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The Space Interferometry MissiofiSIM", see http://sim.jpl.nasa.ggv requires displacement
metrology gauges witHinearity ~10 picometer§pm) over a distance of severateters.
Displacement measuring interferometers are under developneeting theseequirements, while

also meeting thermal stabilitypbustnesssize and geometry requirements. A persistificulty

in attaining picometer-class performance with laser interferometric metrology gauges is the problem
of “cyclic error” caused by the leakage of a small fraction of light to the photodetectocaitaa

that do not represent the distance bameasured. We surveyvariety of approaches to reducing

this cyclic error and their application in reaching SIM’s 10 pm goal.
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Fig. 1. Genericmetrology gauge measuring thiestancel. between
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two remaining challenges are the @ausirg cyclic non-lineariy of order ~1 nm.
pm linearityrequirement, which requires near perfeeam splitand recombination, and the ~2
nm/K temperature coefficientwhich requires goodbeam overlap afterrecombination.
Quantitatively, the goals are:

Beam overlap goal:

To minimize the effect of transverse drift of the measurement beam (M) after traveling between the
fiducials, and toachieve good visibility, the angle between thevo beams must satisfy
6<<A/d=(1.3 microns)/1cm,100 pRad whered is the beamdiameter. In practice, 10 uRad
alignment is readily achieved.

Beam separation goal:

This goal is usually stated adiait on powerleakage between the R and lams,but it also
includes cross-talk betweehe analog electronichannels. Ifthe photodetector outpuias a
“good” heterodyne component of amplitideand a “bad” leakage component of amplitugehe
measurement error will be (to firstder) &=24(A/12)(1/2r)(vIV)=(A/18)(/V) wherethe constants
account for conversion to RMS, the double pass thraughd theworst-casechange in the zero-
crossing phase of the heterodyne signal for a contaminating signal of amplitietee thecross-




talk betweerelectronicchannels must be(18)(10pm)/(1.3 micronsy1.4x10*, requiring ~80 dB
isolation.

For optical leakage we have fiirst order v/V =(Ba + AB)/(AB), where A and Bare the
electric field amplitudes of the Bnd M beams respectively, andand B are the amplitudes of R
light leaking into M andvice-versa. Higher order errorare also present but will not be
considered here. Treating the two errors separately, wedvea/A=p.,,"'* andv/V=8/B=p,,,'?,
wherep,,, andp,, are the R and M powéeakagefractions. Fore<10 pm weneedpg,,~(18¢/1)*
=2x10%; again ~80 dB of isolation. Similarly,, must be ~80 dB.

Others havenetthese goals and obtained~fii@ometer linearityesults’, but constraints set
by the practical needs of SIM rule out the use of their configurations. The constraints include:
1. The need to measure distabetweercorner cube fiducials.

2. The needor minimal sensitivity to metrology head mis-orientation. Tkigninates schemes
where the reference and measurement beams are not co-axial.

3. Homodyne interferometedsave achievedyood linearity?°, but working near DC presents
difficult stability requirements for the laser source and detection electronics.

4. Additional requirements include low power dissipation and simple, robust construction.

Meeting allthese requirementsasbeen extremelghallenging. We now considéhe central
guestion: How do we separatben recombine the R and b&éamswhile working within SIM’s
practical constraints?

Our options: Space, Time, Energy (frequency) and Polarization

We have contradictory goals. For low thermal and alignment drift sensitivity, weneaekerfect
overlap of the R and M beams at the “split” and “combimsints of figure 1, but near-perfect
separationof the beams between the “split” and “overlgg@ints. Toachievethis we have the
properties of electromagnetic radiation at our disposal: Space, Time, Energy and Polarization.

Polarization: the “conventional” approach.

Used incommercial distanceneasuring interferometers, this approach thesR and M beams
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not feasible. Figure 2: Technique used to minimize effect of imperfect beamsplitte
Minimizing effect of finite polarization extinction ratio.

The negative impact of ~30 dB extinction rafl8S can be minimized ifa) the S light (measure-

ment beam) is polarized to better than the extinction ratio oPB® (i.e., >30dB) and if the
beam’s S direction can be finely adjusted.

It was found byone of theauthorsthat under these circumstanct®e polarization leakage
signal is nearlyeliminatedwhen the S beam isslightly rotated about the propagati@xis.
Explained in figure 2, the effedlso applies tdeakage of reference beam P light into the
measurement beam. The effectiveness of this “trick” is not easily predicted as it will be affected by
component variations, but it has baesed toimprove SIM launchers by a factor of ~10 (from 3
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(b) S leakage to photodetector is blocked if the sum of the leakage and a
deliberately introduced P component combine to an electric field vector
perpendicular to the polarizer.
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nm RMS cyclic error down to 300 pm). We were limitedttwy coarseness dhe adjustments and

extraneous cross-talk effects, so further improvement is expected.

Space: a wavefront division approach.

The M and R beams can be spatially separated yet combined, with the compromise described in the

accompanying paperwhere low (=90 pm RMS ) cyclic error results are presented.

Energy (frequency): cyclic averaging.

The error caused by M and Beam leakagbas the
forme=3Im sin(n2rt./ A), n=1,2... representing®1
and 2¢ order optical mixing and the combined
effects of electroniccrosstalk and distortion. The
error integrated over eycle iszero, asllustrated in
fig. 3 for then=1 case Cyclic averagingconsists of
imposing a 10 to 1000 Hdither such that the
apparent L(t) is either asawtooth or triangle
function, by modulating the laser wavelerigtir by
moving one of theretro-reflectors). Anaverage
position measurements is obtained by combining
N (roughly 100 to 1000measurements while th
dither is within the onecycle window in fig. 3:

<L>=(ZL,)/N. To do this,the JPL phasemeter
board has hardware windowed averagifypical
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Fig. 3: Idealized gauge output for a linean
Ldisplacement,and output with cyclic error,
'exaggerated~1000 timesfor clarity. For cyclic
averaging, theapparent distance islithered by
modulating the laser wavelength (or byoving
one of theretro-reflectors). Data isccumulateq
over onecycle sothat, in principle, theerror

1

ms averagingwindow T,,, during which N=400
measurements are takenkjf=100 kHz.

Error reduction by ~200, applied to polarizing-type gauges with ~2@yuafic errors, yielding
linearity of 100 pm RMS have been achieVedhe limiting factor appears to be the determination
of an optimum averagingindow. For reasonthat arenot clear (may involveghost reflections)
the optimumwas found to vary withtime so that<100 pm clasgperformance could not be
maintained for more thanfaw minutes. An undesirabkde-effect of thevindoweddithering is
an increase in noise. The exact time of the first and last measurements in an average is a function of
the rapidly varying measurement heterodyi@ase and is non-deterministic. This introduces a
measurement uncertaintg=A/2T, F, .,=1.6 nm, assuminghe previous dither and window
parameters antk=1.3 microns, thus adding noise tb><

Time: phase modulatiort?.
Photonstraveling the measurement beam path tiakeger to arrive at the measuremepioto-
detector (PD) thathose takinghe reference beapath. This allows us texclude M beam light
that leaks into the R beam: the “good” M photons have time d&ty./c while the “bad’photons
haveAt=0. (This discussiomlso applies to Beam light leaking intdM.) Phasemodulating the
laser allows us to select delayed light, while ignoring undelayed leakage, as outlined in fig. 4.
To understandhe mechanism, consideghe same interferometsvith no frequencyshifters,
and no phase modulatofhe measurement PD signal varkesm V... (whenthe M and R
wavefronts are out of phase)\q,, (when they are in phase). Adding phase modulation causes the
R and M wavefronts tanove 1/2 wave pastach other (because of the Bdam timedelay) at
frequencyF,, so we have a rapidly changing PD output whose amplitude and phase depends on the
average reTativqe)hase ofthe R and Mwavefronts.Demodulating the PD signalith a phase
sensitive detector (the mixer & filter fig. 4) produces a D@utput voltage proportional to the
average phase difference between R and M, modulavare. Leakage lighthas notime delay
difference, hence no RF signal and is removed by the demodulator.
Adding the frequencghifters introduces a continuously increasing phase differeetvecen
the M and Rwavefronts, which is seen agariodic change of amplitude aptiase orthe PD’s
RF output,demodulates as sinusoid at frequency¥,.,, and is treated as the measurement
heterodyne signal in the usual way.

averages to zero.
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Conclusion

Various  techniques fo
reducingcyclic nonlinearity have
been tested alPL. Each offers
10 to >50 fold improvements an
have particular advantages an
disadvantages,summarized in

Fig. 4: Phase modulation rejection of cyclic errbaseroutput phasg
variesAg=1/4 wave atfrequencyF~c/(4L). (For L=2m, F,=37.5 MHz.)
(Note thatF,e<<F,) The measphotodiodeoutput consists of a RIF
chlarrier modulated byhe heterodynesignal (dots). Demodulatiowith &

ixer & filter recoversthe “good” heterodynesignal, which isthen

mparedwith the ref. PD output. Théeakagesignal (dashes), isalso
present but only at the much lowesterodyne frequenagnd is removed

table 1. by the mixer/filter.
Advantages Disadvantages Cyclic Probable limiting
error factors
Polarization Gausslian beam Polarization leakage 130 Polarization
profile gives low causes cyclic error pm leakage, coarse
pointing sensitivity adjustments
Polarization Robust, flight Requires phase 80 pm | Electronic cross-
w/phase mod. | qualifiable modulator & fast talk
photodetector
Polar. w/cyclic Increased noise. Requir¢sL00 Averaging
averaging frequency modulator. pm window drift
Wavefront No polarizing Annular/segmented M | 90 pm | Diffraction,
division components pointing sensitivity electronic x-talk
Table 1. Cyclic error reduction techniques discussed, RMS cyclic error achieved to date.
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