
The manufacture of military 
optics at the Frankford 
Arsenal during W.W. II 

By Richard A. Denton 

Iarrived at the Optical Production Department of the 
Frankford Arsenal in Philadelphia early in 1942 and 
was acquainted immediately with the pressing prob

lems besieging the manufacture of military optics. The 
Frankford Arsenal at that time was the center for design 
and testing of all optical "fire control" instruments used 
by the U.S. Army. Included were binoculars, telescopes, 
range finders, battery commanders' scopes, aiming circles, 
and azimuth instruments, etc. The demands of World War 
II increased the personnel from a reported 11 in 1935 to 
1,100 at the end of 1943, but the management of this shop 
was in the hands of several of the 11 people who were 
there in 1935, and, indeed, for many years before. 

The superintendent, my boss, was Ed Fricke and his as
sistants were Bill Crompton, John Schaad, and Lewis Pow
ell, all extremely intelligent individuals skilled in the oper
ations of optics manufacture as were then employed at the 
Arsenal. They had done an excellent job of setting up the 
critically needed larger facility into which we moved in the 
late summer of 1942—indeed, the only necessary addi
tions during the war came from changes reflecting new 
technology—but they lacked technical education beyond 
high school and now were required to train hundreds of 
new personnel, purchase and set up all the equipment 
needed for a huge manufacturing plant, assist dozens of 
people from new industrial facilities, and keep in constant 
contact with these facilities as well as the U.S. Navy pro
grams. 

R I C H A R D A. D E N T O N is chairman and vice president of 
Denton Vacuum in Cherry Hi l l , N.J., which he founded in 
1964. Denton Vacuum deals primarily with high vacuum 
equipment and optical thin films. 

The new building was located at the "o l d " end of the 
Arsenal among buildings and trees that dated back before 
the Civil War. The campus-like atmosphere of the Arse
nal's acreage quickly disappeared as cars, trucks, and per
sonnel crowded around the buildings. 

M y problem was the materials. The rejection rates of 
the optics were very high due to surface scratches caused 
by the grinding emeries and polishing rouges and to other 
problems with plaster blocking of prisms, polishing pitch
es, and protective coatings. At the start, I had no labora
tory, but there were plenty of optical microscopes, chemi
cal glassware, and other testing equipment available at the 
main laboratory serving the Arsenal's other departments. 

Developing a standard test 
While waiting for space and equipment, I spent a good 

deal of time-studying the theoretical and practical aspects 
of glass polishing, inspected and tested all of the polishing 
and grinding powders on hand, and obtained samples 
from every precision optical shop and manufacturer I 
could find. It was obvious that we had to have some stan
dard testing methods as well as facilities to implement the 
testing. I had to develop my own tests for grinding emeries 
and polishing rouges and, with information from the Na
tional Bureau of Standards in Washington, I helped design 
and had built a special penetrometer to test the "hardness" 
of polishing pitches, and also a device to measure the ex
pansion of blocking plaster as it set. 

Much of the production load at the Frankford Arsenal 
was prism and reticle blanks requiring flat grinding and 
polishing. In addition to preparing mixes of standard pitch 
hardnesses, we designed and built a machine to mill the 
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The problem of having suitable grinding 
emeries available was most pressing early 
in World War II and the major difficulty 

turned out to be procurement. 

grooves in the flat polishers. The quantity of standard 
grooves needed required a rethinking of the hand drawing 
of the lines. 

The problem of having suitable grinding emeries avail
able was most pressing early in World War II and the ma
jor difficulty turned out to be procurement. The Carbo
rundum Co. made a complete line of all emeries used in 
optical manufacture at the Arsenal. But aluminum oxide 
was on allocation, and when the Arsenal put out competi
tive bids, as required by government procurement regula
tions, the requirement was for a year's supply. Carborun
dum could not allocate this large an amount in one ship
ment, so they did not bid and the successful contractor 
supplied material that was not sized adequately. A few 
extra-large grains in any grit size will make deep scratches 
that are not removed by the finer grit sizes that follow. 
This trouble almost stopped production in the summer of 
1942. 

I was sent to Carborundum in Niagara Falls and quick
ly set up a program by which the Arsenal would buy in 
monthly installments instead of annual. This purchase set
up was compatible with Carborundum's allocation con
straints and our emery problems ceased. Later on, we 
were put in contact with Barton Garnet Mines Co., locat
ed in the Adirondacks near Lake Placid. We found that 
their garnet, if properly sized, could be used for fine grind
ing of precision optics and so help the aluminum shortage. 
We set up a program with them and trained two people in 
optical grinding and polishing techniques. This led to the 
availability of garnet powders for fine grinding of optics 
and garnet is still employed for this purpose—though the 
principal use of garnet is in sandpaper. 

The polishing process 
The problem of assuring good polishing material was, 

unfortunately, more complex. During my early months at 
the Arsenal, I made an in depth study of glass polishing 
theory and practice. There is abundant literature on the 
subject, particularly on chemical polishing of cut glass, but 

very little that made sense to me on polishing with iron 
rouge, which was the universal glass polishing agent at the 
outset of World War II. I was fortunate in coming across 
two articles published in the early 1930s by I. Grebenchi
kov in the Russian periodical Keramica e Steklo. It is still 
remarkable to me that this man, with none of the extreme
ly sophisticated surface analysis instruments and tech
niques now available, established the glass polishing 
mechanism correctly as a two-part process. He showed 
that the operation of polishing was made up, first by an 
attack on the glass surface by water, which leached out the 
alkaline elements from the glass surface, and second, by 
the wrenching off of groups of the silica skeleton by the 
mechanical forces acting through strong adherence of the 
polishing agent particles to the silica surface as well as to 
the polishing lap. 

At that time, many incorrectly attributed the polishing 
action of glass to flow of the surface as is known to be the 
mechanism of metal polishing via the "Beilby" layer. I 
have observed redeposition of silica on some glasses when 
the chemical and physical conditions are right for it. Such 
deposition will occur when the polisher is run "hot and 
dry." Sometimes polishing material is occluded in the re-
deposited layer. In other cases, a redeposited layer may be 
quite clean and uniform. In my experience, it may always 
be detected by scratching. It wil l not scratch in the classic 
series of conchoidal fractures, but will show continuous 
furrows such as may be found on plastic surfaces. 

I attended the OSA technical conference on polishing at 
Monterey, Calif. in 1984 to see what progress had been 
made in 40 years and was pleased to find that most people 
no longer believe that glass flows during polishing—al
though there may still be a few holdouts. 

The rouge problems as presented to me were that there 
were many products, but none were really adequate for 
the Frankford Arsenal nor obtainable in a consistent qual
ity. Most obtainable rouges scratched somewhat and 
many did not polish fast enough. Some shipments from a 
supplier would work fine, but the next batch would not. 
M y investigation of the source of iron oxide, rouges 
showed that almost all industrial material came from ei
ther heating of iron sulfate, a by-product of pickling of 
steel, or was simply mined. 

Regardless of what other treatments were used, some 
high temperature baking was employed and followed by 
(usually) grinding in ball mills. The ball mills used natural 
quartz pebbles that inevitably had flaws, so that in opera
tion, quartz particles much larger than the polishing pow
der contaminated the product. The qualities needing con
trol were: hardness (affecting polishing speed), uniformity, 
and particle size, which had to be controlled by the precip
itation process, the baking temperature, and contami-
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nants. We needed a consistent supply of a rouge to pol ish 
rapidly wi thout scratching. 

It was possible to obtain good spectrographic analyses 
at the Frankford Arsenal and these, coupled wi th pol ish
ing tests and an exhaustive inspection of the various sam
ples under the microscope, showed that the pr incipal con
taminant in al l rouges was quartz, present in al l samples in 
amounts of about 1/2 to 3 % . There was no relation be
tween the percent of quartz and the amount of scratching 
during pol ishing. In fact, a specimen w i th only about 
0 .5% of quartz was one of the worst scratchers. I f inally 
found a 100 µm cube of quartz i n that particular rouge. I 
decided that we had to make our o w n . Even if this cost 
more, the pol ishing losses were so horrendous when a bad 
batch hit the shop that cost cou ld not be considered a fac
tor. 

Solving the rouge problem 
There are many ways to make F e 2 O 3 , but an o ld " G e r 

m a n " formula that w o u l d produce a good "cu t t i ng " rouge 
had been tried at the Arsenal . A s it was employed, though, 
it, top, was inconsistent. The process consisted of dissolv
ing ferrous sulfate in water and adding a solut ion of oxa l ic 
acid. This precipitated bright ye l low ferrous oxalate wi th a 
by-product—sulfur ic acid. W i thou t washing, the acid-wet 
crystals were put in a 12 cast i ron frying pan and heated 
over a gas burner. This gave off sulfuric acid fumes, but as 
these and the water evaporated, the oxalate became hot 
enough to decompose exothermally. The center of the pan 
p r o b a b l y reached 1500°F a n d the f i n i shed p r o d u c t 
showed rings of different colore—the center purpl ish and 
the outside edge a very l ight orange-red. 

I had obtained a smal l quantity of very pure i ron oxide 
that had never been high-temperature baked and baked 
batches of it at various temperatures in air. Coord inat ing 
the po l ish ing per formance w i t h electron micrographs 
(courtesy of R C A , Camden , N.J.) , I found that the fastest 
pol ishing occurred after bak ing at 1200 -1250°F and that 
above 1300°F, the particles sintered together and scratched 
the optics dur ing pol ishing. I decided to clean up this pro
cess and since the shop on ly requi red a few hundred 

The rouge problems as presented to me 
were that there were many products, but 

none were really adequate ... 

pounds a month at most, a pi lot plant size operation was 
set up. It used lead-l ined wooden tanks, Du r i r on valves, 
and a vacuum filter w i th a steam ejector to produce the 
vacuum. 

The precipitat ion of the ferrous oxalate was carried out 
s lowly so as to produce large crystals that were washed by 
decantation. Then they were filtered, dr ied, and pulverized 
through a smal l hammer mi l l . F inal ly , the most crit ical 
part of the process—the calc in ing—was accomplished by 
scattering the oxalate on heated steel platens so that only a 
thin layer was converted. Th icker layers wou ld not come 
to a un i fo rm temperature due to the exothermic nature of 
the reaction. W i t h a little experimentation wi th the tem
perature of the platens, we were able to set the tempera
ture so that the product reached 1200-1250°F and made a 
very good pol ishing material. 

To assure a un i form product and to take care of any 
contaminants that might have crept i n , the product was 
bal l mi l led for about two hours in a steel-lined mi l l w i th 
chrome molybdenum steel balls that d id not put quartz 
pa r t i c l es i n t o the p r o d u c t ! T h i s m a t e r i a l w a s used 
throughout the shop , except for one group that was 
charged w i th producing extremely flat and defect-free sur
faces on special items. Fo r that group, we mi l led the prod
uct for four hours. 

Testing rouges 
For testing rouges, everything possible was standard

ized. The glass used was always a standard borosil icate 
c rown reticle blank. The machines were always set w i th 
the same amount of weight and operated at the same 
speed and traverse. The gr inding and pol ishing powders 
were always m ixed w i t h the same amount of water and 
applied as far as possible i n the same manner. The laps 
were always kept wet and no effort was made to let the 
laps go nearly " d r y " to break d o w n the powders, as is 
often done in practice, since this process is dubious at best 
and is so subjective as to defy standardization—part icular
ly w i th personnel changes. 

I was fortunate to f ind J i m Leonett i , a new trainee in 
opt ical gr inding and pol ishing. J i m had a pre-med educa
t ion and was invaluable in setting up the testing programs 
I organized. 

To judge gr inding performance, the most crit ical factor 
was, of course, the scratching. Unfortunately, this had to 
be done by visual inspection, wh ich is subjective although 
the young human eye is remarkably sensitive. Before po l 
ishing, the next step—the degree of fine gr inding (average 
roughness of surface)—was checked. We made up a s im
ple reflection instrument that measured the l imit ing angle 
of incidence where the image of the fi lament of a standard 
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FIGURE 1. Visual monitoring was the technique used then, as it often is today, for single-layer thickness control. This 
instruction figure is taken from "Optics Filming" Bureau of Ordinance, OP 1512, Dec. 1945. 

slide projection bulb could just be defined. Standard 
ground blanks calibrated new bulbs and observers. With 
fine grinding standardized, it became possible to assign 
polishing speeds to various rouges by the amount of polish 
achieved at standard intervals. 

Al l of the emeries were vitrified corundum. The coarse 
sizes were tested mostly for lack of deep scratches, while 
grinding speed was included on the fine grinding sizes. A l 
though some of these tests depended on human observa
tion and were therefore subjective, strict adherence to the 
standard procedures and materials produced consistent re
sults and we were able to train several operators over a 
three-year period without fouling up the tests. 

Another factor important in glass polishing is the p H of 
the polishing slurry. The ideal p H for polishing soda-lime 
or borosilicate crowns with iron oxide is about 4 -5 . For
tunately, the tap water in Philadelphia was usually in this 
region, but if too high, it was adjusted with white vinegar 
(5% acetic acid). 

A by-product of our grinding and polishing test set-up 
was the testing of "cerium oxide" polishing powder. Ceri
um oxide had been mentioned in the literature mostly in 
Europe before 1941, but few knew how to make it in the 
proper form. Also, the processing was much more expen
sive than for iron oxide. 

The development of "Barnesite" 

The Frankford Arsenal had sponsored a project with 
W.F. and John Barnes Co. of West Chicago, Ill. to develop 
a new machine for precision optical production use: a 
combination grinding and polishing machine invented by 
a Swiss citizen who asserted that he had to have cerium 
oxide for the process to work properly. Since there was no 
industrial source of good cerium oxide polishing powder, 
Barnes decided to develop their own. 

Cerium is a "rare earth" occurring mostly in Monazite 
sand and mixed with lesser quantitites of many other rare 
earths. The chemical extraction process to produce pure 
cerium oxide is complex and expensive, but someone at 
Barnes got the bright idea of using a potpourri of all the 
rare earth oxide derived from the Monazite sand as the 
polishing powder. It was found that the mixed oxide 
would make a polishing agent if one only knew how to 
produce the ideal product. 

We were happy to test the experimental batches from 
Barnes and ran dozens of their experimental products 
through our test set-ups, enabling them to produce an ex
cellent precision polishing powder—although by the time 
the product was marketable, the Swiss machine had been 
abandoned. The powder was dubbed "Barnesite" and is 
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still used today (although its manufacture and sale has de
scended through at least two different companies via spin 
offs, mergers, etc.). 

"Barnesite" and other cerium oxide polishing com
pounds are now universally used in precision polishing 
work. They do not require the acid p H to work well and, 
in fact, with no adjustments, we found the early "Barne
site" usually ran at a p H of about 8. It polishes faster than 
iron oxide. The calcination temperature (as I recall) was 
found by Barnes to be critical at around 2250°F. It seemed 
that the very fine particles as produced sintered just 
enough at the critical temperature to form agglomerates 
rather like the spongy particles produced in our iron oxide 
as the organics burned out of the large ferrous oxalate 
crystals. These particles broke down without scratching 
during polishing. 

Fine grinding and polishing of prisms in precision opti
cal manufacture are "blocked" by carefully setting the sur
faces to be processed on a precision-ground very flat steel 
plate to align the surfaces in one plane, and then surround
ing them with a wet, doughy gypsum (plaster of Paris) 
mixture that is held in a temporary ring while a backing 
plate with keying holes is placed over them. Once the plas
ter sets, the prisms are firmly attached to the backing plate 
and then the original plate and the ring are removed and 
the plaster is carved away around the surfaces to be pol
ished. 

plaster problems 
When I arrived at the Frankford Arsenal, difficulties 

with the plaster process were rampant. First, the setting 
time could not be controlled, leading to the joke that when 
mixing the plaster by hand, it set up so fast that an "arm 
was sometimes lost." Excessive expansion or contraction 
during the setting process also caused the flat polishing 
plane to assume a concave or convex contour upsetting 
the prism angles. 

I found that U.S. Gypsum had a standard optical block
ing plaster and that all the information we needed to use it 
properly was available. The shop people gave me the de
sired amount of a "standard" batch. As I set up, the plas
ter was weighed on a scale, as was the water (always con
trolled at the same temperature by mixing hot and cold 
tap water). The mixture was made in a standard-sized 
container and mixed with a motorized "Lightning" mixer 
for a standard number of minutes before pouring. 

We checked every lot of 100, 500-lb barrels of plaster 
for expansion in a simple " V " gadget made from an NBS 
design (angle iron lined with a rubber insert, but with met
al ends and a dial gauge). If the setting had to be adjusted, 
we supplied the materials—a small quantity of alum solu

tion or a little sodium citrate solution. When the war end
ed, quite a quantity of plaster was left and when I visited 
the shop about five years later, my instructions with the 
adjustments for the plaster were still on the wall being 
used! 

Balsam cement problems 
Severe problems with balsam-cemented optics devel

oped early in World War II. Optics used in the Arctic and 
subjected to extremely low temperatures experienced 
cracking of balsam cement. But much more serious were 
the failures in hot climates such as the Libyan desert. 
Tanks tend to develop a lot of heat and when operating in 
very hot areas, the instruments reached temperatures 
where the balsam melted and partially ran out of the cou
plets, rendering them unusable. 

The Arsenal received reports that upon receiving a new 
tank, the tank crews in Egypt would disassemble all opti
cal instruments with cemented couplets, melt out the ce
ment, clean the lenses as well as they could, and then reas
semble the instruments before going into battle. Obvious
ly, the instruments were not aligned as well as before and 
any problems with multiple reflections were exacerbated. 

In 1943, I was instructed by the Frankford Arsenal In
strument Division Command to investigate this problem 
and make recommendations. Since I had already been 
aware of the problem for some time and had discussed 
alternate cements with some of the principal optical com
panies, this task did not take long. At the time, there were 
only two materials that had been developed and used 
enough so that they could be employed with any confi
dence. These were CR-39, manufactured by PPG and used 
by Bausch and Lomb, and butyl methacrylate, used by 
Eastman Kodak. I recommended that the Arsenal use the 
CR-39, but that we also approve butyl methacrylate. Later 
a third material manufactured by American Cyanamid in 
Stamford, Conn, was approved. This material was, I be
lieve, the first of the polyester polymers crosslinked by the 
addition of styrene. Late in the war, a U.V. setting cement, 
as well as an Eastman synthetic stick cement, were intro
duced. 

The use of polymerizing resins as lens cements, despite 
the fact that the cemented element was immune to high 
and low temperatures, introduced new problems. First, a 
reject cemented lens was very difficult to de-cement with
out damaging the lens; dropping the doublet into hot oil at 
temperatures in excess of 400°F had to be employed. Then 
there were problems with the shrinkage as the cements 
polymerized and solidified. The procedure for minimizing 
this problem is to add the accelerator, heat in small quan
tities to start the polymerization, then stop the reaction by 
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Under wartime conditions, it was of the 
utmost importance to get the new 

temperature-resistant cemented optics into 
our instruments in the held as soon as 

possible. 

cooling. The partially polymerized resin must be refriger
ated until the time of use. 

The Frankford Arsenal purchased such CR-39 cement 
from Bausch and Lomb for a time, but it had to be 
shipped under refrigeration, packed in dry ice, and sent 
from Rochester to Philadelphia by overnight train or by 
air. Unfortunately, many of the shipments were delayed in 
the wartime traffic, so that the dry ice was gone and the 
cement solidified by the time the shipment arrived. Frank-
ford solved this problem by processing the cement from 
scratch using the CR-39 and accelerator. 

The butyl methacrylate was even more difficult to han
dle and it was unfortunate that American Cyanimid's " L a 
minac" was not introduced earlier, since this type of poly
merizing lens cement was ultimately found to be better 
than either the CR-39 or butyl methacrylate. 

Little time for testing 
Under wartime conditions, it was of the utmost impor

tance to get the new temperature-resistant cemented optics 
into our instruments in the field as soon as possible. Pro
longed testing could not be carried out. About a year after 
the Frankford Arsenal had converted to CR-39, some op
tics that had been stored in Frankford's Arsenal Field Ser
vice Depot were taken out for another purpose and sepa
rations of the cement from the glass at the edge for radial 
distances of up to 1/8 were observed. Although this 
amount of separation was not fatal in use on most lenses, 
we were quite concerned and immediately instituted a 
rush testing program to see what could be done about the 
problem. 

Luckily, we had learned that the Navy had a group of 
about 2,000 binoculars manufactured about two or three 
years earlier by Bausch and Lomb. Since some edge sepa
rations had been noticed, the entire lot that contained 
both balsam and CR-39 cement had been retired from ser
vice, and the Navy was happy to ship them to us. 

With careful recordkeeping, we took hundreds of the 50 

mm objective couplets, recorded their condition, and de-
laminated them. After delaminating, all residual cement 
was removed, and the doublet parts were tested by inter
ference fringes for matching of the cemented surfaces. The 
results were almost spectacular (if you can say anything is 
spectacular when there were so many failures). There was 
almost 100% correlation between the matching of the ce
mented surfaces and the edge separations. This fact, plus 
all our work results, were contained in our written report, 
but I believe that this was "rediscovered" after the end of 
the war. 

To accelerate separation, we soaked doublets in 120°F 
water for half an hour, followed by an hour in air at room 
temperature of about 70°F, with an inspection for edge 
separation before returning to the water. This procedure 
would induce separation on the doublets sooner or later, 
and again we found the most significant factor was the 
matching of the surfaces. I believe that the separations 
came about because of the automatic 24-hour natural 
temperature cycling, which with dissimilar glasses put 
some strain on the cement. The problems were probably 
worse in the presence of water vapor, since water is prefer
entially adsorbed on glass surfaces. Neither the CR-39 nor 
the butyl methacrylate contained a chemical group with a 
positive adherence to glass. 

In addition to our results in the Frankford Arsenal inter
nal report, suggesting that all achromats be matched with
in six fringes, I recommended a contract with a competent 
organic chemical laboratory to develop a standard optical 
cement of the polymerizing type with good temperature 
resistance and low shrinkage and as much ease of han
dling as possible. The contract was let and a standard opti
cal cement of the polyester type crosslinked with styrene 
was developed and is still used on military optics. 

Coating with shellac 
Coatings are required to protect polished surfaces while 

other surfaces are fine ground and polished. The coating 
used at the Frankford Arsenal for this purpose was good 
old-fashioned shellac. Since World War II, thousands of 
coatings have been developed and I have no doubt that 
there are many excellent coatings superior to shellac to
day. But the military could get enough shellac allocated to 
it during the war shortages and it worked if carefully ap
plied. So we used it. 

The problem with shellac was in its removal. The 
prisms had several coats on some of the surfaces and stan
dard practice was for a worker to place the prisms in a 
photographic tray and cover them with ethyl alcohol. 
There they were left, covered by a sheet of glass, until the 
shellac was mostly dissolved. Then the prisms were trans-
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ferred to a tray of "clean" alcohol and, finally, rinsed with 
a little fresh alcohol and dried with a clean, cotton cloth. 

The main objection to this procedure was the large 
amount of space required to process hundreds of prisms 
per day, as well as the comparatively large amount of la
bor required. The problem became acute when Frankford 
had to take on a very heavy load of roof angle prisms 
because the outside contractors could not produce fast 
enough. 

I found that the shellac could be removed by a hot alka
line solution of sodium citrate, after which only manual 
drying with soft cloths was required. We designed a series 
of baths with racks for the prisms, starting with a 160-
170°F water bath to heat up, then a hotter sodium citrate 
bath, followed by three rinsing baths at progressively low
er temperatures with slowly moving counter current rins
ing water flow. At the end, the prisms were transferred to 
a tray with clean water and were hand dried. The immer
sion time in each bath was less than five minutes and the 
racks would hold several dozen roof angle prisms, so that 
the production was high and the space and labor less than 
one quarter of that with the old method—and with practi
cally no scratches. 

Of course, after a few months, the outside contractors 
started to deliver in quantity and, as I recall, this efficient 
system operated at capacity for only six to nine months. 

When I arrived at the Arsenal, trichlorethylene de-
greasers were just being installed and just about all of the 
resin-wax coatings and blocking materials that were not 
shellac based were removed by the degreaser. About my 
main contribution for degreasing was to search out the 
best material to coat the wooden racks that absorbed the 
trichlorethylene and stank up the whole shop. So we coat
ed the racks with the recommended material—polyvinyl 
alcohol—which worked beautifully, but was water solu
ble, so we had to make sure the coated racks were kept 
dry. 

Investigating anti-reflection coatings 
Early in World War II, we heard about the "coatings" 

that could be applied to optics to reduce reflection and 
increase transmission and, of course, there had been some 
patents and articles written. Near the end of 1942, the 
officers in charge of the F.A. Instrument Department— 
Colonels Welch and Mitchell—perhaps spurred on by re
ports from the Navy, decided to do something about it, 
and I was selected to investigate. At the end of the year, 
mostly between Christmas and New Years, I visited every 
place we knew about that was applying anti-reflection 
coatings to optics. This included the Naval Gun Factory in 
Washington, D.C. and Eastman Kodak and Bausch and 

Early in World War II, we heard about 
the "coatings" that could be applied to 
optics to reduce reflection and increase 

transmission ... 

Lomb in Rochester. Two companies were making and of
fering for sale high vacuum systems for application of 
anti-reflection coatings—National Research in Boston 
(now a division of Varian) and D.P.I. (now C V C in Roch
ester, N.Y.)—and I visited them as well. 

The information on what the coating would do was 
clear enough: each air- glass surface, when coated with 1/4 
wave length of MgF2, would reflect 2 1/2 to 5% less, de
pending on the refractive index of the glass. In addition, it 
would increase transmission. Further, the coatings would 
greatly improve contrast by eliminating the " fog" caused 
by multiple reflections. 

The Germans were using coated optics, and on the typi
cal 10 optical glass surfaces on each side of a prism binoc
ular, the light gain was over 40%, which translated into 
30-45 minutes at dawn and at dusk when the guy with 
the coated lenses could see the enemy, but the enemy 
could not see him. In other instruments such as telescopes 
with more surfaces, the effect was even greater. I recom
mended that Frankford start to coat all air-glass transmis
sion surface and outlined a program (which was adopted 
without delay) to purchase two single 18" bell jar vacuum 
coating units from National Research in Boston and a 
double 18" bell jar unit from D.P.I. in Rochester. The four 
stations were delivered early in Apri l and we were coating 
lenses in production before the month was out. 

During my investigation, I met Dean Lyon and his assis
tant A l Zook at the Naval Gun Factory. Lyon had decided 
that heating the optics 250-300°C and using pure Magne
sium Fluoride was the best way to produce durable, effec
tive anti-reflection coatings—a system still widely used to
day. It was during my initial investigation that I met many 
of the people who became and remained major players in 
the optical coatings field for years to come. At N R C was 
its founder, Dick Morse, whom I remembered as an out
standing figure at M.I.T. during my freshman year. He 
built the first N R C lens coater with his own hands. They 
delivered my equipment on time and made good equip
ment, including a lot of 20 18" bell jar units that were 
bought by the Army during World War II and rented to 
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optical suppliers to facilitate procurement of coated op
tics. 

At D.P.I., I met my M.I.T. classmate, Ben Dayton, as 
well as Pete Jenner, who was in charge of the equipment 
department, Carl Herrmann, who was in charge of quality 
control, and the famous K.D.C. Hickman, who started it 
all by inventing the oil diffusion pump (at least the Ameri
can version). At Bausch and Lomb, I met Collin Alexan
der, Stan Peterson, Ted Zak, and Francis Turner. Turner 
was one of the real early quarterwave producers together 
with Cartwright at M.I.T. in the mid-1930s. They were 
issued two patents on quarterwave anti-reflection films: 
the filing dates were December 27, 1938, and March 20, 
1939. I have learned from Dick Morse, who started Na
tional Research, that he obtained a license from M.I.T. for 
the Cartwright & Turner patents in 1940 and started to 
sell quarterwave anti-reflection coatings. 

Commercial vacuum coating begins 
And then there was Glen Dimmick, in charge of a pro

duction facility at the RCA Indianapolis plant, making 
two layer " V " coatings with zinc sulfide and cryolite. This 
may have been the first commercial vacuum coating oper
ation in the U.S. making dielectric anti-reflection coatings. 
I am not certain, but I believe he used an optical monitor. 

As I recall, Dimmick did not use much heat, but per
haps a glow discharge. They had an interesting system for 
production of various sizes of lenses with a "universal" 
flat rack. A horizontal flat mask was rotated below the 
lens rack (also horizontal) and above the source to pro
duce a uniform coating across the rack. The external drive 
motor was coupled to the mask through a pair of horse
shoe magnets, one outside and one inside the bell jar. 

I adapted this method to our tooling at the Frankford 
Arsenal and the magnetic drives worked very well on the 
average, even though we used them with considerable heat 
in the system. To coat both sides in the same run, RCA 

The Germans were using coated optics 
..., which translated into 30-45 minutes 
at dawn and at dusk when the guy with 

the coated lenses could see the enemy, but 
the enemy could not see him. 

made their rack with turnover capability. The women 
technicians turned over the rack by manipulating an elec
tromagnet with a center with a center pole-piece 1 1/2 in 
diameter by 6 to 8 long! Plus a coil! Their main difficulty 
with this system was that the heavy electromagnets slipped 
in their hands sometimes and cracked the bell jar. 

At the beginning of World War II, there were a number 
of places in the country where high vacuum was em
ployed, but production of vacuum deposited films was 
limited mostly to a few large companies such as RCA, 
Eastman Kodak, and Bausch and Lomb, and some small 
independent outfits devoted to aluminizing front surface 
mirrors, such as Evaporated Films in Ithaca, N.Y. This 
company was started by Professor Robley Williams of 
Cornell, who built himself a vacuum system to aluminize 
his astronomical telescope mirrors. There seemed to be a 
need for this service, and he and his brother-in-law, Joel 
Ufford, started Evaporated Metal Films about 1935. I be
lieve they started with glass diffusion pumps from D.P.I. 
Mrs. Ufford worked in the plant in the early days and 
sealed the glass bell jars to the metal base plates using a 
soldering iron to melt the wax seal. I think that this was 
the first commercial coating company in the U.S. Williams 
later went to Michigan and electron microscopy, inventing 
the "shadowing" technique. 

Probably the most important use of "high" vacuum be-

FIGURE 2. The author at the 
time of events described 
and more recently. 
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fore this time was in the vacuum tube industry, which de
veloped in the 1920s. They used two-stage mechanical 
pumps such as made by Kinney in Boston. Mechanical 
pumps were also sold by Stokes, Cenco, and Welch. Only 
D.P.I. sold oil diffusion pumps, and both metal and glass 
were available at the start of the war. High vacuum was 
also used in x-ray and other large tubes, and a great deal 
of high vacuum work was going on in chemical labora
tories, but none of this was producing thin films. 

The equipment I purchased early in 1943 at the Frank-
ford Arsenal employed oil diffusion pumps using " O c 
toil", D.P.I.'s name for their vacuum distilled di-octyl
phthalate. Water-cooled, optically dense baffles between 
diffusion pump and chamber also included a poppet valve 
mechanism. The first coating units employed "Variac" 
variable transformers with stepdown transformers to sup
ply the low voltage and high current needed for the tung
sten evaporation filaments. I increased the power for evap
oration from 1 KVA to 2 KVA. Additional Variacs con
trolled the power to the diffusion pump heaters and the 
wire wound "dome" heaters for the optics being coated. 
The dome heaters were wound with tungsten or Nich
rome wire held by insulators to the concave side of a metal 
dome about the diameter of the lens-holding fixture rack 
holding the optics. If Nichrome wire was used, it was nec
essary to arrange the voltage and current to provide the 
required heat (about 1000-1500 watts), while keeping the 
wire at low enough temperature so that the chromium was 
not sublimed from the wire onto the backs of the lenses. 

It was during World War II that we noticed "second side 
soft coating"—that is, the coating on the second side soft
er than the first. We could get around this problem by 
recleaning the second side before coating, but it was recog
nized after the war as being due to the use of universal 
fixtures. These had open holes through which the MgF2 
penetrated into the heater zone where the hot wires scat
tered some molecules onto the back lens surfaces forming 
a very thin, poorly adherent layer over which the quarter-
wave was later deposited. 

Many of us found the answer: in addition to using fix
tures without apertures, heat them from below by radiant 
heat, preferably from glass or quartz heat lamps, and re
flect the heat back with aluminum foil to the lenses. This 
also made possible reflection back at the edges of the fix
ture by extending the foil down from the outside of the 
rack to improve the uniformity of heating. Heat lamps 
and foil are now almost universal, but not in the 1940s. 

Anti-reflection coating at Frankford 
To get the anti-reflection project under way at the 

Frankford Arsenal, I had to recruit and train personnel on 

something I knew only a little about myself. Frank Jones, 
head of the chemical department at Bausch and Lomb, 
advised me that a good mechanic was worth three physi
cists in operating and maintaining vacuum coating equip
ment! He also suggested getting at least a third more ca
pacity in terms of the number of systems, since this much 
of the equipment would be down for maintenance at all 
times. This was when I recruited Thomas L. Scatchard, 
who was working in the instrument assembly department 
of the Frankford Arsenal, and had him assigned to me to 
set up the equipment and get it working. I have never re
gretted this decision. 

In the initial effort of getting the coating into produc
tion, we had not only to install and learn to operate the 
vacuum coaters, but also to establish a system of cleaning 
the optics. We first employed a manual detergent-and-wa
ter cleaning followed by a warm water rinse, a deionized 
water rinse, plus a final "drying" in a refluxing isopro
panol "degreaser". 

Then we had to deal with various problems in addition 
to equipment maintenance. One such problem was "spat
tering" of molten MgF2. Mounted horizontally and about 
1/8 above the M g F 2 crucible was a flat wound tungsten 
helix. The surface of the M g F 2 melted and so heat had to 
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be applied slowly so that any outgassing was largely termi
nated before melting and evaporation. Very pure M g F 2 

was also extremely important, as established at the Naval 
Gun Factory by Dean Lyon. Most of the M g F 2 used in 
World War II was produced by adding H G to M g C l 2 , 
which boils a few degrees above the melting point of 
M g F 2 , followed by high temperature baking in platinum 
dishes. It is imperative, therefore, to eliminate the M g C l 2 . 
Many labs made their own M g F 2 , as we did. 

Frankford purchased vacuum coating systems and rent
ed them to many contractors. Needless to say, we spent 
considerable time from late 1943 until the end of the war 
teaching and in liaison with Army optics suppliers, both 
large and small. Travel was difficult and the daily allot
ment of expense money was minimal. We were driven by 
the need to produce coatings equal to the German tech
nique in a short period of time, since our army needed the 
advantage that coated optics gave them at dawn and twi
light for spotting the enemy. 

Producing a new eraser 

We worked closely with the Navy and one project that 
was carried out jointly was the drafting of Jan-F-675, the 

M g F 2 coating specification that has survived to this day in 
nearly the original form. The Frankford Arsenal also co-
operated with the Naval Gun Factory in standardization 
of the eraser rub test as a measure of the durability of a 
coating. Lt. E.A. Berol, a young Army officer stationed at 
the Arsenal, was the heir apparent to the Eagle Pencil Co. 
in New York City and was working closely with me in 
writ ing a manual of optical manufacturing practice. 
Through his efforts, Eagle undertook (at no charge) a de
velopment project to produce the eraser needed and to 
establish a formula so the eraser could be made as a repro
ducible item. 

The research director at Eagle had once worked for Edi
son and it only took him about a month to come up with a 
suitable eraser. He found that none of the available syn
thetic rubbers would work and Frankford had to get an 
allocation for 25 pounds of natural rubber. This made 
enough erasers to supply all the government testing re
quirements through the end of the war. 

FIGURE 3. The chemical silvering room at the Frankford 
Arsenal in July 1943. (Photo courtesy of Samuel MacNutt.) 
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A Frankford Arsenal employee designed an "eraser 
holder" with a spring so that the required two pounds of 
weight could be applied during testing, rubbing the re
quired 20 strokes without serious scratching. The stan
dard erasers are still used, made to specification and sealed 
in plastic bags with inert gas to avoid oxidation. 

During the war, the Arsenal was approached by two 
companies that had developed thin fi lm coating tech
niques using colloidal liquids spun onto the lens surface. 
Quartz or Ti02 could be deposited, but there were prob
lems of streaking. The index of quartz was too high for a 
good anti-reflection coating and a skeletonized version 
with lower index was too vulnerable to contamination. By 
the time these coatings were developed, the U.S. Armed 
Forces were completely equipped and committed to high 
vacuum coated MgF 2 . Germany did not attempt to use the 
colloidal coating during World War II, although there was 
apparently more prior art there. On the other hand, al
though the deposition of quarterwave anti-reflection coat
ings was developed in the U.S. by Cartwright and Turner 
at M.I.T., they were never used by the U.S. Government 
before World War II, whereas the Germans went to war 
with vacuum deposited coated optics! 

Later on we were able to work on metal coatings. One 
project was acccomplished by Tom Scatchard, who built a 
high voltage rectified power supply with anode connected 
through a vacuum sealed insulator to a heavy silver wire in 
the chamber and cathode to the aluminum rack holding 
the glass to be coated. A prolonged high voltage glow dis
charge created at air pressures of 0.050-0.1 Torr evapo
rated the silver, which would withstand the Scotchtape 
test. There was also some evidence that the silver was ion
ized and probably accelerated toward the glass. 

It was first assumed that this result was due to the im
proved surface cleanliness and acceleration of the silver, 
but we subsequently learned that metal oxides (specifically 
aluminum oxide) on a glass surface do make silver adhere 
and the prolonged glow may have produced some alumi
num oxide on the glass. In fact, at about this time, Willard 
Morgan of the Liberty Mirror Co. near Pittsburgh devel
oped and later patented the evaporation of a very thin 
coating of aluminum on the glass surfaces to be coated, 
followed by an oxygen glow discharge to oxidize the alu
minum, followed by the silver evaporation. 

After the war, when Tom Scatchard and I formed Opti
cal Film Engineering, I developed another new technique. 
We found that by heating and hammering on an anvil, a 
flat "r ibbon" surface could be produced from a 0.040" 
tungsten wire that was capable of evaporating titanium 
powder upwards. The first time I made such an evapora
tion (all such work was done on Saturday afternoons), I 
put my Ti coated 2"-diameter flat glass sample on a hot-

It was quite a thrill when I removed the 
can and saw that the titanium had 

ozidized completely to Ti02, making an 
extremely durable, nonabsorbing, 

reflecting coating. 

plate with a coffee can upside down over it to make a 
furnace and heated. It was quite a thrill when I removed 
the can and saw that the titanium had ozidized completely 
to T i0 2 , making an extremely durable, nonabsorbing, re
flecting coating. 

I planned to patent this technique, but discovered that 
George Hass had used it in Germany during World War II. 
I still believe I am the first to use this technique in the U.S. 
The system was good and Optical Film used it to make 
thousands of non-light absorbing beam splitters for the 
Armed Forces during and after the Korean War. 

To promote adherence, the early depositors of thin films 
in vacuum employed extreme chemical treatments, includ
ing detergent scrubbing with or without abrasive materials 
such as chalk or diatomaceous earth, followed by treat
ment with acids or alkali solutions, rinsing with distilled 
or deionized water, and drying with redistilled solvents 
such as acetone or alcohol. The development of heating in 
vacuum and of glow discharging in oxygen made it much 
easier to produce durable, strongly adherent coatings 
without most of the extreme cleaning techniques. In fact, 
as developed and patented by Morgan and Colbert at Lib
erty Mirror, there are advantages to making the glass sur
faces "controlled dirty" e.g., coated with a film of lanolin 
scrubbed with a solid abrasive, followed by a strong glow 
discharge in oxygen in the vacuum chamber to remove the 
lanolin and presumably everything above it. 

In retrospect, the period of World War II in the United 
States was one that engendered more cooperation and uni
ty of purpose than any other experience of my lifetime. 
The country was frightened, and although personalities 
were not changed and people did not work long hours 
together without some of the normal abrasions of every
day life, the common purpose was, of course, always clear 
and emphasized by the battlefield casualties that hit close 
to each one of us. I wonder what could frighten us enough 
now, short of World War III, to produce enough coopera
tion between individuals and countries to solve our most 
pressing problems. 
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