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ABSTRACT 

The meeting for "Coordinating Precision Machining of Optics 
Research and Requirements" on September 18, 1975, was sponsored by 
the Air Force Weapons Laboratory at Kirtland AFB, !.'M. These pro
ceedings contain an introduction to the meeting inc uding a brief 
description of the participants and the objectives. The developments 
and capabilities of Union Carbide Y-12 plant are described in detail. 
A short summary of the new Moore #5 machine at Bendix, Kansas City, 
Mo. is included as well as a description of using light scattering 
for roughness characterization at Rockwell International, Rocky 
Flats, Colorado. The executive summary of the meeting mentions some 
of the discussions that also followed. Important conclusions of the 
meeting were that a 5 year lead time is required to obtain a machine 
and acquire the necessary skills for precision machining, and that 
demands for diamond turning optics will be increasing. 

Work performed under the auspices of the U.S. Energy Research and 
Development Administration under contract No. W-7405-Eng-48. 



I. INTRODUCTION 
T. T. Saito 

Dr. Walt Reichelt of the Los Alamos Scientific Laboratories (LASL) 
was one of the first stimuli for applying diamond turning to the fabri
cation of optics. This technology had been primarily developed in the 
Atomic Energy Commission (now called the Energy Research and Development 
Administration, ERDA). Since that time LASL and the Air Force Weapons 
Laboratory, AFWL, have been the lead laboratories promoting the applications 
and special machining developments required for the fabrication of optics. 

The optical properties of diamond turned optics, especially metals are 

outstanding. The reflectivity, absorption, light scattering, are equal to 
if not better than metals prepared by conventional techniques. Many of the 
papers given at the "1974 Machining of Optics Workshop" in Boulder, Colorado, 
are published in the August 75 Applied Optics, including my paper "Machining 
of Optics: An Introduction" which reviews some of diamond turning history. 

As the optical properties of diamond turned components became better 
known many additional possible applications have developed. With these new 
applications additional research is contemplated. Dr. Reichelt suggested 
that a meeting to coordinate research and requirements would be appropriate. 
Therefore, this meeting was organized to meet the following objectives: 

1. Review the recent developments in the area of precision machining. 
2. Survey and coordinate present funded research and development efforts. 
3. Predict and analyze future research and development requirements, as 

well as possible production applications. 
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The agenda for the meeting is included as Appendix A. 
In order to describe the span of interest I shall discuss the 

attendees. Col. Russ Parsons, Chief of the Laser Development Division 
and Lt. Col. Ron Prater, Chief of the Optical Systems Branch have given 
top level support to AFWVs participation.. They have foreseen the po
tential applications and benefits of diamond turning to the Air Force 
Laser program. Capt.Jim Buckmelter has been investigating multi-layer 
dielectric reflectivity enhancement coatings on diamond turned optics. 
Or. Jack Hanlon of AFWL's Advanced Laser Technology Division has been 
designing novel resonators which depend heavily on diamond turned com
ponents such as torics, compound axicons, and parabolic modified axicons. 
Much of AFWL's research is aimed at fulfilling Dr. Hanlon's requirements. 
Although first resonators will be used at 10.6 urn future applications |' 
anticipate shorter (3 and/or 5 vm) wavelengths. Major Ted Saito is j 
assigned to AFWL but is detached to tne Lawrence Livermore Laboratory (LLL) |' 
to coordinate the ERDA-DOD Machining of Optics Progreit. | I LASL was represented by Dr. Walt Reichelt who has been investigating | 
the U.S. optical industries capabilities for fabricating large (greater than f 

30 cm diameter) aspherics and whose program heavily relies on the diamond I 
turning capabilities or the Union Carbide Y-l? Plant at Oak Ridge, TN. 

The diamond turning team of Y-12 was represented by Mr. Fred Jones, the 
Fabrication Systems Development Group Chief, Mr. Phil Steger, and Mr. Bob 
Schede. Mr. Bill Dritt is the spokesman for Y-12's administration. 
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The diamond turning team from LLL was represented by Mr. Jim 
Bryan who leads the LLL team and Mr. Bob Berg, the Materials Fabrication 
Division Leader. The Laser Fusion program (Y-Program) at LLL was re
presented by Mr. Perry Wallerstein who is an optical specialist 
responsible for obtaining the V'-Program's optical components. 

Bendix, Kansas City, Mo., and Rockwell International, Rocky Flats, 
Colorado, are entering the ERDA diamond turning community. Mr. Dsve Setter 
described the design and concepts regarding the Moore #5 machine and was 
accompanied by Mr. Bill Harte'\who performs surface characterization at 
Bendix. Mr. Ciiuck Durbin of Rocky Flats described his Alpha-Theta 
machine and was accompanied by Dr. John Stover who has been using light 
scattering to characterize surfaces. Mr. Setter's description of the 
Moore #5 machine and a paper from Dr. Stover are included in these pro
ceedings. 

In addition to AFWL's interest, Dr. Don Dekker of the Naval Weapons 
Center represented both Navy and Army interest in DOD laser program. Dr. 
Tom Norwood of Redstone Arsenal is sponsoring research performed by 
Dr. Dekker including the analysis of diamond turned surfaces Dr. Dekker 
anticipates purchasing a small diamond turning machine to fabricate 
samples for their study. Dr. Dekker, Dr. Norwood and Major Saito will be 
cooperating in the study. 

Applications other than the DOD laser program were represented by 
several organizations. Mr. Cliff Fountain of the Naval Weapons Center has 
been investigating the possible production of a mirror for the Navy's Aim 
9-L missile. Y-12 has sent a quotation for producing the mirrors. Ms. 
Valerie Olsen of Hughes, Canoga Park, CA, represented Mr. Roger Cranos of the 
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AF Avionics Laboratory for Optics concerning the maverick missile program. 
Mr. Floyd Johnson of Honeywell, Lexington, Mass. represented the AF 
Materials's Laboratories interest relating to Air Force Forward Looking 
Infrared (FLIR) and IR scanner optics. Mr. Larry Sharper of the Frankford 
Arsenal represented the Army's anticipated optical requirements and Mr. 
Chuck McBurney of the Rock Island Arsenal. Mr. Sharper advises Mr. McBurney 
who is the sub-committee chairman for the Electronics-Optics committee of the 
Manufacturing Technology Advisory Group (MTAG). Major Saito has contacted 
Mr. McBurney about the possible Army funding of expanding diamond turning 
techniques to facilitate production of optics. 



V. EXECUTIVE SUMMARY 
T. T. Saito 

The presentations pointed out that diamond turning is in the mature 
portion of its growth curve such that expectations for near time orders 
of magnitudes improvements are unrealistic. A sustained program patiently 
seeking significant improvements will have the best probability of success. 

Figure 1 summarizes the AFWL funding history of precision machining 
for the fiscal year of the funds source. It is not always easy to differ
entiate between R & D and hardware expenditures. Much of the R & D is 
directly related to a particular hardware requirement. For example, the 
development of a fixture to rotate the spindle with respect to the ways of 
the tool holder is being done so that axicons can be accurately cut. The 
hardware expenditures for FY 76 and the research and hardware for FY 77 
are my estimates. 
Present Research 

AFWL has two research projects at LLL. Mr. Alan Frank is the principal 
investigator of a study to clean diamond turned optics. The objectives are: 

To better understand the effects of contaminants, cleaning techniques 
for diamond turned optics: 

a. To effectively clean parts of fabrication by-products and to 
clean after use. 

b. To improve laser damage resistance. 
c. To optimize a cleaning technique while gaining quantative under

standing of its effects. 
d. To obtain better adherence of dielectric coatings on (DTO). 
e. To develop quantative and operational methods of measuring cleanliness 
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Laser damage testing of the samples will be done in cooperation with the 
LLL Laser Fusion Program, LASL Laser Fusion Program, and the Army sponsored 
research at the Naval Weapons Center, China Lake, California. The other 
research project is an attempt to take advantage of the reproducibility of 
the diamond turning machine co improve the quality of contoured parts with 
piezo electric correction or biasing the tape for the numerical control. It 
is hoped that this phase will be jointly funded by the LLL Laser Fusion Program. 

Research at Y-12 is in five different areas. AFWL is interested in ex
panding the scope of materials which can be precision machined. Machinability 
studies will be performed to see what materials can be cut with diamond tools 
and what possible optimizations of optical qualities can result from varying 
machining parameters. Laser window materials are of particular interest. 
AFWL is cooperating with Dr. Perry Miles of Raytheon. Studies are contemplated 
to overcome the incompatibility of diamond with certain materials such as 
molybdenum and glass. We suspect that the mechanism of catastrophic tool wear 
is the diamond changing to graphite under the high temperatures and then being 
soluble in the material. In addition to studies of the diamond tool.research 
in the area of possible new tool material could be fruitful. 

In a similar vein, Y-12 is investigating'two material problems. Cai'bon 
composites pose an attractive alternative to the conventional methods of 

fabricating water cooled mirrors. One of the major anticipated problems is 
the bonding of a faceplate to the substrate. A major problem in the fabrication 
of optics by any fabrication technique is the stability of the base material. 
We anticipate both theoretical as well as experimental investigations of the 
stability problem. 
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AFWL is interested in improving the quality of precision machined 
optics. One very encouraging project is to correct for the longer spatial 
wavelength errors with a laser interferometer. Initial feasibility studies 
for this work were partially sponsored by AFWL. The shorter wavelength 
errors are too short to be effectively corrected with the laser inter
ferometer. An attempt is therefore being made to remove the source of the 
error by substituting a roller reduction system in place of the gears. 
The system will first be fabricated and evaluated in the laboratory before 
a decision is made regarding installation on one of the axis of the Moore 
Machine. 

An essential step in any optical fabrication process in metrology. Y-12 
has excellent capabilities to measure surface contour using stylus or similar 
non-contact measurement techniques and has had experience measuring large 
flat and spherical diamond turned parts for LASL. Interferometry offers a 
more sensitive method of measurement for parts such as the axicon. He are 
investigating the possibility of enlarging the interferometer size capacity 
at Y-12 to measure the AFHL parts. AFWL is also cooperating with LASL to 
incorporate measuring techniques developed by the University of Arizona. The 
University of Arizona is under contract to LASL as will be described later. 

The final area of study at Y-12 is related to diamond turning water 
cooled optics. In addition to providing consultation service to manufacturers 
of water cooled mirrors, some initial studies in anticipated problem areas 
may be done. For example, a parabolic modified axicon will be fabricated from 
a solid molybdenum block as a test piece to develop electroplating techniques. 
The axicon will either be used for the resonator studies being performed at 
Westinghouse or by Dr. Hanlon at AFWL. 
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Jack Quella of Rocky Flats and I have been cooperating on an ion 
polishing study. The ion polishing was performed using AFWL FY 75 funds 
and the evaluation of the samples is continuing. Initial results of the 
evaluation will be available in my report "Polishing and Characterizing 
Diamond Turned Optics" which is presently awaiting USAF clearance. 

LASL is sponsoring the upgrading of a large Excello lathe at V-12 for 
the fabrication of large optics including metal off axic parabolas. Much 
of the earlier Excello upgrading was performed under LASL sponsorship. The 
University of Arizona is also under contract to LASL and part of their 
study includes the feasibility study of developing insitu testing techniques. 
One technique being considered is two wavelength holography. LASL is also 
interested in the possibility of developing a polishing machine to be in
corporated with the precision machining equipment. 
Recent Results 

Dr. Jack Hanlon of AFWL-ALO (Advanced Laser Technology Divisiiin/Optics) 
has designed several new resonators which employ optics which are well suited 
for fabrication using diamond turning techniques. Figure 2 is a sketch of 
compound axicon which is used to form an unstable resonator. The sides of the 
compound axicon are at 45° to the center line of the resonator. The axicon 
is a figure of revolution about the center line. Table 1 summarizes the pro
perties of the compound axicon which was fabricated from OFHC CDA 1C1 copper 
which was annealed before final machining. 

Hi 
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TABLE 1 Properties of Compound Axicon 
Peak-Valley Straightness 1250 A (5 p") 
Angle 3 sec (15 prad) 
Flatness of back 0 

before turning 5600 A (22 v") 
O 

after turning 5600 A (22 n") 

The outstanding properties of the compound axicon reflect the teamwork 
of the AFWL-LLL-Y-12 team. The time history of the fabrication process is 
also very impressive. The concept of an axicon was first communicated to 
me on 30 Dec 75. After receiving the initial drawings in late January, 
design modifications were made after consulting with Mr. Jim Bryan. The 
first part was turned by Y-12 and sent to LLL where it was tested by the 
Optics Lab and by the physical metrology shop under the direction of 
Jim Bryan and I. The first part was delivered in early July to AFWL. 
After discovering that stability of the copper blank was related to stresses 
of the machining process, we annealed the copper blank before the final 
machining. It was necessary to lap or diamond turn the back flat so that 
no distortion would occur from how the part was held. The compound axicon 
with a diamond turned holder was delivered to Westinghouse who will be per
forming some of the resonator concept evaluation in mid-October. For less 
than S40K AFWL obtained three Picons, two axicon holders, two annular flats, 
and two annular holders! All these optics are about 12" (30 cm) diameter. 
The mirror holders were diamond turned flat so that minima] distortion would 
result from careful cinching the mirror to the holder. 
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Present Capabilities 
The precision machining capabilities of Y-12 are discussed in detail 

in the paper by Jones and Steger. The capabilities of their plant is 
summarized in Table. 2. It is important to note that Y-12 has been con
servative in their estimates and that parts with better specifications 
than those listed have been made. 

The summary of errors of the two diamond turning machines at LIL are 
in Table 3. A significar* difference between machine #1 and #2 is the 
straightness error and repeatability. Attempts to take advantage of the 
repeatability of machine i?2 are being made using an electronic corrector 
bar which will compensate for the straightness error. The electronic 
corrector bar has been partially financed by AFWL. The capabilities 
of the LLL machines are given in Table 4. 

Measurement of surface finish of diamond turned mirrors yields con
troversial results. FECO and light scattering measurements made by the 
Bennetts of the Naval Vfeapons Center indicate surface roughness less than 
20 A rms. Measurements with micro-interferometer indicates the presence 
of "grass' on the fringes caused by a rough surface of the order given in 
Tables 2 - 4 . 
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TABLE 2. 

Moore Lathe Ex-Cell-0 (Upgraded) 
Flat reflectors: 
Flatness up to 6" diameter ; 
Flatness up to 25" diameter 
Flatness up to 80" diameter 
Surface Finish* 
High f/number shapes 

Shape Tolerance up to 6" diameter 
Shape Tolerance up to 25" diameter 
Shape Tolerance up to 80" diameter 
Surface Finish 
Low f/number shapes 

0.3 m (12 pin) 0.38 nn (15 win) 
1.2 nit (48 pin) 1.5 nn (60 uin) 

6.4 pm (250 pin) 
80-200 A(.3-.8 pin P-V) 250 A (1.0 pin P-V) 

0.38 urn (15 pin) 
1.5 pm (60 uin) 

0.5 pm (20 pin) 
2 pm (80 pin) 
7.5 pm (300 pin) 

200-250 A (.9-1.0 
pin P-V) 750 A (3.0 pin p-V) 

0.45 urn (18 pin) 0.5 pm (20 pin) 
1.9 Pin (75 pin) 2 pm (80 pin) 

7.5 pm (300 pin) 
500-625 A (2-2.5 pin P-V)750 A (3.0 pin P-V) 

*Based upon multiple beam interferometer determination. P-V is peak to valley which 
is about four times greater than rms. 

Shape Tolerance up to 6" diameter 
Shape Tolerance up to 25" diameter 
Shape Tolerance up to 80" diameter 
Surface Finish 

(1) Projected values based upon machine performance before enlargement. 
(2) Includes axicons, toroids, etc. 



TABLE 3. LLL Precision Machining Capabilities - Error Summary 

Machine #1 
u" ivm) 

Machine #2 
v" (um) 

Displacement error 35 (0.9) 60 (1.5) 
Displacement repeatability 8 (0.2) 1 (0.03) 
Reversal error 200 (5.1) Z (0.5) 
Control system resolution 0.5(0.01) 1 (0.03) 
Straightness error 6 (0.2) 18 (0.5) 
Straightness repeatability 3 (0.08) 1 (0i03) 
Thermal stability 1 (0.03) 1 (0.03) 
Type of control Stepping motor Closed loop 

TABLE 4. LLL Precision Machining Capabilities 
Machine #1 
u" (wm) 

Machine #2 
w" I urn) 

Best flatness 6" diameter 6 (0.2) 15 (0.4) 
16" diameter 12 (0.3) 25 (0.6) 

Waviness on 2 axis contour 10 (0.3)/0.14" period 5 (0.1)/0.05" period 
Total error 2 axis contour 25 (0.5)/6" dia 40 (1)/12" dia 
Surface finish (peak-valley) 2 (0.05) 4 (0.1) 
Maximum diameter 36" (0.9 ro) 32" (0.8 m) 

Future Requirements 
Before I summarize the future requirements discussions, it is appropriate 

to mention that the presentations by Lt. Col. Prater, Dr. Walt Reichelt (LASL), 
and Mr. Perry Uallerstein (LLL Laser Program) stressed the importance of 
optical fabrication in their program. In many key program areas optics are 
pacing the program in terms of budget and/or lead time. Diamond turning is 
starting to fill some of these needs, but improvements of slope error and figure 
are required for applications shorter than 10 pm. 
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The first question asked of the attendees was "With the present state of 
the art, can diamond turning fabricate parts today which will meet your re
quirements?" Mr. Floyd Johnson has several projects which could use diamond 
turned optics. Some of these projects are already in the production stage and 
he is very interested in getting some feasibility studies done by any_ organiza
tion with diamond turning capabilities to meet his technical requirements. 
With my coordination and assistance, Mr. Cliff Fountain of the Naval Weapons 
Center already has received a quote for fabricating mirrors for the Navy Aim 9-L 
Missile. Ms. Valerie Olsen mentioned several areas of interest, especially a 
ring mirror which she plans to investigate at Y-12 in a joint program with the 
Air Force Weapons Laboratory. Or. George Speake of Hughes is interested in a 
germanium lens for the Navy. The Air Force, LASL, and LLL laser programs are 
already using diamond turned components. A very important point was made that 
aspherics are not used in designing optical systems because of their high 
fabrication costs. Diamond turning offers a significant fabrication step forward 
such that aspheres may become cost effective components. With developing aspheric 
requirements, the demand for diamond turned components will increase. 

With increased machine capabilities especially greater accuracy, forecasted 

demands will be greater. 
Recommendations 

Present production capabilities lie mainly with Y-12. It was suggested that 
a one to two year near term remedy for the increasing demand would be to increase 
the capacity of Y-12. Approaching the Manufacturing Technology Advisory Group (MTAG), 
Manufacturing Technology Branch of the Air Force Materials Lab, and the U.S. Army 
Production Equipment Agency were suggested. The five year lead time for establishing 
a precision machining facility requires great foresight. 
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One of t^e significant problems forecasted by Lt. Col. Prater, 
Ms. Olsen, and Mr. Oohnuon was the restriction of ERDA agencies working on 
a cost reimbursable basis only. It is doubtful whether the government would 
want to supply diamond turned components to a contractor as Government 
Furnished Equipment, because if the component did not meet specification, 
the failure of the system could possibly be blamed on the component. Y-12 is 
looking into possible alternatives to avoii this difficulty. 

1 conclude that diamond turning technology has reached a point where it 
can immediately impact DOD fabrication costs and save more than $1 million. 
A coordinating office or agency between JOD and EROA should be established 
similar to the arrangement between AFWL-LASL-LLL-Y-12, but with higher DOD 
support so as to incorporate all three services. This office would not only 
help in the discussion of technical matters but attack the problem of establish
ing a satisfactory basis for interaction with DOD contractors and ERDA. Another 
paramount problem is the transfer of the technology from ERDA in the scientific 
community to accommodate expanded requirements falling outside of the federal 
government. 
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