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DESIGN AND CONSTRUCTIONOFA LARGE, VERTICAL

By

R. R. Donaldson
S. R. Patterson

Lawrence LivetmoreNational
P. O. Box 808, L-792, Lfvermore,

Abstract

AXIS DIAMOND TURNINGMACHINE

Laboratory
Calffomfa 94550

A 64-inch swing, verticalspindle axis precisionlathe has been constructed. The machine incorporatesa
multiple-pathlaser feedbacksystem,capacitancegauges, a 32-bit computer and capstan drives to provfde two
axes of tool motion in a 32-inch radius by 20-inch length working volume. Dimensionalstabilityof critical
componentsis achieved through the use of low coefficient-of-thermal-expansionmaterialsand temperature-
controlledheat sinks. Projectedaccuracy of the machine is approximatelyone microinch rms.

Introduction

The Large Optics Diamond TurningMachine (LODTM)is a precisionvertical axis lathe constructedat
LawrenceLivermore National Laboratory. This machine, built under the sponsorshipof the Defense Advanced
ResearchProjectsAgency and the directionof the Air Force Wright AeronauticalLaboratory,has been
optimizedfor the single point diamond turning of annular resonatoroptics. The LODTM will accept a
workpiecewith maximum dimensionsof 64 inch diameterand 20 inch length, and a maximum weight of 3000
pounds. The design goal for tool positioningaccuracywithin this work volume is 1.1 microinchesrms. The
goal for azimuthalerror (excludingworkpieceand fixturedistortion)is 0.5 microinch. In order that the
diamond turned optics might be usable in infraredapplicationswithout subsequentpolishing,a goal of 42
Angstoms rms was specifiedfor surface finish errors.

The requirementfor azimuthalsynsaetryled to the adoption of a vertical spindle zxis to minimize
asynsnetricgravity loading of the workpiece. The choice of a vertical spindle and the wide range of
workpiecemass make it quite difficultto incorporateaxial(z-axis)PositioningW movingthewindle~
as is consnonlythe case with existing diamond turningmachines. As a result, tool positioningon the
LODTM is accomplishedwith stacked slides; a verticaltool bar provides z-axis motion and is mounted on a
carriagewhfch provides radial (x-axis)motion. The remainingdesign featuresof the machine, as well as
environmentalcontrols have been coordinatedwith the use of a detailederror budget. In fact, the accuracy
values quoted in the precedingparagraphare the result of the error budget sunsnations based on the initial
machine design.

Metrology Loop

The fundamentalproblem in the design of feedback-controlledmachine tool is measuring the tool-
to-workpiecerelativepositionwithout intrudinginto the work volume, which may be occupied by the
workpiece. liereferto the series of measured and a priori known distanceswhich connect the tool tip
to the workpiece base outside the work volume of the machine as the ‘metrology100P’. The LODTM metrology
loops are comprisedof high-stabilitylow coefficientof thermal expansion (CTE) Passivecomponents,laser
interferometersand high-precisioncapacitancegauges. To avoid quantizationerror in the dfgftal control
system, measurementsare made wfth a resolutionof 0.025 microinch, although accuracy goals for measurement
componentsare generally 0.1 microinch. The active measurementsmade by laser interferometersand
capacftance gauges are referencedto a passive ‘metrologyframe’. This metrology frame is an unloaded
structurewhich is kfnemeticallymounted to the main machfne frame.

Interferometers

Al1 1arge-travelmeasurentsare made with 1aser interferometers. Figure 2 depicts the arrangementof
?- the seven laser interferometersused on the LODTM, while ffgure 3 shows the optical design of a single,

typical,interferometer. The interferometersare Michelson type, with a polarizingbeam splitter and
1 corner cubes for reflectors. The use of corner cubes reduces the angular sensitivityof the interferometer,

while the use of a polarizingbeam splftterallows the application6f optfcal heterodynfngas a detection
;

b
mechanfsmby supplyfnga differentfrequencybeam to the measurementand referencearms of the inter-

. . ferometer. The two frequenciesof source beam are separatedby 1.75 MHz and occur in orthogonallinear
polarizationstates. The two beams are recombinedat the dectectorwith a polarizeroriented at45*; the
phase of the resultfng1.75 MHz modulationprovidesa measure of the differencein length of the measurement
and referencearms. Subsequentprocessingby digitalelectronicsprovides a phase resolutionofl.4”,
correspondingto path length resolutionof approximately.025 microinch when a He-Ne laser is used as the
source.

A single laser source supplies the beam used by all seven laser interferometers. Thfs source (figure4)
consistsof Spectra-Physicsmodel 125 He-Ne laser which is frequency-offsetlocked to a second laser which



is stabilizedto an atomic fodine absorptionline using an Internal iodine cell.’ The model 125 laser is
modified for this applicationby the addftion of a longitudinalmode selectfonetalon and the replacementof
the front cavity mirror mount wfth a pfezzoelectricmount. The output from this system is approximately15
milliwattsof collimated6328 Angstr m light with a coherencelength greater than ten meters and lfne center
stabilitybetter than one part in 10$. This beam is dfrected to a ~~h.~ehnder interferometercon~tru~ted
with polarizingbeam splfttersand incorporatingaccousto-optfcmodulators fn the legs. The two states of
polarizationare shifted either60 or61.75 MHz fn frequencyto obtafn the 1.75 frequencysplit for the
heterodyneinterferometers. Any beam retroreflected from the interferometersystem wi11 traverse the
modulators twice, and wf11 enter the model 125 laser cavity at a frequencyof mfnimum gain, hence minimizing
the pertubations resultingfrom downstreamoptics.

Four horizontalinterferometricmeasurementsare made from the metrology frame to Zerodur strafghtedges
mounted to the tool bar. The differencebetween upper and lower measurementsyields the pitch angle of the
straightedge,allowing extrapolationof the measurementto its lower end. Averagingmeasurementsfrom each
side rejects symmetrfc expansfonof the metrology frame, while comparing them providesan assessmentof
error. The two straightedgesare cinematicallymounted to the tool bar at their louer ends and at points
approximatelyone quarter of their length from the upper end, calculatedto mfnfmfze bowing distortionfrom
the lateral body forces resultfngfrom x-axfs accelerationand machine tiltfng. The use of these straight-
edges permits the measurementof the horizontalpositfon of the 1ower end of the tool bar independentof
distortionwhich may occur fn the bar itself do to the effects of its drive, bearingsor tool forceduring
cuttfng.

Three measurementsare used to establishthe vertfcal positionof the lower end of the tool bar. The
interferometersused for these measurementsare mounted on a stable, rfgfd platformwhfch is kfnematically
mounted to the main machine frame. Two of the interferometersmeasure the distanceto Zerodur straightedges
mounted on the metrology frame, whfle the thfrd measures distance from the platform to a mirror mounted on
the lower end of the tool bar. The two straightedges,equidistantfrom the centerlineof the machine, are
used to create a virtual referencein the plane of the tool so that carrfage or platform rotation about the
x-axis does not introducean Abbe offset error.

The primary errors to which the interferometersare subject are index of refractionvariationsalong the
path and spurfousmixing of the two frequenciesused for heterodynedetection. The former fs primarilydue
to temperaturechanges in the glass optics and atmosphericindex changes along the measurementpath, while
the latter results from errors in the source or polarizationmixing in the interferometersystem. Both
referenceand measurementbeams traverse the same optical path 1ength in the polarizingbeam splitterand
corner cubes, thus mfnfmfzingthe effect of temperaturechanges in these components. The use of left-right
synsnetryin the horizontalmeasurementsand parallel referencesin the verticalmeasurementresult fn gross
cancellationof path length changes due to temperaturedrfft in the quarter wave plates and vacuum windows;
only differencesbetween fnterferometertemperaturescause apparentmotfon.

The interferometricmeasurementsare isolated from atmosphericeffects by enclosfngthe fnterferometer
and all but a small gap of the measurementpath fn vacuum. The two vertfcal referencemeasurementpaths
are enclosed fn solfd tubes, while all other interferometermeasurementpaths are enclosed fn welded metal
bellows to permft the requfred travel. The horizontalmetal bellows are self-supportingbecauseof the
externalatmosphericpressure;thereforeno slfdingcontact elements or dynamfc seals are present to
influencethe axfs drfves.

CapacitanceGauges

The fnterferometersystem provfdes sufficientinformationto determfnethe posftfon of the tool wfth
respect to the metrology frame. Positfon of theworkpfece relatfve to the metrology frame fs determined
by capacitivesensors mounted to metrology frame extensionswhfch measure drfft of the outer edge of the
spfndle faceplate. Two capacitancegauges are used at each edge of the faceplateto provfde measures of
axial, radial and tilt motfon; the fourth independentsfgnal combinationof the four sensors should remafn
constant,and provfdes a check on system stabfllty.

Each capacitancegauge consists of a differentialafr gap pafr of electrodesthat use the spindle
faceplateas a comnon ground electrode. The electrodesare thin fflm chromium depositson a Zerodur plate
which fs positionedfn slot machfned into the spindle faceplate. A nomfnal air gap of .004 inch was chosen
as a compromisebetween consideratfons of sensftivity,hydrodynamicc force from the shearedair film, and
ease of assembly. The total plate area of the gauge fs approximatelyone square fnch; isolation from
parasftfc capacfty fn the leads is provfded by an equfpotentfalshfeld. The capacitancegauges exhibft
an output nofse equivalentof 5 Angstroms rms fn a bandwfdthof 500 Hz, qufte sufficientfor the fntended
operatfon. Attempts to measure the lfnearftyand stabflityof the gauges have resulted fn fnstrumentation
lfmfted values indicatingthe gauges exceed O.l%lfnearfty and 0.1 microfnch stabflfty.
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Passive Components

Three regfons of the metrologyloop must be completedwfth passfve components:Connectionof the
interferometerbases (or horizontalstraightedge)to the capacitancegauges, connectionof the spfndle
faceplateedge to the workpfece,’andconnectionof the lower end of the tool bar to the tool tfp. In all
three areas, super invar fs used to provfde a stible, low CTE mechanical connection,while Zerodur fs used
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exclusivelyfor optfcal references. The initfal selectionof super invar for structuraluse was prmnpted
by the CTE and temporal stabilitydata reportedby Berthold,Jacobs and Norton2. Subsequentmeasurements
at LLNL, while not identical,confirmed the suitabilityof the materfal. In particular,the ability of
properlywelded joints to retain the desirablepropertiesof the parent material was verified.

The major passfve component of the metrologyloop is the metrology frame. This is a 3,000 pound welded
box-beam type structureconnectingthe fnterferometersand capacitancegauges and surroundingthe machine
work zone. The metrology frame is mounted to the LOOl?4mainframe in three places using blade-typeflexure
supports. As a result, the metrology frame suffers only rigid body rotationand translationdurfng machfne
operation,whfle the mainframe deforms up to 250 microinches.

The spindle faceplatefs also a 3,000 pound super fnvar structure. It consists of two 1.5 inch thick
plates separatedby a 9 fnch layer of super invar honeycomb. The honeycomblayer is spfral wound, so that
there is not a preferredangular orientationfor radfal elastic deformation. Capacitancegauge reference
qrooves are machined into the upDer Dlate, while the lower plate is Tapped to provide a flat surface for the. . .
;pindle thrust bearing.

Drive System

!!!?SK@

The design of LOOTM moving parts relies heavilyon the use
externallypressurizedbearfnqs in the LODTM, using either afr

.

of fluid film bearings.
or one of three oils as

In all, there are 26
a working fluid. The

tool bar ~s”supportedon a sy;tem of 14 identicalair bearings,each with four separate film qu~drantsand
feed systems. Each of these feeds incorporatestwo restrfctersand an intermediatedampfng chamber to
provide enhanced stabilityand act as a damper for resonancesin the main machfne weldments. .Indeed,impact
testingconfirms that these bearings reduce the resonantresponseto tool bar loading in the vicinftyof 100
Hz by 10 dB.

The tool bar motion assembly is in turn mounted on a 3,700 pound carriage which provides x-axis motion.
Thfs carrfage is supportedon fluid bearings ridfng on a flat way on one side and a 90” vee way on the
other. Two bearings are providedon the vee way to constrainrotation about the z-axis. All of these
bearings are externallycompensatedbearings using very high viscosity silicone based ofl as operating
fluid. This oil was chosen to provide maximum shear dampfng for the drive servo loops, and has the
additionaladvantageof hfgh squeeze fflm dampfng and low flow rates. The latter characteristicmakes
practical the use of a non-cyclingblow-downoil supply.

The LODTM spindle fs supportedby separateradial and thrust bearings. The radial journal bearing is a
3.5 inch diameter step bearing 3.5 inches long. A lfghtofl is used as the working flufd fn thfs bearing
and gaps of 300 and 600 microinchesare used to supply stabflity. This bearing is also suppliedwfth water
cooling passages on both the fnside of the rotor and the outsfde of the stator to prevent heat generated
from shearing the oil film durfng operation from reachingother parts of the spindle assembly.

The thrust bearing fs a 42 inch diameter2 fnch wide annular step bearing which utilfzes the flat lower
surface of the super invar spfndle rotor as the rotetfngelement. This bearing uses a Tow vfscosftyoil as
?ubricantand has gaps of 500 and 800 microinches. The bearing stator fs constructedof brass and has an
integrallymachined water heat exchangerto dfssipateheat resultfngfrom oil fflm shear. To insure the
stabilityof the spfndle rotor and the axfal and angular error motion of the spfndle, it is necessaryto
maintain the figure of the thrust bearfng stator regardlessof workpieceweight. This is accomplishedwith
a combinationof three-pointmounting of the thrust bearing stator support and a pressurizedtrapped-volume
ofl film weight relfef which maintains constant load on the three mounting points. Squeeze fflm damping in
the trapped 011 film provides dynamic stfffness fn excess of that present due to the kinematfcmounts.

Axis Drives

The primary actuators for both x- and z-axfs motfon are capstan drfves, each consistingofa two inch
dlam&ter smooth steel roller driving against a flat steel bar approximatelyone inch wfde. Aslfght barrel
has been ground onto each roller, so that the actual Hertzfancontact fs anelipse with a large aspect
ratfo. The rollers are supportedon both ends by 3.5 inch dfameter step-typeoil bearfngs,whfle the x
and z drive bars are continuouslymounted to the main frame and to the tool bar, respectively. Each roller
fs directlycoupled to the rotor ofa D.C. torque motor, eliminatingthe backlash typical of gear reduction
or leadscrewdrives. The only source of apparent ‘frfction’fn themechanfcal partofa drive is elastfc
hysteresisin the contact zone and geometricalimperfectionsof the bar and roller. In practfce,with
approximately100 pounds of normal force on the contact zone, these effects are much smaller than the
fnternalbrush frictfonand magnetfc torque of the drfve motor and tachometer.

Uhile these drives have proven to have very hfgh resolution,thefr maximum drfving force is lfmited by
the normal pressure in the contact zone and the coefffcfentof frfctionbetween hard metal surfaceswith oil
present. This limits the drives to a force of about ten pounds. As this force fs insufficientto overcome
the spring force due to the numerouswelded metal bellows used for vacuum optical paths, another actuator
had to be provided to supply bfasfng force wfthout exhibitingstiffnesswhfch would interferewith the
action of the capstan drives. An additionalset of welded metal bellows enclosinga servo-controlled
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pressure ranging from vacuum to several psi below atmosphericpressure serves this purpose. In the z-axis
motion control system, these auxiliarybe~lows also support the static weight of the tool bar. The pressure
in these bellows is maintainedbelow atmosphericso that they, like the horizontaloptical path bellows,
will be self-supporting. Each servo-controlloop senses the average current to a capstan drive motor,
attemptingto maintain it at zero.

EnvironmentalControls

It is critical that the LODTM be effectivelyisolated from vibrationand maintainedat constant temper-
ature. The former requirementhas been met byuseof isolatedmounting anciaccoustlcshielding. The LODTM
mainframe rests on four air isolators,two of which have been interconnectedto provide a three-point
kinematlc support. These four isolatorsare mounted to concrete piers which are independentof the concrete
structuresof the surroundingbuilding. In addition,all major vibrationsources such as air compressors
and air conditioningequipment in the surroundingfacilityare mounted on independentconcrete slabs.
Accousticvibration isolationis achieved by surroundingthe machine with a heavy-walledenclosure covered
with sound-absorbingpanels. This enclosure is containedwithin a high-bayexperimentalarea whose walls
are double-studdedand filled with insulation. All support equipment such as cooling 1iquid systems and the
contro? computersare housed outside the high-bayarea.

The ambient temperaturein the enclosure is maintainedby a recirculsting-flowair conditioningsystem
based on a variable flow water-air heat exchanger. This air conditioningsystem maintains a constant air
temperaturewithin 0.01“F. Critical LOOTM systems are temperaturecontrolleddirectlyby water flow.
Channels constructedin the spindlejournal and thrust bearings serve this purpose, as do double-walledpanels
surroundingthe metrologyframe. The water suppliedto these systems is conditionedto constant temperature
within 0.001“F through the use of variable-flowwater-waterheat exchangers. Al1 temperaturecOntrOl water
entering the machine enclosure is gravity-fedto avoid exciting the machine with pump vibrations.

.-
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