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A Novel Laser Doppler Linear Encoder Using Multiple-Reflection
Optical Design for High-Resolution Linear Actuator
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A novel laser Dopplei linear eneoder system (LDLE)has been developedat the AdvancedPhotonSource,Argonn~@ional
Laboratory. A self-aligning 3-D multiple-reflection optical design was used for the laser Doppler displacement meter
(LDDM) to extend the encoder system resolution. The eneoder is compact [about 70 nun(n) X 100 mm(w) X 250 nun(L)]
and it has sub-Angstromresolutio~ 100mm/see measuring sp=% and 300 mm measuringrange.

Because the new device tiords higher resolutio~ as compared with eomrnereiallaser interferometer systems, and yet
mst less, it will havegood potential for use in scientificand industrialapplications.
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1. INTRODUCTION

At the Advanced Photon Source, a third-generation synchrotronsdiation facility at Argonne National Laboratory, x-ray
scattering experiments with 10 keV or higher energies and down to submeV resolution have beeome practieal~ In these
experiments, ideally, the motion control on the monochromatingcrystals has to be at the nanoradian level or better. If the
monochromatorwill be driven by a 330-mrn-longsine-barstructure with a linear actuator, sub-nanometer-levelresolution is
needed for this actuator. However, if closed-loop feedback devices will be us@ the rquired resolution for the actuator
eneoder system has to be in sub-Angstromlevel over a travel range of 50 nun.

There is, at presen~ no eanmercially available linear encoder with sub-Angstrom resolution over a 50-rnm measuring
range. In the field of angular eneoders, one of the best availableproduets is the ROD-800 from Heidenhaiq which has 175-
nanoradianresolutionwith 360degree measuring range when empled with an AWE 1024 interpolator.z As for eanmemial
laser interilerometers,the HewlettPackard HP-5527B3and Zygo ZMI-1000,4provide a 20-100 nanoradianangular resolution
from a few degrees up to 20degrees angular measuring range. Although some tilt-sensors, such as the Applied
GeomechanicsModel-520,have 10-nanoradianresolution they cover a measuringmnge of less than 0.01 degree with a very
long measurementsetting time (O.1-30seeonds).

In a laboratorysetup based on a polarization~neoded Michelson interferometersyste~ resolution of a few nanoradians
has been achieved with a setup size about 610 nun X 1220mm.5 The overall dimension of the eneoder system is critical to
the petiorrnaneeof the closed-loopfeedback system. In our ease, however, the large setup size will cause mmpl.icationsfor
the system’s thermaland mechanicalstability.

This paper presentsa novel laser linear eneoder system which is based on a laser Doppler displacementmeter (LDDM)G
and self-aligningthree-dimensional(3-D) multiple-reflectionoptics.’ With this new linear eneoder,sub-Angstromresolution
has been attained in an 300 nun measuring range in a compact setup [about 70 mm (H) X 100 mm (W) X 250 mm (L) in
size]. Modificationof this eneoderfor a monochromatorangularmeasurement application is also deseribed in this paper.

2. MULTIPLE-REFLECTION OPTICS FOR THE LDDM

The laser Doppler displacementmeter is based on the principles of radar, the Doppler effect, and optical heterodyning.sWe
have chosen a LDDMas our basic .sySten not only becauseof its high resolution(2 nm typical)and high measuring speed (2
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rrds) but also because of its unique performance independent of polarizatio~ which provides the convenience to create a
novel mukiple-reflection-basedoptical design to attain sub-Angstromlinear resolutionextension.

As shown in Fig. l% a commercialLDDM system includes four components:a laser h@ a processor module. a display
module, and a target reflector. The Iaser head houses a frequencystabilized HeNe laser, an electro-optic assembly and a
photodetector,which functions as a receiver.The l-r light reflectedby the target is frequency-shiftedby the motion of the
target. The photodetectormeasuresthe phase variation causedby the fkquency-sh@ which corresponds to the displacement

of the target. Whenthe displacementis larger than the half-wavelen~ W, a counterrecords the total phase changesas

whereN is the number of half-wavelengthq and $ is the phase angle less than 27r.The total target displacement & can be

expressedas: 9

~,
c

AZ” — (N+@27r) (2)
2G

where Gis the frequencyof the Iaseq and c is the speed of the light.
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If we make the laser I@ reflectingback and forth M times between the fixed base and the target before it finalIy reach the
photodetector,as shown in Fig. lb,-tien introducingequation(2) gives

c
AZ’ — (N+ @27r) (3)

2fi M 9

which indicatesthat the multiple-reflectionopticsprovidesM-times resolutionextensionpower for the system.
Figure 2 shows the self-aligning3-D mukiple-reflectionoptical design for the LDDM system resolution extension. In this

designj the heterodyning detector is housed coaxially inside the flequency-stabilizedIaser source. Instead of a typical single
reflection on the moving targeg the laser beam is reflected back and forth twelve-times txtween the fixed base and the
moving target. The laserkaIW which is retlected back to the heterodyningdetector, is frequency-shiftedby the movement
of the movingtargetrelative to the fixed base. With same LDDM laser source and detector electronics, this optical path
providestwelve-timesresolution extensionpower for the lineardisplacementmeasurementand encoding

As shown in Fig. 2, the laser beam is reflectedby a set of right-angleprisms 2,3,4,5, and 6. The nxrorefkctor 7 reflects
the beam back to a differentzoom on prisms 6,5,4,3, and 2. Frism 8 &livers the beam to the end retroreflector9. Then, the
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laser beam is reflectedback to the laser head following the original path and finally reaching the detector, which is arranged
coaxially in the laser-headhousing. The use of the prism 8 and end retrorefiector9 togetherprovides for a very practical self-
alignment capability.This reduces the total system assembly and alignment time substantially. Because the laser beam is
reflected in the same optical path twice with opposite directions. this muhiple-reflection optical design provides unique
system stability performanm. The 3-D optical path cordigumtion results in a compact and integrated optical design that
optimizes the system’santi-vibrationperformance,which is critical for sub-Angstromresolution in measurements.

There are many ways to change the total number of a reflection times in this design. For instance, to expand the optical
path in the Y directio~ one can add more prisms between elements 2 to 6, or, to expand the optical path in the Z direction
one can add anotherone or more set of prisms as shown in Fig 3. The limit of the maximum reflection times is determined
by the optical reflectivity of the reflecting element to be used and the sensitivity of the LDDM laser deteetor electronics.
Special coatingscould be used on the surt%cesof the reflectingelements to optimizethe results.

FuedBase
Figure 2. Configumtionof a self-aligningtwenty-fourreflection optical design. In this figure, item I is the liequency-
stabiied laser sourcewith heterodyni.ngdetector,items2-8 are right-angle_ and item 9 is the end retroreflector.

t

Figure 3. Configurationof self-aligningforty-eightor more reflectionoptical path.

3. TEST OF THE MULTIPLE-REFLECTION OPTICS FOR THE LINJ3AR ENCODER

A prototypeLDLE system with twenty-four multiple-reflectionoptical resolutionextensionhas been deveIopedand tested at
the AdvancedPhoton Source. As shown in Figure 4, a precision stepping-motor-drivenstage has been used to test the LDLE
over a 300-mm measuring mnge. To trace the system resolution extension power, a second reguIar commercial LDDM
system has been applied. Figure 5 shows a plot of the test results, which proved that the prototype LDLE system provided
twelve-fold resolution extension power over the 300-nun stage tmvel range. A 100 mm/see stage motion speed was also
tested for the proto&pe LDLE system without any encoder miscounting. The resolution of the custom-made commercial
LDDM system, which was used during this test, was 2 nm (1 run LSB), so thag theoretically,a 0.166 nm resolution (0.083
run LSB) was reached by the prototype LDLE system. Figure 6 shows a photograph of the test setup with the prototype
LDLE system.
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It is very difficult to prove a near-Angstromsystcm resolution cxperirncntallyin an open-loop system, because of the
thermaland mechanicalvibration noises. However.with a commercial PZT driver. such as a QueensgateNPS3330, we have
made an open-looptest with 6.8-nanometermotionsteps. As shown in Figure 7. the LDLE moving target was mounted on a
stage, which was driven by a Queensgate PZT driver. Figure 8 is a plot of the test resuks that corrdates the dynamic
performanceof the PZT driver with the prototype LDLE system. The error baron Figure 8 reflects the PZT system noise,
which was about 1.l-run peak-to-peak.
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Figure 4. Schematicof the setup to test the LDLE over a 300-MMmeasuringmnge.

M.ssurlng RangeT.stfor LDLE with Optksl Rssohrtbn Esbasbn

0 5 10 15 m 2s 30

R- fmm Cmnwrdd LODM(cm)

Figure 5. Plot of the test results, whichproved that the prototypeLDLE systemprovided twelve-fold
resolutionextension power over the 300-MMstage travel range.

Figure 6. Photograph of the measuringrange test setup with the prototypeLDLE system.

.<-. . ,-,—--7. Y--- . . . . . . s . ..-,.-, . . ,F.-,.T: r, . . . ,.. ,- ,, ,7A”., -,-+... ‘.v?m.,.
. ..=.. ,+

.* .. ... . ,.
. . . . ..-.-. — .



.-

.

Precision Stage wilfr Quesnsgate PZT Driver

Custom-madOW-with Optical IkwMion Extension

Figure 7. Setup for the LDLEtest with a QueensgatePZT driver (with 6.8-rimsteps).

Figure 8. Plot of the test resultsthat correlatesthe dynamicpdormance of the PZT driver with the
prototypeLDLE system.
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Figure 9. E,xampleof a linear motioncontrolapplicationwith a LDLEclosed-loopf-ck system.

Furthermore,based on the success of this project, preliminarystudies for closed-loopfeedback control with this LDLE
system have begun, Figure 9 shows an example of this multiple-reflectionoptical design for finearmeasurementapplication
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with a closed-loopfeedbacksystem. [n this setup, a PZTdriven motion-reductionmechanismis mounted on the top of a DC
or stepping-motordriven stage. A laser Dopplerdisplacementmeter with an optical-resolutionextension assembly is used to
measure the linear motion of the stage in a “1OO-MM~ge with sub-Angstorm resolution.The LDDM position signal is fed
back through a DSP unit to control the PZT. The PZT drives the motion-reductionmechanismwith sub-Angstrom resolution
to stabilize the motion. A system-control computersynchronizesthe stage position and PZT fmdback lock-in point with the
LDDM position signal.

Based on this emfiguration, a proof-of-principletest has been done. A PC was used to simulate the DSP fmdback control
with a limited bandwidth.Drastic improvementwith the control f~ck is observedfromthe t~ as shown in Fig 10.

(a) LOLJZTod-h ~ -d
Lmn9Ke11za

Figure 10. Results of a proof~f-principle test for the LDliE closed-loop feedbackcontrol with a limited bandwidth.
(a) The stabilitywith open-loopcontrol, and (b)the stab~ with LDLE closed-loopfeedbackcontrol.

4. TEST OF TEE MODIFICATION FOR ANGULAR ENCODER APPLICATION

To apply the above multiple-reflectiondesign for a laser Doppler angukr encoder (LDAE),the moving target is mounted on
the end of a sine bar to measure the shaft-rotationangulardisplacement.To extend the angularmeasuringrange, prisms with
difTerentsizes are used for prisms 2,3,4,5, and 6 in Fig 2.

A prototypeLDAE has ken developed for high-energy-resolutionx-ray scatteringapplicationsat the Advanced Photon
Source undulator beamline 3-ID.*0We have modified the monochromator (AAG-100, rnarmfhcturedby Kohzu Seiki Co.,
Japan*l) sine bar and related structure for the LDAE assembly. Figure 11 shows the configuration of an actual LIME
system with twenty-four muhiple-reflections on the one end of the sine bar, which rotates the shaft on which the
getri~ly cut crYs@ are mounted The LDAE system components can be identifiedas follows. A commercial laser
Doppler displacementmeter (LDDM)with a heterodynedetector inside is mounted on the invar fixed base, which is attached
to the monochromatorbase, and the moving sine-bararm is attached to the monochrornatorrotary shaft. A set of right-angle
reflective prisms is mounted on the fixed base, and another set of prisms is mounted on the moving arm. To control the
system thermal stability, a water+molingjacket was attached to the Iaser source housing. Figure 12 shows a photograph of
the monochromatormounted together with the LDAE.

Figure 13 is a plot of the test results that correlatesthe performance of our LDAE with a Heidenhain ROD-800 optical
encoder with a 2-arcsecaccuracyand 175-nanoAian resolution. The slope of the correlationdata in Fig. 13 shows that our
LDAE has a 0.276 nanoradianper count readout sensitivity.A 100 mrad/sec rotation speed was tested for a laboratory setup
in the 8-degreemeasuringrange without any encodermiscounting.Fig 14 shows a numberof 25-nanoradian steps driven by
the monochromatorsteppingmotor.

5. DISCUSSION AND CONCLUSIONS

We have developed a prototype laser Doppler Iinear encoder (LDLE). Twenty-four multiple reflections were achieved
without alignment difficulty. With a customized commerciallaser Doppler displacementmeter, this novel linear encoderhas
sub-Angstromsensitivityin a 300-rnrnmeasuringrange.Its compact setup optimizes the system’santivibration performance.

,=— ---. —-~ -
w, . , -.,,-T-J?J3’”77 !--- . ... . - ---$-==? . --? -7,, ?-- ~.~.-.-w{:-{ .. :. , r m ,>% ,*.7 , + . .



.mLu

Figure 1L Configurationof the prototypelaser Doppleran@ar encoderwith twenfy-fourmultiple-
reflectionson the Kohzu high-energy-resolutionmonochromator.

Figure 12. Photographof the Kohzumoncdwomatorwith the LDAE.

As an application for uhra-precision angular measuremcn~a prototype Iascr Doppler angular encoder has also been
developed with the LDLE technique for high-energy-resolutionx-ray scattering applications. SUb-nimOradianresolution has
been reached with a 330-mrnsine-hr structure in a 8degrec measuringrange. preliminarystudies for closed-lmp feedback
control with this LDLE system have begun. Developmentof an ultra-precisionlinear stage W on the LDLE and a seNo
system is in progress.
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Figure 13. Plot of the test results that correlatesthe performanceof LDAE with a HeidenhainROD-800 optical encoder
with 175-nanoradianresolution.
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Figure 14.LDAE measurementof 25-nanoradiansteps drivenby the monochromatorsteppingmotor.
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