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DIAMOND TURNING-OPENING A NEW LASER DESIGN DOOR |
THEODORE T. SAITO

DIRECTOR, AEROSPACE SCIENCES
Frank J. Seiler Resesrch Laborstory
USAF Academy, CO 80840

ABSTRACT

sbout dismond turning. The history and development of diamond turnin
reviewed including personsl insights from being with the technology fr]
its esrliest stages. Applicstions which have demonstrated the unique
copabilities and sccuracies for difficult geometries are given. The
state-of-the-art review includes sccuracies, sizes, and weights.
Developing diamond turning production cspsbilities and the impsct of d
DoD Msnufacturing Technology Transfer program is summarized. Rules of
thumb and insights into when dismond turning or other optical fabricsat
techniques should be used sre slso given. Future laser resonstors may
depend on dismond turning for sxicon, reflaxicon, snd waxicons. The
DARPA sponsored Lsrge Optics Dismond Turning Machine (LODTM) is
summerized. LODTM will hsve a capscity for

1.6 m dismeter parts to be machined to 2.0 u" (500 A) rms figure sccur]

This psper will be of specisl interest to those wanting to find OUtJ

INTRODUCTION

This peper will briefly review diamond turning of optics background
the technicsl stimuli that initisted our interest. A few specific
exsmples of dismond turned components will be given not only to show t
accuracies that can be obtained, the resulting design flexibility, but
3lso the wide fields of applicstions besides optics. I also discuss
dismond turning in use. We'll see how cost savings hss been 3 msjor
driver for the DoD's dismond turning commercislizstion progrsm. I wil
summerize some of the manufacturing technology programs with details
about the Percision Mechining Commercislization (PMC) program sponsore
by the Air Force snd the Army. Results of the commercislizstion progr
have been very encoursaging ss cen be seen by the number of orgenizstio
thet now cen do dismond turning and sccurscies they achieve. The stat
of the gsrt will be summorized. Finslly I will give @ brief descriptio
of the Large Optics Diamona Turming Mschine, (LODTM) being developed b
the Lawrence Livermore Nstionrnsl Laboratory. This mechine will achieve
sccurecies of better thsn 50nm (2 ") for dismeters up to 1.6 meters.

BACKGROUND

Disamond turning of optics is the use of a diemond tool on 8 precisiol
lathe under very preciselv controlled mschine and envir?nmental
conditions to fsbricaste s finished opticsl component. (1, 2, 3, 4) 1t
is 3lso been known 3s micromschining and precision surface generation
(PSG). The technology was primerily developed in the Depsrtment of
Energy (formelly the Atomic Energy Commission). There were two msjor
developments which impscted g*amond turning. One was the air besring
spindle developed st Y-12. (5)The air besring provided the crucisl veri

smooth rotation. Rotstionsl sccurscies on the order of 25 mnm are now
possible. A second msjor development wass the incorporstior by the




Lawrence Livermore Nationa} Laborstory of the air bearing spindle on 3
Moore Messuring mschine (6), Livermore took advantage of the very
sccurate motions of the X and Z axes snd combined thast with the accurat
rotation of sn air besring spindle. The crucisl element of dismond
turning is the single point diamond tool. A gem like quality ciamond
fabricsted in the shape of 3 tool will cut without a3 built up edge and
with minimsl tool wesr on compatible masterisls. Wherever the tool is
directed 8 resulting surfasce (3 figure of revolution) is cut. Theref#
the asccurscies that one csn schieve for the motion of the tool relstive
to the work piece sre translated directly into work piece accursacies.
This technology now makes components feasible with an accuracy of s few
microinches.

In 1973 Dr. Reichelt brought s dismond turned mirror to my lsboratory
to have the 10.6 micrometer reflectivity messured. We were startled to
find the reflectivity of a machined piece of copper to be sbout 99%.
Some of the best 10.6 micron reflectivities that I had messured on mets
(even ultrs-high vacuum ?f?osited on surfaces smoother thsn 20 A rms) w
Just in excess of 99%. The technical stimulation for diamond
turning therefore was the high reflectivity and the exciting possibilit
of cutting figures of revolution and freeing ourselves from Eh?
constraint of conventionsl optical fabricstion technigues. 1) The Los
Alamos Scientific Lsboratory snd the Air Force Weapons Laboratory funde
development efforts to improve the figure sccuracy and the surface fini
of diamond turned optics. These programs centered on the deterministic
philosophy to find whst portions of the machine was limiting the accurs
and then improving these components to get better accuracy. If the
errors were repestable, they were sometimes compensated for. Of course
the preferred technique wss error removal. These development programs
were primsrily st the Y-12 plant st Oak Ridge, Tennessee. There were
other developments going on in perallel st the Lawrence Livermore
Nationsl Laborstory.

EXAMPLES Let us now consider several examples demonstrating the accurag
snd flexibility that dismond turning mskes svsilsble. In conjunction
with the University of Californis at Berkley, LLNL dismond turned and
polished 3n extreme ultraviolet telescope which was used in atrophysicaj
studies.(7) The opticasl components of this telescope were first coasted
with electroless nickel, then dismond turned and finslly polished. It
was polishedg to minimize the diamond turning merks and smooth the surfad
for the very short extreme ultrasviolet wsve lengths. Another interestin
example is & linesr compound axicon, 8lso called a waxicon. This 30 cm
(12") dismeter optic wss cut from s single piece of copper. It is
composed of two axicons, one concave, the other convex. Both are S0
degrees in angle. The sides are straight to better then 125 mm
pesk-valley (5 u"). The angle between the concsve snd convex cone wes |
sccurate to better than 2 grc seconds. This linesr waxicon is san o
interesting demonstration of mechining an optic with a single degree of
freedom cuts. The concsve section wes cut using the x-axis drawn in 9
straight line and then the X-axis was stopped and locked snd the convex
section wes cut using the Z-axis drawn in 3 straight line. The sccurscy
of the sngle between the concave and concave section results from the
sccuracy of the slignment of the X & Z axis. The last example is 3
compacting Gaussian waxicon. This optic trensforms sn incoming annulsr
besm of uniform intensity into 3an outgoing besm which is Gaussian in
intensity. This waxicon is not described by s closed form eguation. In
fact the shape wss designed by s computer which sstisified the two
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boundary conditions of (1) having an Gaussian intensity output and (2)
hsving 8ll the rays hsve the same pasthlength to conserve phsse. This
?%?ce was cut to an accuracy better than 1 1/2 waves in the visible.
In saddition to optical components another interesting spplicstion
of dismond turning is millimeter waveguide parts for traveling wave tq
(TWT). Dismond turning these parts not only present 3 possibility of
saving money but slso reducing sssembly time by making each part both
more accurstely and reproducibly (to better than 250 nm) (10 microinche

Msterisls thst sre presently compatable with diamond turning includ
metals (aluminum, brass, electroless 'nickel, copper, berrylium copper,
gold, silver, platinum, and lead), transpasrent materiasls (plastic and
lithium niobste), infrared materisls (zinc selenide, zinc sulfide,
germsnium, NaCl, KCl, CafFp, Srfy and silicon).

Although some work st Livermore to diamond turned glass has been
promising, glsss opticsl components have not yet been diamond turned b
Livermore. Also ferrous materisls are incompatable with aiamond turni

Why does dismond turning save money? Whereas spherics (and flat) ar(
natursl geometry for conventionsl polishing techniques, 3sspheres and
optics with criticesl geometric specifications require expensive
craftmanship. The hours and hours of time that 3re required to make
special optics can often be saved by dismond turning. Cost saving’
estimates for dismond turning have run to the millions and millions of
dollars. However one must be careful about using diamond turning in a]
situstions. Diamond turning is more economicsl when, (1) aspherics arﬁ
required (2) there sre unusual geometrical constrsints. These unusual
geometric constraints asre:

8 . CENTERING: Spheres are essier and more economicsl to polish, than
dismond turn. However if thast sphere must be centered very precisely,
for example when it is used in Egnjunction with an asphere, then diamq
turning mey be more economicsl. )

b.ANGLES: Consider s rectanggé?r mirror which has sides that sre fl4
to 3 half wave in the visible. This flatness requirement is not
difficult to achieve in polishing, however the sides must also be
oriented to esch other within 2 arc seconds accuracy. Achieving flatndg
in conjunction with sngular accuracy drives the cost of this mirror upq
In fact H?nsywell Electro-Optic Center has been able to save
$500,000(10)ysing dismond turning instesd of polishing.

c.REPEATABILITY AND SIZE: Dismond turning mey be more economical to |
put on simple surfaces such as flat or spheres when the total size of
the pasrt sre important. Precise and repestable size mekes opticsl
sssembly esasier. What we sre seeing then is that reduced sspheric
fabrication costs plus improved sccuracy and performance sre resulting
significant design flexibility. Whereas desigrners in the past were
constrained from including aspherics because of fabrication cost, they
are being driven to using aspherics becsuse of the needs for higher
resolution and weight reduction. (Reducing the number of sphericsl
components) Diamond turning makes it fessable and in fact attractive tg
include such aspherics in their systums. '
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ODIAMOND TURNING IN USE

Surveys of various orgsnizastions have shown that optics are often timg¢
the lesding cost driver snd schedule constraint for msjor programs. An
Air Force industry-
electronics-mesnufacturing-cost-reduction study estimated that $120
million savings in electro-optics wass possible. In sadition to applying
diamond turning to lasers there were needs for optics in the Army and tﬂ
Nsvy which would benefit from diamond turning. Therefore the Air Force
Materisls Lasboratory established 3 program "Msnufscturing Technology fo}
Precision Machine Tool Technology. A mejor portion of this program was
the Precision Maschining Commercislizstion (PMC) Program at the Lawrence
Livermore Nstionsl Lasboratory. The objective of this prograsm, funded b
the Air Force and the Army, wss to stimulste industry interest in DOD
spplication of diamond turning snd to expedite the technology trsnsfer
as to reap more immediste cost savings.

PMC had four major tassks. The first task wss documentation. It wss
necessary to have written descriptions of important dismond turning
components and technologies . Another very importsnt aspect of
documentation was an estimste of the associated cost. This dats was
needed by mansgement considering diamond turning, since the estimated
cost wss sbout $1 million. The second task wss seminsrs and workshops.
These seminars got experts in the field together with engineers anag
appropriste management people to discuss the technology and the
advisibility of getting involved in diamond turning. Workshops were
designed to give hands-on experience in the how-to's of diamond turning/
Attendence was limited to 15-20 attendees to foster personpgl intersactio
and individuel instructions. To stimulate the particiption of machine
tool builders, one workshop was held st each of the msjor dismond turni
machine manufscturers. The third task was technicel sssistance which
included specific advice on dismond turning demonstration psrts or
one-gn-one discussions of dismond turning applicstions. The fourth tas@
wags consylting. This involved actusl mechine tool checkouts and resl
time problem solving which wss holding up production.

The results of PMC have been very encouraging. Honeywell has benefit]

from PMC inputs snd is now producing diamond turned optics. Kollmorgen

hss formed the (IntOp) division devoted to dismond turning. In additio

there are now two major orgsnizations offering turnkey dismond turning

machines. One is the Moore Specisl Tool Compeny end the other is Pneumqg

?ercision Inc. Present diamond turning cepsbilities are summarized in
sble 1.

THE LARGE OPTICS DIAMOND TURNING MACHINE

The lsrge optics diamond turning machine is s next generation mschine
being built especially for sxicon-like optics. Or. Robert Donsldson of
the Lawrence Livermore Nationsl Laboratory is the project lesder for thﬁ
program which is being funded by the
Defense Advasnced Resesrch Project Agency (DARPA). The gosl is to machin
3 1.6 meter dismeter optic to an accurscy of better than 50 nanometers (
microinches) rms. The meximum weight of the work piece and fixture is
1000 kilogrsms (2200 pounds). LODTM incorporates state-of-the-art
technology. This will include 3 vertical spindle sxis, 8 bridge
construction and real time tool psth methology with laser
interferometry. It slso will include 3 metrology frame from which
megsurements will be taken to achieve this extremely tight sccurscy
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tolersnce. Interesting innovstions for LODTM sre 3 traction drive ro
positioning system snd the possible use of 3 control system to compeny
for spindle error on esch revolution for the spindle errors.

CONCLUSIONS

Diamond turning is an sccepted opticsl fabricastion technology. Tod1
designers sre starting to take sdvsntage of the flexibility it gives.
Commercisl production capebility for infrared optics now exist as
especislly well demonstrsted by Honmeywell. In the future opticsl des|
will be incorporsting more and more aspherics. Becsuse of these unusy
shapes thast will now be possible, optical metrology will become more
complicsted. Finally LODTM will push the state-of-the-srt accuracies

bigger dimensions and have spin off improvements for smsller diamond
turning optics.
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TABLE 1

"SUMMARY OF DIAMOND TURNING CAPABILITIES"

MA X
DIAMETER
MM w/0
m
W/NC NC
280 400
25
1,000 -
7.5
380 -
20
400 360
75
300 460
20
81aQ -
50
1070 305
75
100
360 500
75
2,600 ?
?
2,032 -
50

...........
..............

MAX NUMBER
WEIGHT OF MACHINES
KG W/NC W/ONC (P-V)
w/n FLAT
W/NC NC m
23 45 2 4 3 0.08
230 - 1 0 0.5
35 - 2 0 0.5
45 45 2 1 0.3
90 90 1 4 0.1
180 - 3 0 0.1
180 68 2 2 0.1
90 90 1 1 0.1
45 68 1 3 3
135 ? 1 ? ?
545 - 6 1 0.8
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