% — s4° + 56°))/253d, )

These formulas are used in computin g the tracking performance shown in the following section.

2.5. 3-dimensional Tracking in still Air

The five heads of the 3-dimensional metrology gauge together with the moving measurement corner cube form eight
tetrahedra to monitor the motion of the measurement corner cube.Fig. 12 shows the base configurations of these
tetrahedra.

In order to be able to derive the relative motion of the measurement corner cube, the positions of the base heads
and the initial position of the measurement corner cube are crudely measured using rulers and digital photographs.

The 3-dimensional metrology gauge is operated in the non-dithered mode in still air inside the vacuum chamber
on seismic isolation tracking the measurement corner cube for an approximate total motion of 25 microns, moving
away from the plane of the heads. Whenthe motion of the measurement corner cube is solved for eachtetrahedra



Figure 12 The tetrahedra base contigurat ions
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using the formulas given above and the crude survey, the solutions for different tetrahedral differ by an amount
linearly proportional to the motion of the measurement cornercube. This amount is about 8 to 10 nm per
wavelength of OPD motion. Since the surveying is crude, a fit is performed using al avalable data to determine

the final positiousof the headsas well as the motion of the measurement corner cube by minimizing the difference
iu the motion reported by al eight tetrahedra.

1
1 -]

In general, there are many local minima not all of which correspond to the physical positions of the heads and
the measurement corner cube. Among these, the one closest to the crude survey position is regarded as the final
tracking result. This approach is taken in order to test the gauge before the installation of the absolute metrology
gauge on five of its beams.

The maximum base head coordinate difference after the solution is about four millimeters. The largest dis-
placement isin the initiad z position of the measurement corner cube, which is the most uncertain of the crudely
surveyed lengths. This displacement is about 2.5 centimeters.

After the new solution is subgtituted, the disagreement between al eight tetrahedral is less than 2 nin peak for
about 35 wavelengths of OPD motion in al coordinates of the measurement corner cube. For shorter stretches
motion of the order of 10 wavelengths of OPD, the residua disagreement is well below ananometer. A simnilar run
with a rotated retro-reflector does agree with the results of the unrotated ruu within a few min in the measurement
retro-reflector position and head positions.

Figs. 13, 14, 15 show the detected motion of the measurement corner cube by tetrahedron # 1 inx,y andz
coordinates.

Figs. 16, 17, 18 show difference between what is measured by tetrahedron # 1 and al the other tet rahedra iu
x,yand z coordinates respectively. The tetrahedral are distinguished by differentline stylesinthe plots.

Due to index of refraction of the beam launcher cube iuthe measurement beams, the optical length measured
by the heads does not correspond to the physical length measured by a ruler along the measurement beams. This
causes outer heads to appear move out of the base plane by a ahout a millimeter. The absolute metrology System
does offer a calibration of this amount as well.

The performance of the gauge with absolute metrology and with dithering in vacuum will be reported in the
subsequent paper.



Figure 13: The x coordinate of the motion detected by etrahedron #-1
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Figure 14: The y coordinate of the motion detected by tetrahedron # 1
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Figure 15: Thez coordinate of the motion detected by tetrahedron #1
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Figure 16: The x coordinate difference bet weentet rat iedron# 1 and al others
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Figure ii": They coordinate difference between tetrahedron #1 and al others
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Figure 18: The zcoordinate difference between tetrahedron # 1 and dl others
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3. SUMMARY

A simulation showing the effects of iuperfect open-faced corner cube retro-reflectors on the measurement laser
beams is presented. For well-made corner cubes the detected phase error is less than 30 picometers as the cube
moves transverse to the light beam for a few wavelengt hs of light. The effects of polarization is not considered in
this simulation. The results of a simulation including polarization effects will be preseuted in a subsequent paper.

The heterodyne gauge data showing the effects of the corner cube defects on the polarization of the reflected
beams is presented.

Analytical tracking formulas for 3-dimensional metrology is given. These are simple enough toimplement on a
hand-held calculator.

Finally, the tracking performance of the 3-dimensional metrology gauge instill air without absolute metrology,
but with an initial crude survey is presented.

When the final head positions as well as the total motion is solved for using the data and the condition that all
eight tetrahedra must agree on the motion, the residual disagreement between the tetrahedral is below ananometer
in x,y and z coordinates for short stretches of motion less than 10 wavelengths of OPD at 1319 nm. The tota
disagreement is below 2 nm peak for nearly 35 wavelengths of OPD motion at the same wavelength.

The maximum difference between the crude survey positions and the solved positions of the heads is about four
millimeters. The largest displacement is in the initial z position of the measurement corner cube, that is the most
uncertain of the crudely surveyed lengths. Thisdisplacement is about 2.5 centimeters.

The performance of the 3-dimensional metrology gauge in vacuumn with absolute metrology will be reported in
the subsequent paper.
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, | NTRODUCTI ON

. SIM requiresa metrology system to measurethethree
dimensional baseline vector between any two of its sider ostats
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 astrometry,

° EXTERNAL INTERNAL
METROLOGY METROLOGY

°
o °
SIDEROSTAT METROLOGY
° o PATHS |
RETRO-REFLECTORS

°

°
METROLOGY )

L METROLOGY REFERENCE
PATHS POINTS
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3-D METROLOGY



3D METROLOGY EXPERIMENT CONFIGURATION

1 meter Fine axial motion
- > PZT

Axial rotation

2 ft Launcher heads (5) stage
Test corner cube
/ “Z7 axis
stage
/ /
| [P
“x™ axis
< ' - ‘ stage
Super Invar ,
breadboard
A
“y* axis ’ /]
stage

B
—
a'

L'

Vertical rotation
stage shown through

the“x” axisstage //

Fiber and electrical

signals to the launcher
heads Electrical cabling to the 5 degree of freedom stage
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Deviation from the induced motion (meters of OPD)

6.E-09

Bl e 1}

\L 1) 1396

~ead15Fk5Sp Chart |

3 D Metrology, Head #1 tracking head #5 in air (12/03/1996)
After two cyclic aver ages and parabolic fitting

No linear term removed.
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EFFECT OF RETRO- REFLECTOR
DEFECTS ON POLARI ZATI ON
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3- DI MENSI ONAL TRACKING
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Tracked point
o Ta p

Base plane

. . ” " 5 o o o o
T osus, - osesy - satsa? - 83285t - sytss? - 812802837 + 812802842 + 512827867

5 .
h* = (*‘81286

22 2 2.2, 2 2.2
4°85°+ 312542362 +312552362 + 8§2°83784° -+ s2783 552

2 2 2 2.2
+81783 352 + 8178378 =51
2 2 2, 2 22,2 4 o222 2.2, 2 2 2. 2\ /02
+80254%852 + 522547562 — 59255256% 4 537842857 — 53754°867 + 837857867 ) [d?

where d is given by:
, 2 : 2
d = —s'— 83" — S+ 25,2522 + 25,2537 + 282283,

Note that d =4 Area of the triangle ., s.. s.). The coordinate lengths by, h,and h,are given by:

h] = (2 812(822 + 5,52 - 862) — (812 + 822 - 832)(312 — 54:Z + 852))/281(1,
hy = (2322(832 — 842 -+ 862) - (322 + 332 - 312)(5'22 — 352 + 562))/282(1,

hy = (2532(822 - 852 + 862) - (822 + 832 - 312)(832 — 542 + 302))

THE COMPLETE SOLUTION TO
THREE DIMENSIONAL SURVEYING
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SUMMARY

® 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.

e 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

® [arger 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 stability.
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.



