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ABSTRACT

Heterodyne interferometers have been cormnercially available for many years. In addition, many versions have
beenbuiltat J)'], for various projects. This activity is aimed a improving the accuracy of suchinterferometers from
the 1-30 nanometer level to the picometer level for usc inthe proposed 0S1 and SONATA missions as metrology
gauges. Inthe llull-gauge configuration, wec obtained a precision of 0.6 picomncters a timne scales of 2,500 scconds.
Inthe relative-gauge configuration, ywe obtained an accuracy of 3.5 picometers rins in vacuurn at time scales of few
minutes. Anabsolute gauge with an accuracy of 10 mnicrons over adistance of 10 incters is under construction.

1 INTRODUCTION

The Orbiting Stellar Interferometer (0S1) requires metrology interferometers with a relative accuracy of 1-2 root-
mean-squared (rims) picometers to attain its design goals. Inthe current design, these interferometers arc one-long-
arin, heterodyne interferometers which monitor the distance between two corner c ubes.

Three diflerent implementations of the basic. gauge architecture have been examined. The Ilul]-gauge experiment
determines the ultimate precision of heterodyne imnterferometers by using two of these with spatially coincident
beams. The rdativc-gauge experimnent determines the extent of systematic errors which arc absent in the null
configuration by mecasuring smal distances (few wavelengths of light) froma givenset point. The absolute metrology
gauge mcasures the I[lacrcrsc.epic. distance between two points to anabsolute accuracy of 10 nicrons. The design
of OSI allows the absolute metrology gauge to bemuch less accurate thanthe relative metrology gauges[1].

2 NULL METROLOGY GAUGE

Thenull-metrology gauge consists of two heterodyne interferometers with spatially coincident light paths. As our
vacuum chamber had not yet been delivered at the time this experiment w as perforined, wc chose this scheme
to eliminate the eflect of the density fluctuations in air which limit the accuracy of the interferometers to ~10
nanometers rins.  One of the interferometers is used to servo the distance being monitored to the null of the
interferometer, while the other interferometer is used as a read-out device.

The schematic layout of the experiinent is shownin Fig. 1. The light fromn afrequency-stabilized He-Ne laser
impinges on a4b degree linear polarizer. The light from the output of the polarizer is separatedinte two orthogonal
polarizations (S and 1') by a suit ably placed polarizing beam splitter. Kach of these polarizations is then routed
through an acousto- optic modulator.

These modulators arc driven by CB radios with a frequency diflerence of 10 kHz. The frequency shifted
beams arc then recombined by another polarizing beam splitter. The recombined beam is sent through a pin-hole
asscinbly to spatially filter the beam. The spatial filtering also makes the output beam insensitive to the directional
fluctuations of theiuput beam.

A small part of this beamn is then diverted into a 45 degree polarizer and a photodiode which acts a reference
detector, The rest of the beam enters a beamn-launcher asseibly wlicl consists of a polarizing beamn splitter and
two quarkr-wave plates. Half of the beam directly passes through the polarizing beam splitter and strikes the
photodetector after passing through a 45 degree polarizer. The other half of the bearn inakes a round trip between



Figure 1: The Null Metrology Gauge

Fieq stabilized lased beam
l { Minur
Modulator | ‘e paths of the two difieient
( )N fiin polaizatious of light are hawn
[ - . separated. ln the actual expediment,

- these paths coing ide.

45 degiee polairer Polaiizing beam splitier

8" polasized light P polasized light

’ Polarizing bean splittes

\
<
PINHOLE ASSEMBLY
Modulater 2
E"’gﬁg‘?;’}‘ I { Referace Photodeiecton

Q"

. {7
-
Polaiizing beani splitte: \ Hosmeroers it
5._.,_» )
Quatter wave plate
l 45 degree polarize:
> .
} {
> - - —
\ - ) | .
, - - Quarler wave plate [

\ R

Coaer cube 8 EFr) - Comner cube A

e N\ s posi | eensack

Unknown Phiotodetector

>

Micor

f 3

-y

> pm——

the corner cubes and exits the interferometer coincident with the first half of the beain and hits the photodetector
after passing through the sane polarizer. The corner cubes arc separated by a nominal distance of ~ 75 .

The relative phasc of the signal coming out of the latter photodetector (the unknown photodetector) with
respect to the phase of the signal comning out of the reference detector is directly a mcasure of the distance between
the two corner cubes. In effect, the heterodyne interferometer converts an actual path-length change of one light
wavelength inte a phase change of one cycle of a sinusoidal wave at a frequency equal to the difference between the
two driving frequencies of the acousto-optic modulators [2].

The set-up as described above consists of a single heterodyne interferometer. In order to place another inter-
ferometer which has very-nearly-tllf.-sanlc optical path, we added another driving signal to one of the Inoculators.
The frequency of this driving signa is 20 kllzorce than the frequency of the signal applied to the other modulator.

Inthis case, the outputs of the reference and the unknown photodctectors contain 3 signals at the frequencies
of 10 kHz, 20 kHz and 30 kHz. The 10 kHz and the 20 kllz signals arc scparated from each other and the 30 kHz
signal by an assembly of noteh filters which also performsome 1201z 1111111 rejection to enable us to work under
normnal lighting without saturating thec amplifiers.

These sinusoidal signals are amplified and convertedinto square-wave signals by a post-amplifier circuit con-
sisting of filters and coinparators. The square-wave signals arc then fedinto aphase digitizer which digitizes the
relative phase of the10 kHz unknown, 20 kHz reference and the 20 kHz unknown signals with respect to the phase
of the 10 klz reference signal.

The relative phase signal from the 10 kllz interferometer is digitally processed and converted back into au
analog feedback signal which is applied to a ]liczo-electric transducer. This transducer translates one of the corner
cubes to hold the 10 klz interferometer at null.

The relative phase signals from both interferometers arc digitally recorded on a magnetic disk during the
experiment. The data arc analyzed after the recording is completed.

The results of various runs between March 18,1992 and April 23, 1992 arc shown in Fig. 2. The Allan deviation
(square root of Allan variance) of the diflerence betweenthe 10 kHz and the 20 klz interferomncter signals is plotted
as a func.hell of theintegrationtime. The curve which hasthe largest ovc.rail Allan deviation is plotted using our
first data.T'he curve which hasthe lowest overall Allandeviation was plotted using data taken on April 23, 1992,
The reason for the dramatic improvement was the elimination of scattered light reflected back towards the laser.




Figure 2: Null metrology results
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The servo system had also been imnproved during that time which lowered the low-integration -time parts of the
curve. The best result using this configuration was adiflerence deviation of 1.3 picometers at anintegration time
of 100 scconds. The curve then slowly rose to 2 picomcters at integration times close Lo 4,000 scconds.

W ¢ determnined the cause of the upward drift at long integration times to be the temnperature sensitivity of the
clectronic circuits which amplify and shape the analog signals. As the data were being taken, the drifting roomn
temperature caused the various components in the electronics circuits to drift. Since the 10 kHz and the 20 kHz
interferometers used different sets of electronics, a time varying phasc diflerence was introduced hecause of the
sinall differences between the circuits clue to component tolerances.

‘1'0 reduce theeflect of this temperature related slow drift, we constructed a switching network which swapped
the entire sets of amplifier and shaping circuits between the interferometers at regular intervals (30 see). The
circuits were also upgraded using low temperature cocflicient, precision components.

The results of these modifications is shown inlig. 3. As a reference, the Allan deviation from the April 11,
1992 data is also shown. Thenew data give an Allan deviation for the diflerence signal between the interferometers
which rcaches down to 0.6 picometers at integration times of 2,500 scconds and it stays under 2 picomneters at
integration times of 10,000 scconds.

3 RELATIVE METROLO GY GA UGE

The relative metrology gauge consisls of two heterodyne interferometers with spatially separated paths as shown
inFig. 4 and Fig. 5. Since the physical laser beams do not overlap, cach acousto-optic modulatoris driven with a
single frequency. The frequency diflerence between the drives to the acousto-optic ‘ynodulators is 10 kllz. One of
the interferometers is used to servo the distance between the corner cubes to a slowly varying separation, while the
other interferometer is used as a read-out device.

The relative metrology experiment is designed to classify and eliminate various sources of systeinatic errors
which arc absent in a null-metrology gauge. The polarization leakage caused by scveral imperfect optical efements
(I'ig. G) causcs a systematic error at the output of theinterferometer which is a periodic function of the distance
between the corner cubes with a period of exactly one wavelength. The amnplitude of this systematic error could
be as large as 10 nanometers.




Figure 3: Null metrology with electronic switching
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Figure 4: Relative mnctrology interferomncter (a)
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Figure 5: Relative mctrology interferometer (b)
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Figure 6: Polarizationlcakage (self-illtcrferclicc)
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Figure 7: Cyclic averaging
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These systematic errors can be classified into (w, categories: The periodic systematic errors due to the polar-
ization leakage with a period of exactly one wavelengthand the systemnatic errors caused by teinperature gradients
which appear as a small linear drift over short time scales between the readings of the interferometers. In this
paper, we will consider only the periodic, systematic errors. The temperature gradient related errors arc minimized
by actively stabilizing the temnperature of various optical components and by performing the relative mecasurements
quickly before asignificant drift accumulates.

The periodic systematic errors are elilninated by using a method known as cyclic averaging (Fig. 7). This is
implemented by either modulating the distance to be measured with a piczoclectric tran sducer or by sweeping
the laser frequency at a fast rate compared to the changesin the distance being measured. The amplitude of the
modulation is chosento be several wavelengths of light. The output of cachinterferometer is recorded at a rate to
guarantcc many readings during one wavelength of motion duc to modulation. The true output of the interferometer
at the center of modulation is computedio be the average over onecexact wavelength of the modulated readings
around the center of modulation.

Inthe actual experiment, a wavelength is divided in64 equal parts. The servo is used to advancethe distance
by one sixty-fourth of a wave at a timec while covering several wavelengths. At cachstepa fcw seconds of data
is collec ted from the interferor neters. The average value of each interfcrometer readiug over this timeinterval is
subtracted from cach other. ln the absence of any systeinatic errors, this difference is of the order of fcw picometers
as determined by the null gauge. Since the laser beams travel through different parts of the optical components,
the systemnatic errors which arc present on the interferometer signals arc diflerent and do not cancel out when the
recadings of the two interferomncters are subtracted.

Fig. 8 showsthe result of cyclic averaging applied to the difference signal between the two interferometers. The
data arc takenina closed vacuumn chamber under atinospheric pressure. After thelincar drift is taken out, the
residual error is 31 picomnctersrins,

Fig. 9 shows the same experiment performed under vacuuin after cyclic. averaging. After the lincar drift is taken
out, the residual error is 10 picometers rins.

If theamnplitude of the self-illtcrfermlcc is changing due to various aligmment drifts, cyclicly averaging the data
once will not remove al thesystematic errors, In this casc,the cyclic. averaging canbe used repeatedly until all
systematic errors disappear. The actual gauge signal can be recovered afler these integrations provided that the
true signal is varying slowly compared to the totalintegration time.



Figurc 8: Relative metrology with cyclic averaging in air
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To illustrate this, consider the following expression representing the difference between the two interferometer
signals with non-lincarities and drift:

N M /L 7
Interfy — Interfy =: Lﬂil" 4 2;>_:bbka:’>sin(2j7xat) (1)
i-0 j=0 \k=o0

where @i and bk are constants. 2 is the distance traveled by the corner cube with the piczoclectric transducer.
o - . . M oL
Fhe term /ﬁl o @i%' represents the drift between the two interferometers and the term ;. 0(> r-ober ‘) sin(2j7z)

represents the systematic errors with non-linecarities and drifting amplitudes.

A typical terin containing the systeinatic errors is of the forma * sin(2jm2). Cyclically averaging this gives:

ol kg* ! qlower order koot
/ ¥ sin(2jn2) de = - (_Q_L e 92 cos(2jmg) 4 —— / a* Veos(2jna) da 2
p 29 ) 27 J,
Note that cyclically averaging once reduces the exponent 2* from kto k --1. Hence, after k 4 lintegrations the
termna¥sin(2jm2) will vanish. Ingeneral, if the highest power inthe self-i] Iterferclic.c term is I, then 1, 4 1 cyclic
averagings arc needed to corn pletely remove  self-irlterferclice.

The term representing the drift can be recovered after these operations. To illustrate this, let N = 2 inthe drift
term. Then,

drift = o aya - a2z’ @3)

After cyclically averaging 1, times:

< drift >, =ao + (1/2)ar+ (1,14 )().-{ 1/3)ay -1 (a1 Lay)z + azs? Q)]

Therefore, @2 can be obtained by a fit; a; can be obtained using ay and the linecar coeflicient of the fit; ao can
be obtlained using ap, a; and the constant terin of the fit.

Fig.10 shows the diflerence between the two interferomncter signals after radiative therinal shields are installed
over the experiment in vacuum. Fig. 11shows the difference after three cyclic averagings and the removal of lincar
drift. The residual error is 3.5 picometersrins. The linear drift is 33 picometers per wavelength. In this particular
experiment, one wavelength was scanned in 2 minutes using 64 steps.

4 AB SOLUTE METROLOGY GAUGE

The OSI absolute metrology gauge is being implemented using a stabilized, solid-state infrared laser driving a
heterodyne interferometer monitoring the distance to be mcasured. Thie laser frequency is changed by a known
amount /7 and the resulting N fringes are counted by the heterodyne interferometer (IMg. 12), The absolute distance
1 between the two corner ¢ ubes of the heterodyne interferometer is given by 1. = ¢eN/I" where ¢ is the speed of

light.

The frequenc y of theinfrared laser has been stabilized to an external I'al,ry-1"trot cavity to one part in 10 “for
time scale of several hours. A small vacuumn oven is under construction to stabilize the length o f the cavity to the
saine accuracy for a timescale of 24 hours.

The absolute metrology experiment will be perforined by tuning the laser by an amnouut which is an exact
multiple of thelongitudinal mode spacing of the cavity. Thisimode spacing is deterinined by locking two lasers to
the same cavity by one-longitudinal mode apart and by counting the resulting beat frequency.

The infrared laser is capable of tuning over a range of ~15GHz. our present fringe counterhas a fractional
counting accuracy 1 partin 5120. These figuresindicate that a 10 micron absolute accuracy is achievable with
modest Iinprovements.,




Figure 10: Relative mctrology without cyclic averaging in vacuum

10000 . \
| 5
| i1
] 11
! ¢
5000 + ] 3 i
v ] 1
8 SN .
t o
3 0 ¢ } LN
e f ! .
N ; 1.
[ ¢ ¢ . :
& ) . <
5 o000 ] Lio
» v *
. bt .
3 £ 7 1 P
3 i: v
-10000 ¥
|
-15000 b Lo » v
0 1 2 3 4 5 6

Wavelengths

Figure 11: Relative metrology with multiple cyclic averaging in vacuum
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Figure 12: Absolute inctrology experiment
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Then, the absolute lengthl, is given by:

whiere C is the speed of light
5 C ONCLUSION

‘T'lie precision and the accuracy of the heterodyne interferometer is improved to picomneter level. A faster relative
gauge which sweeps the frequency of thelaser to iinplement cyclic averaging is under construction. Feasibility of an
absolute metrology gauge using a heterodyne interferometer which has an accuracy of 10 microns over a distance.
of 10 meters is demonstrated.
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