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1 INTRODUCTION

1.1 Scope

As the title of the program indicates (Ocular Protection Against
Laser Radiation and Ballistic Fragments) the objective of the
program was to develop a variety of eye protective devices which
protect against ballistic fragments and laser radiation at three
specified wavelengths.

Polycarbonate was used throughout to provide the ballistic
protection while combinations of absorptive dyes and holographic
narrow band notch filters were used to provide laser protection.

The program ran from 21 January 1986 through 30 September 1992.
This report summarizes the work done in that period.

1.2 Administrative Summary

The program consisted of two distinct parts; one, a cost plus
fixed fee contract to develop the technology for producing
ballistic and laser protective eyewear by using a combination of
absorptive dyes and holographic narrow band filters on
polycarbonate substrates and two, a firm fixed price option to
apply those technologies to the fabrication of limited quantity
production initially for field trials and later for deployment.

Table I lists the items delivered under the CPFF part of the
contract and Table II lists those items delivered under the FFP
part of the contract. Just under 4,000 laser eye protective
items were developed and delivered under the CPFF contract and
just under 730,600 items were delivered on the FFP contract.

American Optical Corporation (AC) subcontracted the initial dye
development and application work to Barnes Engineering (now EDO
Barnes) and the initial holographic work was subcontracted to
Kaiser Optical Systems, Inc. (KOSI). The dye development and
application was ultimately done in-house at A0 although one of
the Barnes dyes continued to be used. The holographic
development program was transferred to Flight Dynamics, Inc.
(FDI) after a year of effort with KOSI.

The development of ballistic and laser protective gas mask lenses
and/or clip-on "outserts" for gas nasks was added toc the program
and this included a program to develop coatings that are
resistant to th. chemical agents.

In addition to the data items such as reqular reports three
technical data packayes were prepared on the program; one for the
Ballistic and Laser Protective Spectacles (BLPS) unit, one for
T.aser Protective Aviator Visors, and one for Laser Protective
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0030
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0036
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0038
0039
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Table I

Item Description

Visors, Aviator
3-Lambda, Hybrid
2-Lambda, All Dye
Clear, Coated
Clear, Uncoated
2-Lambda,All Dye,SPH-4
2-Lambda,All Dye,6 M43
3~Lambda,All Dye,SPH-4
2~Lambda,All Dye, IHADSS
3-Lambda,All Dye, IHADSS
2-Lambda,All Dye,HGU-56
3-Lambda,;All Dye,HGU-S6
2-Lambda,All Dye,HGU-55
3-Lambda,All Dye,HGU-56

Spectacles, Plano, Hybrid

Spectacles,

AH64 Mask Lens, Plano

AH64 Mask Lens, Prescriptive

Data Itens

Spectacles, Rx

Frontserts

Spectacles, Rx

Frontserts

Technical Data Package

Frontserts
3-Lambda, All Dye
3-Lambda, Hybrid
2-Lambda, All Dye

Aviator Spectacles
2-Lambda,All Dye (462)

2-Lambda,All Dye,IHADSS (25)

3-Lambda, All Dye (10)

Protective Spectacles Unit, Clear
Protective Spectacles Unit, 3-Lambda

Data Itenms
Outsert, M17
Outsert, M40

Outsert, M40, agent resistant coating

Mold, M7
Mold, M40
Data Items M17 & M40

Original
Contract
Quantity

€0

200
100
133
497

100
100

500
400
100

Quantity
Shipped

497

100
100

500
400
100
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CLIN

0014
0015
0016
0o17
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
002¢g
0032
0033
0034
0041
0042
0043
0644
0045
0G46
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059

Table II

Item Description

Protective Spectacles Unit, Clear
Protective Spectacles Unit, Bronze
Protective Spectacles Unit, Clear
Protective Spectacles Unit, Bronze
Laser Protective Frontsert

Laser Protective Frontsert
Prescription Lens Carrier

Six Cavity Mold, Sideshields

Eight Cavity Mold, Temples

Four Cavity Mold, Filler Button

Six Cavity Mold, Nosepiece

Fixtures and Tooling, Eyewrap

Six Cavity Mold, Eyewire

Four Cavity Mold, Slide Block

Data Items

Additional Shipping Cost

Additional Shipping Cost

Additional Shipping Cost

Protective Spectacles Unit, Clear
Protective Spectacles Unit, Bronze
Laser Protective Frontsert

visor, Aviator, 3-Lambda, SPH-4/P
Aviator Spectacles, HGU-56/P, 2-Lambda
Aviator Spectacles, HGU-56/P, 2-Lanbda
Aviator Spectacles, HGU~56/P, 3-Lambda
Aviator Spectacles, IHADSS, 2-Lambda
Aviator Spectacles, IHADSS, 3-Lambda
Protective Spectacles Unit, Clear
Protective Spectacles Unit, Bronze
Laser Prctective Frontsert

Aviator Spectacles, HGU-56/P, 2-~Lambkda
Aviator Spectacles, HGU-56/P, 3-Lambda
Aviator Spectacles, IHADSS, 2-Lambda
Aviator Spectacles, IHADSS, 3-l.ambda
Clip-on Aviator Lenses, 2-Lambda, 52mm
Clip-on Aviator Lenses, 2-Lambda, 58mm
Technical Data Package, Spectacles, HGU-56

Quantity

87251
87251
15000
15000
87251
15000
30000

o e b b e e
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' combination of dyes has produced parts which have the highest

Spectacles HGU-56/P. The first was issued formally as
MIL-S~44366 and was the controlling document for the limited

production orders.

Various molds were made for the components of the BLFS system.
The mold for the "eyewrap", i.e. the optical lens elemenc, wacs
built by AO at its own expense. Molds were also nade to
fabricate the edge guides required for the HGU-56/P visors
although these were not called out by a specific CLIN. The
HGU-56/P and SPH-4/P visors were produced with a mold furnished
by the government which is owned by the Watertown Arsenal.

1.3 Technical Summa.y

Methods wcre developeu to provide laser protection against three
specified wavelengths and to provide protection against ballistic
fragments. These methods were applied to a variety of specific
eye protection devices including spectacles, aviator visors, t.e
clip~on frontsert for use with the Ballistic and Laser Eye

Prot. ~tiun System (BLP?S) and outserts for the M17 and M40

chemical mask.

The ballistic protection was provided by fabricating all of the
end items in polycarbonate which is the strongast of all of the
optical guality moluable plastics. The basic technologies for
laser protection that were developed were those of absorptive
dyes and volume holographic notch rilters. '

The dyes selected gave the highest possible luminous
transmittance. It was shown that the narrow band absorptive dyes
for use at lambda-l (L1) and lambda-2 (L2) could be molded in to
the polycarbonate substratz. The dye selection process led to
choosing a dye feor blocking lambda-3 which could not be molded
due to degradaticn of tihe dye at the molding temperatures
requirad for polycarbonate, and yet this dye ciearly gave a
higheir luminous transmittance than any other known dyes for that
wavelength. A proress was develcped vhereby the L3 dye could be
applied to ull of the substrate types as a coating. This

known luminous transmittance for a given level of protection.

The dye for use a L2 was found to saturate under high laser
fluences. The dyes for use at L1 and L3 were stable to laser
radiation but degraded slightly in sclar exposure. 1In all cases
it was possible to produce items which met or exceeded the
specifications by increasing the dye ccncentration appropriately.

The final all dye items, fully compensated, achieved a scotopic
luminous transmittance of typically 50% for the two wavelength
devices (protecting at L2 and L3) and a scotopic transmittance of
9 to 11% for the three wavelength devices. The laser protecticn
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is provided at an optical density of 4 at L2 and L3 and at a
density X at L1 where X is the classified value as given in the
classified appendix to the original contract DAMD17-86-C-6079.

The =econd technology was that of volume hologram reflection
filters fabricated in dichromated gelatin (DC3). Holographic
filters can be thnught of as an interference filter which, in
many ways, is similar to traditional dielectric stack ftilters
rroduced by vacuum deposition. As with all interference filters
the spectral position of the resulting reflection kand is
sensitive to the angle of incidence at which it is viewed.

It is clear that care must be taken in the design of such filters
that the eye is protected for all rays that can enter the pupil.
It was clear that the design of the filter required treating the
subsctrate (protective eyewear device) and the eye as a system.
Those rays and only those rays which can enter the pupil of the
eye must be blocked. Filter designs were developed which met
that criteria and these became known as eye~centered filters.

Holographic filters are uniquely suited to fabricating
eye-centered filters. Ordinc~y thin film deposition such as that
used to fabricate dielectric stack filters or rugate filters
arplies the layers of the coating a molecule at a time and the
processes can required hundreds of quarterwave layers and are
very time consuming. But more importantly the layers must all be
conformal to the surface and generally one tries to make the
layers uniform across the surface. Volume holegraphic filters
are not constrained ki either of these requirements. The
reflecting planes (or fringes) in the hologram need not be
conformal to the surface and the filter may not be uniform across
the surface. The holographic filter is created in place by
exposing a holographic medium to a standing wave pattern created
by interfering two laser beams. The index modulation within the
materia) is created in seconds or minutes rather than the hours
required to deposit a thin film coating. Furthermore, by using a
point source located at the anticipated eye position with respect
to the substrate the resulting filter may be non-uniform across
the substrate, but the non-uniformity will be exactly that
required to block those rays and only those rays which will enter
the pupil. Therefore, from a design point of view, holographic
giiters are a natural and ideal method to produce eye-centered
ilters.

At the time this program was initiated, dichromated gelatin (DCG)
was the clear material of choice as the holographic medium. It
was possible to achieve the index modulation and thus the
spectral bandwidth required to produce the required filters. It
was known to be a difficult material to process since it requires
a2 large number of wet chemistry steps each of which must be
carefully controlled. However, several subcontractors had
experience in processing the material.
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The primary difficulty with DCG is that it is extremely sensitive
to moisture. Once the hologram is formed the filter must be
hermetically sealed or 1t will quickly be destroyed. The sealing
of the hologram became the greater part of the development
progran. After investigating a number of possibilities, Aclar,
fluoro-chloro-hydrocarbon film manufactured by Allied Signal was
identified as the best material to protect the hologran.

However, this material was not available in a true optical
gquality. Although it was optically clear, non-absorbing and
generally free of scatter it had surface striations as a result
of the extrusion processed used in its manufacture which led to
optical distortion. Significant effort was expended to develop

methods to remove or hide the striations.

Ultimately, eye-centered filters which demonstrated the .
feasibility of the designs and the application of holographic
technology to the problem of providing laser eye protection were
fabricatel on spectacles, frontserts for the BLPS, and HGU-56/P
aviator visors. These were made by using a hybrid approach where
holographic filters were used for L1 and abscrptive dyes were
used a: L2 and L3. The scotopic transmittance achieved was
typically 25 to 28% which is approximately 80% of the theoretical
limit of 35%. This transmittance is significantly higher than
the 9 to 11% achieved with the all dye approach and thus
demonstrates the usefulness of the holographic approach.

2 PRODUCT CONFIGURATION

2.1 Spectacles

The final configuration of each item is described in greater
detail in section 5. 1In this section the various items are

descrile in general terms.

The spectacles lenses were a nominal 6.25 diopter (84.8 mm sphere
radius) base curve lens made of polycarbonate having a thickness
of 2 to 3.5mm but normally at a 3.2mm thickness. The lenses were
edged to fit into the standard HGU-4/P Aviator Sunglass frame, a

"clip-on frame which is compatible with the HGU-4/P frame, and a

special frame designed to be compatible with the IHADSS system.
The noninal frame has a 17 mm bridge and is availakle with either

a 52 or 58 mm eye size.

2.2 Curved eyeshields

The curved eyeshield as initially envisioned was a systenm
developed by American Optical on Contract No. DAMD17-85-C-5073
known as the BEPE. It consists of an "eyewrap" which is a single
molded polycarbonate piece which forms both left and right lenses
connected by a briage piece. Mounting blocks are part of the
molded unit at the outside edges of the lenses to which temples
with sideshiclds are attached. This unit is shown in Figure 1.
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The lens elements are toroidal surfaces to provide greater wrap
and thus greater side protection as well as a wider field of
view. The lenses are designed to provide ballistic protection.

During the course of the program is was mutually agreed by AO and
the government that the laser protection would best reside in a
thin "frontsart" which would clip on to the outer surface of the
BEPE. This became the standard configuration for both the all
dye and hybrid laser protective systems. The frontsert
configuration is shown in Figure 2.

Care was taken in the optical design of both the eyewrap and the
frontsert to assure that optical power and prism in the as-worn
positien was minimized.

The all dye system became known as the Ballistic Laser Protective
Spectacles (BLPS). This system which included two spectacles,
one clear and one bronze to be used as a sunglass, and a two
wavelength protective (L2 and L3) frontsert was fully developed
and went to limited production.

2.3 AH-64 mask lenses

The AH-64 wmask lens was developed at American Optical on a prior
contract. The lens is relatively small and is designed to fit
close to the eve. It has a sphere radius of approximately 35mm
and thus wraps around the center of the eye. The lens is
cemented into, and thus becomes an integral part of, the chemical
agent mask for use by crew members of the Apache helicopter. The
lens is designed to be compatible with the IHADSS display. 1In
addition to the optical element a plenum is attached to allow
forced circulation of air over the ocular side of the lens to

prevent fogging.

This item was dropped from the list of deliverable items
approximately one year into the program.

2.4 Aviator visors

The aviator visors have a toroidal surface having an cuter
surface horizontal radius of 4.63 inches and an outer surface
vertical radius of 5.41 inches and a uniform thickness c¢f 0.080
inghes. These were made of polycarbonate injection molded by
using a mold furnished by the governmunt which was built to
produce the LGU-56/P visor. The general configuration is shown
in Figqure 3.




The HGU-56/P visor was the primary configuration for this
program. However, the helmet and visor was still under
development at the Gentex Corporation and continued to undergo
changes is design (the outer shape not the basic curvature) right

to the end of this pregran.

In addition to the HGU-56/P visor, which is not yet deployed, a
number of all dye laser protective visors were fabricated and
Type Classified in the SPH-4/P configuratien. It was shown that
both visors could be made from the same mold. The curvatures are
not exactly the same for both but are close enough. Otherwise
the differences lie only in the trim shape and the method of
attaching the edge guides and locking mechanism. The mold
produces as oversize blank wnich can later be trimmed to a number

of common visor shapes.

2.5 HM17 and M40 outserts

The M17 and M40 "outserts" were designed and fabricated by A0 as
a modification to the original program. They are designed to be
mounted in a rubbecr boot which clips on to the M17 and M40 gas
masks which were being developed concurrently by CRDEC.

The basic lenses are cylindrical following the curvature of the
primary lenses in tha masks. The lenses have a uniform thickness
flange which is inserted into a soft rubber boot and held in
place with a metal crimp ring. The boot is capadle of being
attached to the cutside of the standard mask.

One of the goals of the mask outserts was te switch the material
from allyldiglycol-carbonai=2 (CR-339) te polycarbonate for
ballistic protection. Gas masks usually are configured such that
the lenses have a large "face form" angle, i.e. the lenses wrap
around the face. This is the case for the M17 and M40 masks. As
a consequence, without correction, excessive prism in the
horizontal direction would result from the curvature and higher
index of refraction of the polycarbonate lens material. To
compensate it was necessary to design the front and rear curves
to minimize power and prism in the anticipated as-worn position.
This resulted in a lens vhich is thicker (3.5 mm) at the center
than at the edge. The optical surfaces were properly corrected
but the mold was made to provide a constant thickness flange
around the edge to mate with the rubber boot.

The configurations for the M17 and M40 outserts are shown in
Figures 4 and 5, respectively.

2.6 IHADSS (Apache) visors

The Apache helicopter includes an Integrated Helmet Acquisition
and Data Sighting System (IHADSS). This is a device which rests
against the pilot's cheek and must fit under the visor. As a
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result the visor is spherical and more "bubble" shaped. The
visor is larger than the HGU-56/P or SPH-4/P. The configuration
is shown in Figurz 6.

3 ABSORPTIVE DYE TECHNOLOGY
3.1 General Considerations

The use of abscorptive dyes to block laser radiation has obvious
advantages. This is especially true if the dyes can be molded
directly into the plastic at the injection molding step.
Normally, dyes used for colering plastics are done in just this
way. Molded in dyes are less costly than other methods for
blocking laser radiation such as narrow band interference filters
or holographic filters.

rbsorptive dyes are nct angle sensitive. Most absorptive dyes
are stable to variations in temperature and are resistant to
chemical attack and humidity.

Two issues are of particular concern with the use of absorptive
dyes. One is the tendency of some dyes to saturate in the
presence of a high photon f1''x or high irradiance. 1If the dye
haz a very nigh absorption coefficient so that a relatively small
concentration is required and if the excited state of the
molecule has a2 relativealy long life the initial incoming photons
excite a significant fraction of the dye molecules to the excited
state where they remain and are not available to absorb the
remaining photons in the pulse. The effect is that the dye may
have a high optical density at low fluences or low irradiances
but will have a lower effective optical density at high

fluences. Each dye must be carefully evaluated for saturation.

The second issue which is a common problem with absorptive dyes
is 'that of degradation by solar radiation. Many dyes are
susceptible to damage by ultravieclet (UV) radiation. Some dyes
are also susceptible to damage by radiation in the absorption
band for which the dye is intended to block. Each potential dye
must be carefully evaluated for solar stability.

A disadvantage of absorptive dyes is that they generally are not
extremely narrow band absorbers and they often have absorption
bands in other parts of the visible spectrum which are not useful
in blocking laser radiation but detract from the luminous
transmittance. Even dyes whose primary aksorption lies in the
near infrared (NIR) have residual broad band absorption
throughout the visible region. It is essential to carefully
select the optinum dyes for maximum luminous transmittance for a
given optical density at the threat wavelength.

Barnes'Engineering (now EDO Barnes) under subcontract to A0
participated initially in the dye evaluation and selection.
Later AO took over the complete responsibility for developing the
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application methods and optimizing the dyes in terms of
perfermance. The sections below describe the dye selection
process for each of the three laser wavelengths. :

3.2 Dyes
3.2.1 Lamkda-1

The dye used for blocking lambda-1 (L1) was developed by Barnes
engineering prior to the award of the contract. Two dyes were
available denoted as B-~101 and B-102. Both of the dyes are metal
or metal oxide porphyrins.

Early in the program the criginal B~101 dye was abandonded in
favor of B-102 for two reasons. The B-102 dye has much better
resistance to solar radiation and it is compatible with the
lambda-3 (L3) dye, dencted as AO-ET, that was selected (see
section 3.2.3 below). The B-101 dye required the addition of an
arti-oxidant to prevent a very rapid decomposition in sunlight.
The anti-oxidant reacts with the AO-ET dye and they coculd not be
mixed in the same solvent. The B-102 is inherently more stable
to sunlight. The B-102 dye is slightly poorer than the B-101 in
that it has greater absorpion in the blue which reduces the
scotopic luminous transmittance. However, overall the benefits
significantly outweigh the reduction in transmittance.

The B~102 dye was found tc be moldable in medium molecular weight
polycarbonate without degradation of the dys or the
polycarbonate. :

A spectral transmittance and optical density (OD) curve is shown
in Figure 7 for the B-102 dye as molded at an optical density of

4 at L1.

3.2.2 Lambda=-2

The dye selected for blocking laser radiation at lambda-2 (L2) is
'a metal phthalocyanine. 9riginally it was obtained from Barnes
Engineering in a form that allowed it to be dissolved in a
solvent along with the B-102 and the AO~ET dyes. Early in the
program AO developad the process for molding this dye directly
into polycarbonate. The dye is very stable and mixes well to
produce parts having very uniform dye concentration, and thus
uniform OD and transmittance.

Once the dye was known to be moldable it was not necessary to go
to the expense of making it soluble. A commercially available
equivalent material was obtained. This was further refined
in-house to remove impurities in order to obtain maximum luminous
transrittance. The processed version of the dye is denoted as
AO-~L2,

10
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A spectral transnmittance and OD curve for this dye is shown in
Figure 8. It can be seen that this dye has a very high
transmittance in the center of the visible spactrum and
especially in the blue end of the spectrum. Thus it can be usegd
at a concentration such that the OD is very high at L2 without
having a major effect on the scotopic luminous transmittance.

The AO-L2 dye is completely stable to solar radiation, however,
it was found that it exhibited significant saturation when
exposed to high energy, Q-switched pulsed laser radiation. The
regquirement is to meet the OD specification when the device is
exposed to a laser pulse having an energy density of 20mJ/cm2 and
a pulse width of 10 to 40nm.

Work was done at A0 and at L~atterman Army Institute for Research
Lo evaluate the extent of loss of OD as a function of laser
energy and power density [1, 2}. The results are summarized in
Figures 9a and 9b which show the effective optical density as a
function of irradiance and energy density, respectively. From
Figure 9 it can be seen_that in order to meet the specification
of an OD of 4 at 20mJ/cm® it is necessary to increase the dye
concentration so that at low light levels the optical density
would be 6 or more. Fortunately with this particular dye that
was not a problem since the residual absorption in the
mid-visible spectrum is small. Increasing the concentration had
a minimal effect on the final luminous transmittance of the
devices. : :

3.2.3 Lambda-3

Dyes which absorb well in the near infrared (NIR) region of the
spectrun are not readily available. Most organic materials do
not absorb in this region at all. Those materjals that do,
invariably exhibit significant broad band residual absorption
throughout the visible spectrum and thus detract from the
luninous transmittance.

Prior to the beginning of the procram A0 had synthesized a dye
which absorbs strongly in a narrow band centered at 1060mnm. This
dye is generically an arylaminium salt which will be designated
AO~ET. Tais dye was shown to have the highest visible
transmittance for a given OD at 1060nm of any of the known NIR
absorbers.

Initially Barnes Engineering was developing the absorptive dye
technology. This task included the selection of the dyes and
establishing the process for their application or inclusion in
the product. The AO-ET dye was compared with a Barnes dye B-304
and an American Cyanamid dye IR-282. Figure 10 compares the
spectral transmittance curves of each of the dyes in solution.
The concentration of each has been adjusted so that the OD at

11
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1064nm is approximately 3 for each of the dyes to give a wvalid
comparison. From this curve it can he clearly seen that the
AO-ET dye has the highest luminous transmittance.

Thz AO~ET was the dye of choice and this was not changed during
the course of the pruogram. Figure 11 shows the visible
transmittance of the AO-ET dye alone in its final configuration,
that is applied as a coating.

The AO-ET dye was demonstrated to be completely stable to high
energy laser radiation. It does not saturate at energy densities
of z0mJ/cm”<. At much higher energy densities the polycarbonate
containing dye is burned before any evidence of saturation.

The AC-ET dye is, however, unable to withstand the tenperatures
required to mold polycarbonate, typically 500 to 55C0F. The dye
is degraded and no longer absorbs at 1060nm. Thic means that
alternate methods of application had to be developed. These will
be described below. Also, the AO-ET dye is highly reactive. As
a result the number and type of materials in which it can be
mixed or brought in contact with is limited. The dye is
compatible with chlorinated solvents and with polycarbonate and
certain acrylic film formers. Bringing the dye in contact with
epoxies, especially the amine cured epoxies, or other oxidizing
agents will degrade the dye.

The AO-ET dye exhibits a szliyht degradation when exposed to solar
radiation. Typically the OD at 1060 nm drops by 10%, for example
from 4.4 to 4.0, after exposure for 60 hours of solar radiation
at an irradiance of 1120 W/m?. Figure 12 shows a measured curve
of the OD at 1064nm as a functicn of solar exposure. Alcng with
the drop in OD the spectral transmittance curve shifts slightly.
The transmittance in the yellow increases by a few percentage
points and the transmittance in the blue drops. In a two
wavelength device this results in a color shift from a green to a
yellow green and the photopic transmittance increases slightly
while the scotopic transmittance drops slightly.

3.2.4 Lambda-4

Although it was not a major part of the initial RFP two laser
threat lines lie just below the lambda-1 line. There was
interest in protecting against these lasers as well. This pair
of lines has been designated as lambda-4.

Another metal oxide porphyrin dye was obtained from Barnes
Engineering designated as B-~401. It could be molded in to the
polycarbonate substrate. 1Its spectral characteristics are almost
identical to those of the B-102 except that the entire curve ig
shifted toward shorter wavelengths. The spectral transmittance
curve is shoun in Figure 13. The B-401 dye is very similar in

12
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its behavior to the B~102 dye. The solarization is essentially
the sane and it does not_bleach under laser radiation at least up
to the specified 20mJ/cm‘

3.2.5 Combinations

The end items used combinations of the absorptive dyec in every
case. Spectacle lenses, viscors, BLPS (frontserts and the eyewrap
itself) and M17 and M40 mask outserts were all made with
combinations of dyes. These were in two general formats, two
wavelength devices protecting against L2 and L3 and three
wavelength devices protecting against L1, L2 and L3.

The two wavelength davices had a typical scotopic luminous
transmittance of 49% to 51%, while that of the three wavelength
devices was 9% to 11% when the dyes were at a concentration to
rzet the optical density requirements. By meeting the optical
density requirements that implies that the devices will still
meet the requirements following solar exposure or when exposed
with a high energy pulsed laser at ZOmJ/cm2 for a Q-switched
laser having a pulse width of 10 to 40nm. This means that the
aptical density at L1 was adjusted to be approximately 5 percent
uver the requirement to allow for solar degradation. The optical
density at L2 was 50% to 100% above the requirement to compensate
for laser saturaticn ard the cptical density at I3 was about 10
to 20% over the requirement to allow for solar deqradation.

Typical transmittance values for the two classes of product are
shown in the table below.

Transmittance in Percent

Two Three Four (Five)

Wavelength Wavelength Wavelength
oD € L1 1.05 - 1.1X 1.05 - 1.1X
oD € L2 6.0 - 8.0 6.0 - 8.0 4.0 - 4.2 (1]
oD € L3 4.4 - 4.8 4.4 - 4.8 4.4 -~ 4.8
oD @ L4 1.05 - 1.1X
Photopic ) - 42 12 -~ 14 17 - 20 [1]}
Scotopic 49 - 51 9 - 13 6~ 8
P43 {2] 50 10 14

Notes:

1. These five waveleng... samples were made prior to the
adjustment of the OD at lambda-2 to corvensate for
saturation and thus the photopic and P43 transmittances are
relatively high.

2. The P43 transmittance is reported assuming the photopic
eye response here and throughout this report.

13
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Typical transmittance curves for the three classes of eye
protective devices are shown in Figures 14, 15 and 16,
respectively.

In mixing several dyes together it is helpful to know the
contributicn of a particular dye to the overall 0D at other
wavelengths. The following table is an example of such a matrix.

Contribution to Optical Density

Dye B~102 AO-12 RO-ET B-401
Wavelength

L1 3.64 0.09 0.22 0.6
L2 0.0 4.006 0.44 0.0
L3 0.0 0.0 5.20 0.0
L4 0.9 0.09 0.26 3.27

The AO-ET dye is applied as a coating on the outer surfaces of
the item as will be described in detail in section 3.3 below. If
the OD at L2 is 0.44 total (coated both sides) the OD per surface
is 0.22 which corresponds to a transmittance of 60%. This has
the effect of increasing the effective 0D at L2 by even more than
the direct addition of the 0.44 %o the base OD of the L2 dye.
This 1is true kecause the reduced transmittance of the coating
reduces the intensity of the laser radiation when it reachesz the
molded-in RO-L2 dye. 1In other wcrds, if the incident irradiance
is 20mJ/cm2 at the outer surface and the transmittance of the L3
dye coating is 60%, the irradiance at the polycarbonate interface
is only 12mJ/cm? and thus the effective OD at high irradiances is
improved by moving the exposure down on the saturation curve as
was shown in Figure 17.

For some products, such as the aviator visor the entire coating
containing the AO-ET dye was applied to the front surface only.
In that case the transmittance at L2 is 30 to 40% which reduces
,the irradiance at the polycarbonate interface to 6 to 8 mJ/cm?.

3.3 Processes for Lambda-3 Dye
3.3.1 Diffusion

Barnes Engineering had developed a process for diffusing
absorptive dyes into the surface of polycarbonate substrates.
The method was based on dissolving the dyes in a solvent. A
variety of chlorinated solvents were investigated. The solvents
for the dye, of course, are also solvents for the polycarbonate.

14
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The polycarbonate substrates were dipped quickly into to dye
solution. The solvents dissolve the surfare of the polycarbonate
and allow the dye to diffuse into the surface. If the dip is
guick enough and the ~orrect solvents are used the process is
capable of producing laser protective devices.

The dip diffusion process is at best difficult to control.
Excessive immersion time dissolves the surface to the extent that
it flows and creates optical distortion in the part. Surface
cleanliness is also very important. Any contamination will
prevent uniform diffusion of the dye. Both dip processes and
spray processes were investigated to achieve maximum uniformity.
Motorized svstems were built to control the immersion time and
rate of passing the part through the bath.

Attempts were made to diffuse the aye by a spin application.
Rather than dipping the parts into a solvent bath the dye
solution was metered out orto the surface of a spinning
substrate. In some tests polycarbonate was alsc added to the
solution as a Zilm fcrmer. This was essentially a combination of
surface diffusion and coating. The results were somzwhat better
than the simple dip diffusion.

If surface stress is present the solvents will etch the surface
preferentially in the high stress areas creating visible
distortion in the part. This ultimately became the limiting
factor to the use of the dip diffusicn process. It was never
possilkla to mold parts which were sufficiently stress free to
allow the use of the dip diffusion process. Several attenmpts
were made t2 anneal the parts after molding without success in
removing the molded in surface stress.

It was difficult to achieve optical densities in the required
range without introducing haze at the surface. The dyes are more
soluble in the solvent carrier than in the polycarbonate. Thus
after the dip diffusion when the solvents evaporated the dye
would precipitate and form a fine haze. Another type of haze was
also seen which is caused by interaction with soivents and
moisture in the air. This second type of haze could be minimized
by performing tne diffusion process in a humidity controlled
environment.

3.3.2 Coating

Once it became clear that the dip or spray diffusion process was
unlikely to have widespread applicatinn to the variety of devices
to be delivered on this program an alternate method of
application was sought. The result which has shown good success
was to apply the dye as a coating by a dip process.

Several advantages were identified if the ET dye were applied as

a coat@ng. These are a) the surface quality is improved over the
diffusion process, k) the ET dye could be applied to a surface
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which does not need to come in contact with a cement which may
degrade the dye and c¢) a coating can be applied near the end of
the process and thus need not be exposed to lengthy high
temperature processes used, for erample, in processing and tuning
the holographic filters.

A number of candidate materials were considered for use as the
film former to carry the L3 dye. Many were ruled out because
some component reacted with and degraded the AC-ET dye. The
material which gave the best results is an acrylic resin scurced
from Rohm and Haas under the tradename Acryloid. The solvents
are nixture of 1,2 dichlorocethane and methylene chloride as the
solvents. All of these materials are chemically compatible with
the ET dye. The solvents, however, will attack uncoated

polycarbonate.

The final result is that this becomes a three layer coating
process. Since the solvents for the dye will attack the
polycarbonate substrates it is necessary first to apply a
protective coat. Several candidates were investigated such as
AO's Durafon and a commercial coating with the tradename
Gantrez. The one that has worked the best is AO's Duragard, a
standard scratch resistant coating which had been developed for
application to polycarbonate. Even though, in this case, its
scratch resistant characteristics are not essential.

It was found that this first coat must be applied at a thickness
of 2 to 2.5um in order to provide sufficient barrier preperties
for the solvent. If the coating is too thin the solvents will
break through at pinholes in the coating and attack the
polycarbonate during the application of the dye coating. The
result is unacceptable levels of cosmetic defects which appear as
a multiplicity of tiny svecks in the coating.

Adhesion of the various layers is always an issue. The scratch
resistant coating that was selected does not in general allow for
good adhesion of other material. "It was found that if the
surface were chemically etched by immersing in a kath of
concentrated sodium hydroxide (NaOH) good adhesion could be
obtained. The NaOH bath was at an 18% concentration by weight
and typical immersion times were from 2 to 18 minutes at room
temperature. The specific time depends on the cure
characteristics of the underlying bhardcoat. This method provided
adequate adhesion, but this interface is always the weak link the
system and attention must be given to maintaining proper process
control to assure consistent adhesion.

The AO-ET dye is also dissolved in the solution. Dye
concentrations ¢f 5 to 20 percent of tho solids have been used.
The optical density at 1064nm will depend on both the
concentration of the dye in the film and the thickness of the
film. The film thickness is controlled primarily by the Acryloid
concentration, expressed as percent solids, which controls the
viscosity of the solution. The film thickness can be further
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adjusted by the rate of withdrawal from the bath. A high
withdrawa! rate leads to a thick film and a slow rate a thin
film. That this should be the case is not immediately obvious.
The higher the rate of withdrawal more coating material clings to
the substrate and the slower the rate more material is drawn back
into the bath by surface tension. 7Tn addition the choice of
solvents will also affect the film thickness. Typical film
thicknesses range from 2 to 8 um depending on the end item
configuration.

The solvents must be selected to achieve the desired evaporation
rate. This has a significant effect on the optical quality of
the coating. Attention must also be given to the air flow around
the coating tank. Rapid evaperation can lead to streaks and runs
in the coating since it doesn't have time to level.

The final step in the process is to apply the top hardceat for
scratch and abrasion resistance. The Acryloid dye containing
coating does not have sufficient abrasion resistance itself to
meet the requirements of 50 cycles with the Taber Abrasion test.
This last coating is appliesd by normal dip coating methods. It
was found that a thickness of 1.5 to 2 um is sufficient. 1In
general it is a goal to minimize the total coating thickness in
order to provide maximum ballistic strength. It has been known
for many years that hardcoatings applied to polycarbonate ‘
substrate will Jow.r the impact strength. In general, the
thicker the coating the greater the reduction in strength.

This will be discussed in greater detail below. A number of
other factors are involved in the impact strength and nst all are
related to the coating and ccating process.

There were some early indicaticrs that the visible transmittance
of the dye is slightly greater when applied in the Acryloid film

" as a coating compared with the surface diffusion process.

However, this is also affect by a number of other factors such as
the purity of the dye and possibly on some of the materials used
in synthesizing the dve.

This has remained as the method of choice for the application of
the AO-ET dye and has been used to produce hundreds of thousands
of laser protective eyewear in a number of different formats. It
is still believed to ke the dye and process which results in the
highest possible luminous transmittance of all NIR absorbing dyes
known to date.

17




o5

]E

£2 3 BEO BB O3 B2 O B3

3.3.3 CQther

Some work was done to develop methods to cast the dyes in a film
which wculd subsequently be a free standing film which could be
laminated to existing devices. The dye or dyes were dissolved in
cellulose acetate butyrate and polycarbonate then spread on a
flat glass plate by using a doctor blade.

Care must be takern to carefully control the evaporation rate of
the solvents to achieve optical qu~=lity films that are smooth and
free of optical distortion.

The method was not carried to a full production mode. A limited
number of film samples were prepared with good results. One
application was to trim the film to the shape of the Sun, Wind
and dust Goggle and insert the film into the goggle behind the
lens.

3.4 Test Methods and Results
3.4.1 Optical (Power, Prism, Distortion)

The requirements for power, prism and distortion for the aviator
visors are those specified in MIL-V-43511. The requirements for
the curved eyeshield, spectacle lenses and AH-64 mask lans are
those of ANSI 280.1-1979 titled "Recommendations for Prescription
Ophthalmic Lenses".

Optical powar and prism are measured on a standard ophthalmic

focimeter or lensometer. In some cases the A0 Lenscmeter was

used but most of the tests vere done with a Hunphrey automatic
focimeter since it is easy to use and the digit.. results are

unequivocal.

Prism in spectacle lenses and in some cases the BLPS was also
measured on a fucimeter. However, a standard focimeter measures
the prism at normal incidence to the surface. For devices with
significant curvature and/or face form angle this is inadequate
and it is necessary to measure the prism in the as-worn
position. It can be shown that prism is extremely sensitive to
the angle that the viewing direction makes with the optical
surface. Therefore the preferred method for measuring prism was
on the AO prism bench. The ey. protective device whether it be
BLPS, visors, spectacles, goggles or outserts are placed on an
Alderson 50th percentile headform. Collimated light is passed
through the device at the actual eye position in a line for
straight ahead viewing. Any deviation of the direction of the
two beams of light, one for each eye, is measured directly by the
position of the light beam cn a reticle and the vertical and
horizontal prism is calculated.
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3.4.2 Transmittance

The requirements of the program were that the scotopic luminous
transmittance for CIE Illuminant C be greater than 45% and that
the luminous transmittance shall be greater than 40% when the
illuninating source is that of the unfiltered P43 phosphor
emission. It was assumed that the eye response function for the
P43 requirement is the photopic response although this was not
specified. The method of calculation and the appropriate
weighting factors are given in Appendix A.

A computer was tied to a Perkin-Elmer 330 spectrophotometer and
software was written to compute the luminous transmittance for
CIE Standard Illuminant C for the photopic (light adapted eye)
and scotopic (dark adapted eye) response functions. The same
program also calculated the integrated photopic and scotopic
transmittance assuming the light source to be that of un-filtered
P43 phosphor emission.

3.4.3 Haze

The haze in the finished parts shall be less than 2%. Haze is
measured by using a commercial instrument such a2z 3 Gardner
hazemeter or a Hunter colorimeter. Both were used at AQ.

3.4.4 Optical density

The optical density of the end items shall be 4 .r greater at
lambdas 2 and 3 and shall be greater than X at lambda-1 where X
is the classified value given in Appendix A of the RFP.

The Perkin-Elmer 330 spectrophotometer was used to measure the
optical density at lambda-1. Sufficiently accurate readings
could be obtained by inserting a neutral density screen having an
OD of 2 in the reference beam of the spectrophotometer. The OD
of the screen was then added to the indicated OD of the sample to
obtain the true OD of the sample.

After the concentration of the lambda-2 dye was increased to
compensate for high energy laser saturation effects the design 0D
was typically between 6 and 8. This cannot be measured with a
standard spectrophotometer. To control the process during
production the transmittance was measured at the secondary
absorption band at 627 nm. By correlating high energy laser test
results with the secondary transmittance measurement it was
determined that the transmittance at 627 nm should lie between 2
and 4 (or a density between 1.4 and 1.7).

Measuring high optical densities at lambda-3 is also difficult on
a standard spectrophotometer. AO built a specialized
densitometer which uses a fiber optic light source as the
illuminator. The light is collinated and passed through two
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narrow band filters (bandwidth 25nm) in tandem and then focused
onto a silicon cell photodetector. The output is sent to a
Kiethley nano-ammeter which has an auto-zero function and a log
scale which allows the result to be read out directly in optical
density units. This system was capable of measuring optical

"densities up to 5 accurately and would saturate at densities of

around 6. A schematic design of the system is shown in Figure 18.

3.4.5 High Energy Laser

The end items are required to meet the requirement for optical
density as given above when tested against laser radiation for
Q-switche' pulsed lasers having a pulse width of greater than 10
and less !'jnan 40 nanoseconds at a power density of 20 mW/cm2 over
a 4mm diameter aperture. The test setup and method is described
in greater detail in Appendix B.

The ET dye does not saturate under levzls of irradiance up to
5ImI/cr at 3.5 MW/cm®.

A
i

The AO-L2 dye shows a significant saturation of akout 30% at the
specified irradiance. This dye can be compensated by inc: easing
the concentration with minimal effect on the scotopic ‘
transmittance as indicated above. The test results for thie AO-L2
dye were discussed in greater detail above and in refererce 1.

Samples of the B-102 dye were tested a% USAEHA zt three -lifferent
power levels and with a spectrophotometer with results as
follows. The OD is expressed in units of X, the contrac:ual
value of which is classified. The value in parentheses indicates
the percent drop from the low energy value.

Form Power in MW/cm2

Low 0.04 0.86 9,986
Molded-in 0.96 0.94 (2%) 0.85 (11%) 0.80 (17%)
D@ffused 1 1.08 1.02 (6%) 0.97 (10%) 0.85 (21%)
Diffused 2 0.92 0.87 (5%) 0.80 (13%) 0.69 (25%)
Diffused 3 0.94 0.87 (7%) 0.83 (12%) 0.73 (22%)

The "Low" power is the OD measured with the CW source of a Perkin
Elmer Lambda-9 spectrophotometer. The laser had a pulse width of
20 to 30 nm. Assuming a 20nm pulse width the power density for
20mJ/cm2 is 1 MW/cm“ which corresponds to the second column in
the table. At this level the dye showed around 12% saturation,

This dye would also be improved more than additively by
overcoating with an absorbing material such as the ET dye. Laser
saturation has not been a problem with the B-102 dye. The level
of compensation for saturation is very similar to that required
for solarization,
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3.4.6 Solar

One early requirement was that the end items comply with the
optical density and transmittance specifications following
exposure to UV in accordance with ASTH G-23 (Type H, Method 4)
for 10U hours. This is a test which exposes the sample to a very
UV rich enviroament which is not representative of actual
sunlight.

The contract specified MIL-STD-810C Method 505.1, Procedure I as
the solar exposure test method. This test preocadure calls for:

Radiant energy exposure 104+/-4 Watts per square foot
(1120 W/m“) at a constant level.

Temperature 49+/-2°C (120°F)

Duration 48 hours

Early in tbhe program it was noted that MIL-STD-810C had been
replaced by MIL-STD-810D. It was agreed that the required test
mecthod should be MIL-STD-81CD, Method 505.2, Procedure I. This
is the test method which has been written into the BLPS Technical
Data Package. This test methed calls for a cycled radiant
exposure according to the radiant energy and times as indicated
in TABLE 505.2-1. A graph is included in the standard as FIGURE
505.2-1 which does not agree with the table. A choice of two
temperature-hunidity cycles is allowed (also shown in TABLE
505.2-1). The test duratien is sevikn cycles (see MIL-STD-810D,
Methed 505.2, p505.2-4, paragraph I-3.2,k.,{(1)).

The integrated expcsure for each cycle is 8,800 Watt-hours per
square meter as calculated from the specifications listed in
TABLE 505.2~-1 (i.e. not from the graph). Seven cycles implies a
total exposure of 62,300 Watt-hours per sguare meter.

The Weatherometer at AO which is used for the solar testing uses
a filtered xenon arc lamp to simulate the solar spectrum and can
be run at 1120 Watts per square meter. At a constant exposure of
1120 W/m2 the required exposure of 62,300 w--hrs/m2 requires 55.6
hours. The AO Weatherometer is not capable of being cycled in
either radiant energy or intensity. Therefore the test procedure
that was actually used is:

Radiant exposure 1120 W/m2 constant
Temperature 120°F, constant (1)
Humidity Ambient

Duration 60 hours total, (2)

20 hours on 4 hours off (3)

Notes:

1. This is the maximum temperature from TABLE 505.2-I and
is that required in MIL-STD-810C,

2. This is slightly more than the 55.6 hours and more than
the 48 hours specified in Method 505.1 of MIL-STD-810C.
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3. There have been no indications that interruptions in
the test are significant, i.e. any solar degradation is
related to the total exposure time.

In general the samples have experienced around a 10 to 15% loss
in OD at L3 and L1 and no loss in OD at L2 in the 60 hour test.
Occasionally a greater percentage loss has been observed. This
is believed to be caused by a higher than normal output from the

xenon lamp.

This data is consistent with the observed drop in OD from 4.5 to
3.5 at L3 in 230 hours of sunlight exposure in Australia.

The ultimate question is what is the loss in OD when worn in
actual use. The lifetime is obviously longer than that for
direct solar exposure since the visor is not exposed all day,
when worn it is turned away from the sun more than toward the
sun, and it is generally behind a canopy which blocks the UV
radiation. The results of actual use testing would be helpful

here.

The B-102 dye typically showed a degradation of 5 to 10% in the
60 hours test. By placing screens in front of the sample with
cutoffs at various wavelengths from 380nm up through the dye
absorption bard at lambda-1 it was shown that approximately half
of the degradation is caused by UV radiation and half is caused

- by "in=band" radiation, i.e. light at wavelengths in the

absorption band. Compensation is made by increasing the
concentration of the dye by about 10% to increase the initial ©D .

over the required level.

The AO-~L2 dye was found to be completely stable to soclar
radiation.

The AO-ET dye typically degrades by about 10% in the 60 hour
solar test. Compensation is made by increasing the initial OD by
10% by increasing the dye concentration or adjusting the coating
thickness. The ET solarization has been a source of concern
within the military. The results have from time to time been
erratic; occasionally no degradation is seen and sometimes the
loss is greater than 10%. A roof top test was done to
demonstrate that the results in the lab are not inconsistent with
actual sunlight. The results were shown in Figure 12 where
outdoor measurements are interspersed with the lab test data.

The plot assumes that a day of actual sunlight is equivalent to 8
hours at the full intensity of the xenon lamp, i.e. 8,900
W-hrs/m¢ divided by 1120 W/m? is 7.9 hours. The agreement is

very good.

A test using cutoff filter screens was also done with the ET
dye. The results showed that almost all of the degradation was
caused by UV exposure and little if any was caused by in-band
radiation.
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3.4.7 Humidity

The humidity test requirements were those of MIL-STD-810D, Method
507.2, Cycle 4 and Cycle 5 as defined by Table 507.2-I1. This
calls for a cycled humidity temperature profile for 10 cycles of
24 hours each. Five cycles each of Cycle 4 and Cycle 5 were used
as the standard test. The ssquence is not important. Figures
19a and 19b show the huridity and temperature profiles for each
of these cycles, respectively.

None of the dyes are effected in any way by the humidity exposure
test. 1In some cases when the adhesion of a particular coating,
for example the Acryloid with the ET dye to the first hardccat,
is less than standard the humidity test may induce a failure in a
tape pull test. There have been no cases in which the coatings
spontaneously failed in the hunmidity test.

3.4.8 Temperature

The end items were required to meet the requirements for optical
density and transmittance after exposure to 72 hcurs at 160F
(71C) followed by 72 hours at -60F (-51C) per MIL-STD-810D,
Method 501.2.

The temperature tests were done by placing the samples in a
standard oven with airflow and a temperature contirol followed by
transferring the samples to a freezer.

The B-102, AO0-L2 and AO-ET dyes were all stable through this
test. There was no evidence of degradatien in terms of either
loss of nptical density at the respective wavelengths nor of any
change in scotopic or photopic luminous transmittance.

3.4.9 Chemical

Since it is possible for military protective eyewear to come in
contact with a variety ol chemical materials the items developed
with the processes used were tested for their ability to
withstand five of the more common materials which are:

Inspect Repellant (DEET)

Gasoline

Motor 0il

JP4 Jet Fuel

Combat Vehicle Fluid (DEXRON, a transmission fluid)

Each of the above chemicals was placed on sample, generally on
the concave side, and puddled in an area approximately 3/4 inch
in diameter. To test the convex side, if required, 1 inch
diameter "O- rings" were lightly coated with a vacuum grease and
placed on the surface of the sample to be tested to form a dam to
contain the material. The material was allowed to stand on the
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surface, uncovered, for a 24 hour period. Following this
exposure the sample was cleaned by washing with soapy water
and/or wipina with methyl alcohol. After the test the sample was
visually inspected for any sign of attack or damage to the
surface. The items were required to meet the specifications for
optical distortion. In addition the samples were re-tested for
luminous transmittance and optical density. The requirement is
that the samples meet the specifications for transmittance and
optical density following the chemical exposure.

3.4.10 Ballistic

The visors, AH-64 mask lenses and curved eyeshields shall be
tested for impact resistance against low mass high velocity
shaped fragments. The visor and AH-64 mask lens specification
requires that there be no cracks, spall or penetration of the
witness foil when hit with a 0.22 caliber, T-37 shaped fragment
at velocities between 550 and 560 feet per second. The curved
eyeshield must not break when hit with a 0.15 caliber, T-37
shaped fragment at velocities between 640 and 660 feet per
second. Initially the requirement was that the mean breakage
velocity be greater than 800 feet per second. This implied a V50
test which is more complex to run and requires more samples for a
statistically valid result. Thus the test was later changed to
the Vo tests at 550 and 650 feet per second, respectively. The
test specification was per MIL-STD-662.

The spectacle lenses were initially required to pass the same
test as the curved eyeshields but later this was changed to the
standard drop ball test using a 5/8 inch diameter steel ball
dropped from 50 inches. This was deemed adequate since the
spectacle lenses were intended for primary use by aviators and
they would be worn behind a ballistic protective visor.

A0 has the capability for running both of these tests in-house.
The low mass high velocity test is done by firing the projectile
through a non-rifled gun barrel using compressed helium as the
propellant. This is more repeatable than using pre-weighed
amounts of black powder. On exiting the gun barrel the
projectile passes through a "light trap". A pair of LED -
detectors are spaced 2 inches apart. As the projectile passes
the first detector the interruption of the light path triggers a
high speed timer. Passing the second detector stops the timer.
The velocity of the projectile is calculated from the time of
flight between the two detectors. The velocity is controlled by
adjv:ting the helium pressure in the manifold prior to firing the
gun.

The results of ballistic testing are complex and depend

significantly on the item configuration. One concern was that
the dyes used to provide laser protection may affect the impact
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strength of the item. It was shown that the simple inclusion of
a dye in the polycarbonate does not lower the impact strength
everything else being equal.

The impact strength of an item depends on the molecular weight of
the polycarbonate. 1In general the higher the molecular weight
the higher the impact strength. The molecular weight is limited
by the part configuration. If the part is large and has a thin
cross section it is difficult or impossible to mold if the
molecular weight is too high. The melt flow index is another
methcd of specifying the molecular weight. The lower the melt
flow tha higher the molecular weight. Most of the items
developed on this contract were molded with a medium molecular
weight polycarbonate having melt flow index in the.range of 7 %o
10, with the exception of the frontserts which were molded with a
high flow polycarbonate since ballistic strength was not a
requirement.

Applying coatings to polycarbonate will reduce its impact
strength. This is especially true, in general, if the coating is
applied to the side opposite the impact. The thicker the coating
the greater the reduction in strength. Polycarbonate normally
fails under a high speed impact by ductile failure, i.e. the
material stretches locally and the projectile punctures the
element leaving a small hole and a torn back tab of material.
When the polycarbonate is coated with a hrittie ceoating such as
the hardcoat or the acrylic coatings the failure mode changes
from ductile to brittle break. A brittle hrezk is charactevized
by a hole breaking away which has a diameter several times that
of the projectile or by a crack which may propagate from the
impact sight to an edge, or the part may crack in some location
far from the impact site.

The impact strength also depends significantly on the geometric
configuration. Sharp corners large variations in cross secticnal
thickness or area must be avoided. Sharp corners are stress
risers in molded parts and will serve as an initiation site when
the part is stressed by an impact. In addition, for coated items
csharp interior corners will serve as a collection region for
coating material forming a fillet. Since the coating thickness
is greater in the fillet this also serves as a point of
initiation for cracking.

Molding conditions, such as the dryness of the material, the
temperatures, and the amount of stress introduced into the part
can also play a role. Moisture in the polycarbonate in its
molted state will reduce the effective molecular weight of the
polycarbonate in the molded part and will thus reduce the impact
strength.

In each of the products developed all of these issues had to be

addressed. In each of the products this was done successfully
and the end items passed the specific requirements.
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As a point of reference the momentum and energy of prod:ctiles
was calculated for three ballistic tests that are common’ s/ used.
The momentum and energy of +*he various projectiles at the
specified velocities are tabulated ... Newton-seconds (N*sec)
and Newton-meters (N*m), respectively. ' The three tests are as

follows:

1. British Industry Standard (BIS) -
1/4" ball at 350 ft/sec

2. BLPS Regquirement -
0.15 Caliber T-37 shaped projectil¢ a*t 650 ft/sec

3. Visor Requirement per MIL-V-43511 -
0.22 Caliber T-37 shaped project.le at 550 ft/sec

Test Mass Velocity Momentum Energqgy
gms ft/sec N#*sec N*m
BIS 1.024 3¢0 0.°22 .23
BLEPS 0.376 350 0.7, 7.38
Visor 1.115 550 0.187 15.69

Thus the visor must withstand the greatest energy impact of all
the tests while the momentum of the projectile is similar to that
of the British standard.

3.4.11 Abrasion resistance of the coating

The percent haze of the sample was measured before and after the
abrasion test specified in MIL-C-83409, Section 3.6.1,
Amendment-l. This calls for the Taber abrasion test for 50
cycles under a 500 gram load. The haze gain shall be less than 6
percent. The actual end items cannot be tested in this manner
because the test method requires-a flat sample. It was accepted
that representative flat sample:s shall be processed along with
the end items for subjection to the abrasion test.

The test is intended to verify that the hardcoat is performing to
its normal ability and the it has been properly cured and applied
at the proper thickness. Thus, most of the testing was done on
flat plaques of polycarbonate with just the hardcoat applied. It
was shown saveral times during the program that the complete
package of hardcoat/acryloid with ET dye/hardcoat also passed the
required specification. This has not been a problem with any of
the all dye approaches or items.
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4 HOLOGRAPHIC TECHNOLOGY
4.1 General Considerations

Holographic, narrow band rejection filters afford very unique
properties that cannot be achieved by other methods. Holographic
filters are interference based devices. 1In that respect they are
similar in function to dielectric thin film stacks which are
depositea by physical vapor deposition metheds such as vacuum
deposition, magnetron sputtering and the like. Holographic
filters are in some ways even more like rugate filters which have
been investigated and developed in recent years. The
similarities and differences will be discussed more fully below.
Holographic filters are unique in the sense that they can be made
to vary across the substrate in such a way that they block rays
directed toward a very specific point or region in space and thus
are useful in making what are called eye-centered filters, i.e.
they block those rays and only those rays which are directed

. toward the eye. This allecws for producing filters which will

provide the maximum possible luminous transmittance.

The holographic filters described here are what is know as volune
holograms as opposed to two dimensional or surface relief
holograms which are more common. By volume hologram it is meant
that the index of refraction of a film material is a function of
depth or more precisely a function all three dinmensions inside
the holographic mediun.

Holographic filters are interference based devices just as are
thin film stacks. By that it is meant that light is caused to be
strongly reflected from the holographic filter as a result of the
interference of light rays reflected from interactions with
variations of the index of refraction within the medium. Like
all interference based devices holographic filters are angle
sensitive. In other words the spectral position of the
reflectance band will shift, always toward the blue or shorter
wavelengths, as the angle of incidence of the probing light is
increased. “%is will result in a change in the optical density
of the filte- at a specific wavelength as the angle of incidence
changes. Thus a filter that works at blocking a certain laser .
wavelength at one angle of incidence may not work at another.
This fact must be taken into account when designing the filter as
will be discussed below.

Initially the RFP and contract specified that the filter should
block laser radiation over a range of angles up to a 30 degree
angle of incidence. It was recognized prior to the start of the
program that this is not a sufficient requirement. It will be
shown below that for almost all forms of protective eyewear the
angle of incidence for light rays that can enter the eye do not
pass through the surface of the substrate at normal incidence and
in most cases the rays exceed a 30 degree angle of incidence.
Thus it was necessary to develop "eye-centered" designs for which
holographic filters are uniquely suited. The design of the
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filter must take into consideration the relative location of the
eye to the substrate for each item and also it must consider
possible eye rotation and translations due to fitting differences
from one individual to another.

Holographic filters have been made which function in the NIR
region of the spectrum. However, these always have a negative
impact on the luminous transmittance and the filters do not have
§ a sufficiently broad spectral bandwidth to be useful. It would
5 i required a large number of holegraphic filters to cover the
entire region. Other methoas, such as thin film stacks are more
suitable for the NIR. Therefore, NIR holographic filters were
considered but were ruled out as a viable approach for the NIR.
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Several candidate holographic materiils could be and were
considered. They are dichromated gelatin (DCG), silver halide
film, polyvinyl carbazol and in mcre recent years the Polaroid
i DMP-1i28 and tiae DuPont Omnidex series of photopolymers. The

¥ later two have cnly become available in the last few years. At
the initiation of this program DCG was the obvious material of
choice. It was the only material at the time capable of
achieving the required spectral bandwidths while having good
optical quality. It had been used and continues to be used fcr
head up displays (HUD's) for military aircraft. The primary
problem with DCG is its extreme sensitivity to moisture.
Properly sealing the DCG became the major part of the holographic
development program as will be described below.
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The DuPont photopolymers are more suitable for laser eye
protection due to the simple and repeatable processing (no wet
chemistry is required) and good environmental stability.
However, this was not availakble at the time and thus DCG was the
hologra; hic medium of choice. Since it was not suitable for
blocking the NIR the general approach was to use DCG holographic
filters for protection at lampda-1 and use the AO-L2 and AO-~ET
dyes for protection at lambda's 2 and 3, respectively.

/4

4.2 Design
4.2.1 Requirements

As indicated above the initial contract requirement was for a
filter that would protect for angles of incidence up to 30
degrees from the normal to the substrate. Figures 20a, 20b and
20c show the eye position with respect to a) a flat substrate
(this may be representative of a Sun, Wind and Dust Goggle in the
/ : vertical plane, for example) b) a typical non-prescription, 6.25
‘ diopter curve spectacle lens and c) a spherical lens which wraps
around the eye. The eye, in this case is represented by a fixed
pupil having a diameter of 7mm. It can be seen that, for the
. flat a 6 diopter lens, at the periphery rays can enter the pupil
' , which pass through the lens at greater than a 30 degree angle of
: incidence. Thus the required filter would not protect the eye.

B2 E3 3 £33 3 3
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The wrap around lens offers good protection across its entire
surface. On aviator visors angles of incidences of up to 55
degrees are encountered for rays that can enter the pupil of the
eye.

Therefore, it is necessary to take the position of the eye into
consideration in the design of the holographic filtér. In
addition the actual position of the eye with respect to the
eyewear may vary due either to potential movement of the device
with respect to the eye but more importantly due to fitting
variations from one person to another. The in_er-pupillary
distance (IPD) may vary from as little as $2mm to 70mm to cover
the range as defined by anthropomorphic data for the 5th
percentile female to the 95th percentile male. Some items, such
as spectacle lenses can be fit to the individual by adjusting the
spectacle frame. Other devices such as aviator visors mounted in
a helmet may vary significantly from one individual to another
since the position depends on the fit of the helmet to the head.

Besides the location of the eye with respect to the eyewear the
effect of the rotation of the eye must be considered. For this
program it was agreed that the design should be basad on the
assumption that the eyes may rotate in any direction by 15 degrees
from the forward looking line of sight. Assuming, also, a 7mn
pupii, an effective pupil can be defined by calculating the
circular area swept out when the real pup11 moves arcund a 15
degree cone angle. :

Furthermure, it wvas recognized that for somne forns of evewear it
may not be possible te fully protect the entire retina. The must
critical area of the retina are the foveal regioen (or the larger
macula) and the optic nerve. It was agreed that the eye would be
protected if an area on the retina defined by a 30 degree cone
angle with its apex at the center of the crystalline lens of the
eye.

Figure 21 shows a schematic drawing of the "average" eye. The
cone angle of 30 degrees is shown. The pupil is located 9.4mm
from the center of rotation. 1If the eye sweeps out a 15 degree
cone angle the effective pupil becomes a disk 16.2mm in diameter
which is located at a distance of 6.4mm from the center of
rotation of the eye.

4,2.2 Conformal Eye-centered Filter

The holographic filters which are appronriate to laser eye
protection are reflection holograms as opposed to transmittance
holograms. The holographic notch filters are formed by exposing
a suitable photo-reactive material, such as DCG, to two
interfering laser beams. 1In general terms if the two beams used
to expose the hologram come from the same side of the hologram a
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transmission hologram will be formed while if the beams come from
opposite sides of the film a reflection hologram will be formed.

The general exposure method is to direct a laser beam through the
film and reflect that beam from a mirror ¢ the other side of the
film. The reflected beam interferes with :he direct bean to
create a standing wave pattern. This pattern is present in the
bulk of the holeographic medium.

Holographic materials generically must be materials which respond
to the variations in light intensity within the material and the
result is that the index of refraction varies in the same

manner. In DCG the material responds such that the index of
refraction increased in the bright regions of the standing wave
pattern more than it does in the dark regions. In DCG the image
is a latent image which must be "developed" by using wet
chenmistry precessing.

In simplified terms of image holography one may consider the
hologram to image the mirror that was used to form it. In fact
the resulting hologram is more complex in that it also is a
functicn of the waveform cf the incident beam as well as that of
the reflected beam. In the most general case the incident
wavefront, the mirror and the substrate may be of an arbitrary
shape. For this program the substrate shape is fixed by the
requirements of the particular protective device.

If the mirror has a shape which differs from that of the
substrate or 1s not in contact with the substrate an image of the
mirror will be formed in the hologram. For example a spherical
reflector can be created in a flat hologram. This requires that
the "fringes", or surfaces of constant index of refraction" be
non-conformal to the substrate. That is they are not parallel to
the substrate surface. These are kncwn as slanted fringes. Both
of the subcentractors on this program who were responsible for
the holographic development indicated that slanted fringes were
not acceptable since they lead to diffraction of "out of band"
radiation. This was based on prior experience with DCG holograms
in HUD's. The diffraction is caused by the surface grating

'created by the fringe planes cutting the surface of the gelatin-

substrate or gelatin-air interface. For this reason holographic
designs which relied on slanted fringes were ruled out for this
program.

If the reflecting mirror is conformal with the surface of the
substrate the hologram that is formed will k2 what is called a
conforma+ hologram in that the fringe planes are everywhere
parallel, or conformal, to the substrate.

It can be shown that if one of the exposing beams comes from a
point source that the hologram that is formed wili always reflect
rays that are directed toward that point. Therefore, if the
incident laser beam is brought to a focus at a point which
corresponds to the location of the eye with respect to the
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substrate the resulting hologram will reflect rays that are
directed toward the eye. This is true for both conformal and
non~-conformal holograms.

one of the advantages of DCG as a holographic medium is that the
reflected beam need not be of the samc intensity as the direct
beam. In fact the 4% reflectance from the gelatin-air interface
is sufficient. This allows an exposure method known as an "air
gate" exposure to be used and no separate external mirror is
required. The general exposure method is shown in Figure 22.
The gelatin is applied to the front or convex surface of the
substrate. The incident beam is focused through a high numeric
aperture (na) microscope objective lens to create a point source
and a spherical wavefront. This direct beam is incicent from the
hack of the substrate. It passes through the substrate and is
partially reflected from the gelatin-air interface. The
reflected beam creates the standing wave pattern in the gelatin
which forms the hologran.

By using this exposure method the fringes are always parallel to
the outer gelatin surface since in any hologram exposure the
fringe planes are perpendicular to the bisector of the wave
vectors which created the hologram. The spacing between the
fringe planes will depend on the angle of incidence (which is
equal to the angle of reflectance) at the surface. The spacing
of the fringe planes is given by the Bragg equation

j\ = Ao / 2n*cos(@p) (1)

where [\ is the wavelength of the index modulation function, )\o
is the wavelength of the exposing light, n is the average index
of refraction, and @z is the Bragg angle or the angle of
incidence in the gelatin. As the angle of incidence increases
the fringe spacing increases. This means that the spectral
position of the resualting reflection band will be shifted toward
longer wavelengths when measured at normal incidence to the
surface.

It is well known that interference based filters shift toward
shorter wavelengths when viewed at increasing angles of
incidence. The relationship is given by '

A = Mo cos(®), (2)

where Ao is the spectral position of the filter at normal
incidence and A is the spectral position at angle @ (measured
inside the filter).

Holographic filters created by using the air-gate exposura or by
using a conformal mirror and exposed from a point source will
have a spectral position that varies across the substrate
according to equation 1 when viewed or measured at normal
incidence. However, when viewed from the point fror which the
exposure was made the spectral position will be shifted accordinrg
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to equation (2). The cosine terms in each equation cancel and
the spectral position of the filter will be exactly where it
needs to be, i.e. back to \o, and will reject light at that
wavelength which is directed toward the exposure point.

If the exposing wavefront is also conformal to the substrate
surface the hologram will be both confermal and uniform. In this
case Qp is zero everywhere. Thus conformal hclograms may be of
two generic types, uniform or non-uniform. As discussed above
for most useful forms of eyewear, or eye protective devices such
as visors, uniform filters will not adequately protect the eye.

Thus the holograms ased in this program are of the conformal but
non-uniform type. The non-uniformity is, however, precisely that
which is nesded to biock rays at the laser wavelength which are
directed toward the eve.

By non-uniform it is meant that the spectral position of the
notch filter will vary in a predetermined manner across the
substrate when measured at normal :ncidence to the substrate
surface. The geometric analysis and design methods described
below can be used to calculate the desired wavelength shift as a
function of position. An example is shown in Figure 23 for the
frontsert along the central horizontal msridian. The solid curve
indicates the calculated wavlength shift normalized to the design
wavelength. The circles indicate mesured points on an actual
frontsert irn which the holographic filter was made by using the
point source, air-gate methods describad below. The agreement is
very good. : '

It may also be noted here that thin film stacks and rugate
filters must of necessity be conforiaal and generally the goal is .
to fabricate uniform filters in the sense described above. This
often is a difficult task. It could be imagined that the
distribution of the thin film or rugate filters could, in
principle, be caused to vary across the substrate in just the
mannar that is required “o produce an eye-centered filter, but
the task would be formidable. With the holograpiiic approach
precisely the right filter is created automatically by exposing
'the hologram trom the point source at the eye location.

The holographic interference filter eye-centered design will
require accurate alignment of the holegram in front of the

eye. On the other hand the maximum area that can be exposed on a
spectacle lens is limited by the achievable numeric aperture of
the exposures beam. The maximum that was obtained was about a 54
mm diameter. This is not much larger than the frame eye size of
52 mm diameter. Therefore the lens cannot always be decentered
in the frame sufficiently to position the center of the hologram
in front of the user's eye.

Custom frames were purchased which are based on th: standard
HGU-4/P military sunglass frame (known at AO as the FG-58 aviator
frame) in a series of five different frame pupilary distances.
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This is achieved by using bridge sizes of 10, 12, 14, 16, and
18mm with the standard 52mm eye size resulting in a frame PD
series of 62, 64, 66, 68, and 70na, respectively. This will
allow the lenses to be identical, i.e. interchangeable from one
framz to another regardless of PD. The frame must be selected to
correspend the PD of the user. In principle the 1lens could be
decentered when edged and glazed to match the PD of the wuser but
the size of the lens is 1limited by the diameter that can be
exposed with the eye-centered exposure systemn. This does not
allow sufficient decentration to cover the rang=s of PD's,

4.2.3 Modeling
4.2.3.1 Hologram characterisitcs
4.2.3.1.1 General; 0D and angular

The theory which describes the spectral reflectance
characteristics of volume reflection holographic filters was
developed in a convenient form by Kogelnik in 1969 [2]) based or
coupled wave theory. This analysis assumes that the index
modulation function in the holegraphic medium is a pure sine
function. The equations which govern the spectral response of
the filter are:
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wvhete A 18 the average .2dex, =1 is the seplitude iadas moduiatien, ¢ is the
film taickness, ) 18 tie playsschk waveiength, @ 10 the playback asgyle iaside
the £Li.3, & 18 the slant angie of the planes of coastast iadex, and A3 ase 08
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the Lasex moduliatian f5action A the pnotopoiyser. The equrtines 48 showa
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The primary factors governing the behavior of the filter are the
average index, n, the amplitude of the index modulation function,
n;, and the thickness of the hologram, d. Some of this analysis
has also been reported in reference [3). It can be shown from
the above cquations that the cptical density at the peak position
of the filter is linearly proportional to the product nyd. The
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spectral bandwidth, however, is proportional to n, alone. In
other words, beyond a certain critical thickness the bandwidth
will remain essentially constant as the thickness increases as
shown in Figure 24 which shows the spectial bandwidth as a
function of thickness for various values of n,. The only way to
increase the bandwidth is to increase n,. Figure 25 shows the
spectral bandwidth as a function of index modulation.

In this report the bandwidths indicated are the spectral width of
the filter at the points where the 0D is 3; this will be called
the "intrinsic spectral bandwidth". This number was arbitrarily
chosen as a representative point of comparison because it can be
easily measured by using standard spectrophotometers. Absorbance
scales are generally valid to this density and even without an
absorbance mode the OD = 3 points can be estimated since this is
where the scale reads zero in a transmittance measuring mode.

Holographic filters, being an example of an interference based
phenomenon, are inherently angle sensitive. hs the filter is
viewed at increasing angles of incidence the spectral position of
the filter will shift toward shorter wavelengths. If, at normal
incidence, the peak of the filter is at the desiyn wavelength,
Lo, the OD of the filter will decrease as the angle of incidence
increases. The "intrinsic angular bandwidth" will be defined as
the angle for which the OD has dropped to the value of 3 when
probed with monochroratic light at wavelength Lo.

The angular bandwidth is a direct function of the spectral
bandwidtih. The relationship is shown in Figure 26 for a filter
having an average index of 1.5 and a thickress of 25um. As
indicated above, increasing the thickness will have almost no
effect on the angular bandwidth. Increasing the average index
will increase the angular width for a given spectral width.
However, with a holographic approach this is not a variable over
which one has control.

4.2.3.1.2 Skewed line shapes

'When the index modulation function is a pure sine function as

described above the spectral line shape is very symmetrical. On
a freguency scale, rather than wavelengtih, the curve would be
entirely symmetrical around the design wavelength. The filter
has a smooth rejection band with very steep slopes on both sides
which transition into an oscillating function or a large number

of side bands.

In practice, however, holographic filters often exhibit skewed
line shapes with a steep slope on one side and a gradual slope
with sideband structure on the other.

This has been modeled by assuming that the index modulation

function is a modified sine function in which the periocd is
chirped, the amplitude is damped and the entire oscillatory

34




function is superimposed on a gradually varying "DC" background.
The function that has been assumed for the index as a function of
depth in the hologram is the following.

n(z) = n + n;*EXP(-A*2) + nz*EXP(-B*z)*sin[an/[\(z)]

The index modulation function is assumed to be an exponentially
damped sine function with damping factor, B, superimposed on an
exponentially varying bias damping term with damping factor, A.
It was further assumed that the wavelength of the index
modulation, , was a linear function of z.

Figure 27a shows an example of a calculated asymmetrical filter
for which n = 1.54, ny; = -0.08, n, = 0.08 with 100% bias damping,
40% amplitude damping and 4% chirping. Figure 27b shows a
comparison of measured symmetrical and skewed filters. The
calculations were made by dividing the hologram into many very
thin layers and using the thin film matrix methods to calculate
the spectral characteristics. This work has been described in
greater detail in reference [4]).

This type of index modulation function has plausible explanaticrs
based on the methods used to process the DCG holograms. The
processing is a wet chemistry process and is dcne from one side
of the DCG film since the other side is in contact with an
impervious substrate., It is reasonable to assume that the index
modulation function is damped and chirped in the manner indicated
due to the asymmetric nature of the diffusion of the processing
materials into the film and asymmetric drying of the material
which leads to variable shrinkage through the depth of the film.

One of the reasons for switching subcontractors from Kaiser
Optical to Flight Dynamics was that the line shape of the
holograms produced by FDI was closer to the theoretical
prediction. Even though the processes were very similar the
hologram results were not. KOSI had worked for several years and
had developed methods to produce excellent holograms with very
narrow bandwidths and moderate optical densities. It was pushing
their technology to produce wider bandwidths and higher OD's.
Whatever the reason, the holograms made by the FDI process
automatically achieved the higher OD's required and steep

slopes. One possibility is that the difference lies in the
method of applying the gelatin to the substrate. Results fron
other development programs indicated that the material has a
memory and is sensitive to the history of the application
process.
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4.2.3.2 Eye-cantered filters

4.2.3.2.1 Ray tracing

Once the conlormal eye-centered hologram design was selected as
the desigi of choice methods were developed to analyze the design
to predict the level of protaction provided. The basic parameter
in the design that can be adjusted are the location of the
exnosure point with respect to the substrate and the wavelength
to which the filter should be tuned during processing. T+ is
known generally that the exposure point is at the eye position
ana the peal. rejection wavelength is at the laser wavelength
wherever the line of sight is normal to the substrate. However,
both of these parameters can be fine tuned for optimum

performance.

One of the early approaches to analyzing the performance of a
given hologram design is by ray tracing. The wodel of the human
eye with the crystalline lens and retina along with the iccation
and surface form of the substrate are pat into a ray tracing
program. For an array of points cn the retina, which reach the
retina over a range of points in the pupil, for a selection of
eye rotation: the angles of incidence at points on the substrate
can be calculated. The parameters which define the hologram such
as the location of the exposure point, the index modulation
amplitude, n,, the design wavelength are adjusted to maximize the
region on the retina which is protectad. Each ray passing
through a point on the substrate which will find its way to a
particular point on the retina is evaluated to determine vhether
the tilter will block it or not. ’

This work was initially done at Kaiser Optical with verification
at AO. The task is somewhat daunting since it involves ,
multi-dimensional arrays to cover all possible cases. It is
difficult to reduce the data to a format which is readily
understood. The primary advantage of this method is that it
allows one to iee exactly which parts of the retina are exposed

to potentially damaging rays.

Some general coacepts which came out of this study are the
following:

1. A 30 degree cone angle inside the eye translates to
approximately a 33 degree cone angle outside the eye
when refraction at the crystalline lens and cornea is
considered. This combined with the assumed 15 degree
eye rotation implies that the protection must cover a
48 degree cone outside the eye.

2. Better performance is achieved the further the

substrate is from the eye since the angle subtended by
the pupil is reduced.

36




o

~

s

o | Eimia

AT T LG e A S A Ty S

i

&

-3 &3

&

.

73

a’; Ko

L

2908,

3. Better performance is achieved the more the substrate
wraps around the eye. The best protection is achieved
if the substrate is a sphere centered on the eye.

It should be recognized that in the hologram design process there
are several competing goals. Maximum angular coverage requires
larger spectral bandwidths but this implies lower luminous
transmittance. Also, the bandwidth cannot be arbitrarily
increased without guickly reducing the visibility of the P43
phosphor. Thus the entire process is tightly constrained.

The results of the optimized hologram designs by ray tracing
analysis for the various eye protection devices were as follows:

i. The protaction nrovided by the AH-64 mask lens (later
dropped from the program) exceeded all design goals by
providing full protection up to a 30 degree eye
rotation. ‘This demonstrates the advantage of a systenm
in which the lens wraps around the eye.

2. The plano spectacle lens exceeds the design goals or
small pupil sizes (daylight) by providing full
protection up to a 30 degree eye rotation. However,
for a full pupil opening (night; the plano spectacle
design approaches the design goal for zero eye rotation
but degrades scmewhat at a 15 degree eye rotation. Rx
spectacles perform slightly better than plano
spectacles for positive Rx's and noticeably poorer than
plano spectacles for high negative Rx's.

3. The BEPE (BLPS) performance is similar or slightly
better than the plano spectacles for off axis rays in
the vertical direction but slightly poorer than the
plano spectacle for off-axis rays in the horizontal
direction.

4. The visor hologram design provides full retinal
coveraga for an eye rotation out to 30 degrees. This
is due to the greater eye relief in comparison with the
other items. With full protection the P43
transmittance is marginal. The bandwidth of the filter
may be reduced to increase the P43 transmittance but
the protection level is reduced to cover only a 15
degree eye rotation and this design does not consider
the effect of titting tolerances.

Tolerancing is an important consideration when attempting to make
a "one size fits all" device. The design and tolerance is unique
to each configuration. For the curved eyeshield it was found
that the vertical positioning must be held to +/- 1.5mm and the
IPD tolerance is the same. Therefore, to provide coverage to
meet the specification a range of eyeshields would be required to
fit the anticipated population. Similar results were found for
spectacle lenses.
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4.2.3.2.2 Geometric analysis

In order to help visualize the design requirements simple
geometric analysis is eppropriate. Examples cf this approach
have been give in Figures 20a,b and c above. A similar analysis
was made for visors. An effective pupil was assumed at the
noninal location of the eye behind the visor. For an array of
points on the HGU-56/P aviator visor surface the angle of
incidence of rays from the periphery of the effective pupil was
calculated. The highest and lowest angles were found and these
are plotted in Figure 28. The vertical scale in the figure goes
up to about 60 degrees. Typical angles of incidence over nuch of
the visor are in the range of 45 to 55 degrees.

Computer programs were written which calculate the range of
angles of incidence encountered over a surface of a given shape
for and effective pupil with a specific lecation with respect to
the surface. A second part of the program then calculated the
angular protection provided by a conformal eye-centered
holographic filter. The hologram parameters, n,, n and d and the
location of the exposure point were then adjusted so that the
angular protection provided completely covered the angular
protection required.

4.2.3.2.3 Random ray analysis

A Monte Carlo method of anzaliysis was also developed.' The method
is as follows:

1. Generate several hundred random ruys that pass through
the visor and strike the pupil of the eye. These rays
are selected by
a. selecting a random point on the visor surface

within the area that must be protected, i.e. the
area on tlie visor subtended by a 48 degree cone
angle fron the eye,
b. selecting a random orientation of the eye in which
the eye is permitted to rotate up to 15 degrees,
c. selecting a random point on the 7mm diameter pupil
of the eye.

2. Determine whether the ray is blocked by the hologram.
The hologram is specified by its index modulation and
the location of the exposure point.

3. For those rays which are not blocked by the hologram
and thus may enter the pupil, determine whether the ray
strikes the critical area of the retina defined ky the
30 degree cone angle inside the eye.

4. Repeat steps 1 through 3 for an array of possible eye
positions behind the visor for a given exposure point.
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S. Vary the exposure point and repeat steps 1 through 4 to
determine the most effective method to protect all
possible eye positions with the fewest number of
different visors.

This was a time consuming and tedious approach and was later
supplanted by the modeling method described in the next section.

4.2.3.2.4 safety region analysis

The final method of analysis which has proved to be the most
usefnl in that it is manageable and also gives a visual sense of
the level of protection provided is the “"safety box" method. A
scheinatic drawing of the geometry and coordinate system is shown
in Figure 29.

The nominal position of the center of the eye is determined for
each protective device. By assuming a pupil size and specifying
the allowable, or anticipated, eye rotation the effective pupil
is found which is the circular area swept out by the pupil as the
eye is allowed to rotate in all directions. An area
perpendicular to the line of sight is then calculated by allowing
the effective pupil to sweep out an area by assuming possible eye
translations behind the eyewear. For a single lens device such
as the wvisor, BLPS or frontsert the lateral range may be defined,
for exampie, by the range of IPD's anticipated. The vertical
range is controlled by fitting tolerances. Finally the area thus
dafined iz translated forward and backward, again depending on
anticipated fitting tolerances, to sweep out a volume in space
knowr: as the "safety box" which must be protected.

The surface of thz eyewear substrate is defined mathematically
along with its locatiocn relative to the safety box. Holographic
filters, assumed to be on the substrate surface, are defined.
Several types of holograms have been included in the computer
program such as vniform, conformal and spherical. The
holographic filter is specified by its type and by the index
modulation and location of the point source used for exposing the
holocgram. Also the program allows for multiple holograms on the
same substrata.

The safety box is divided into a number of parallel vertical
planes equally spaced from the rear to the front surface of the
box. An array of points is defined on each of the planes. An
array of points is also defined on tha substrate. For each point
in the safety box every point of the substrate is interrogated.
If a ray passing from any point on the substrate to the given
point in the safety box is not blocked by the holographic filter
the point is the safety box is said to have failed. 1If the rays
from all points on the substrate are blocked the point in the
safety box passes and a mark is plotted in a graphical
description. The collection of panels showing which points in
the array block the laser give a graphical picture of the area of
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the safety box that is protected. The exposure point and index
modulation which define the hologram are adjusted for maximun

filling of the safety box.

This method gives a good feeling for how changes in the design
parameters affect the final result. What it does not do is show
where an individual r: . kes the retina. It is a go/nogo
method of evaluation.

A recent modification was wade which indicates the percentage of
the rays directed at a specific point in the safety box that are
blocked. This will be useful if compromises must be made. 1In
other words if it is not poszible to protect every point in the
safety box it would be helpful to know the probability of a
failure at each point. :

All of the methods described have been used to calculate the
optimized hologram design. None of the methods are perfect
because of the large number of conditicns and rays that must be
traced. It is very difficult to reduce all of the data that
could be generated intc a meaningful format to allow optimizing
the design. This last method described has been the most useful.

An example of the method is shown in Figure 30 fer the HGU-56/P
aviator visor. The nine panels in the figure represent each of
nine vertical planes in the safety box. Back to front in the
safety box is from upper left tc lower right on the figure.
Within each panel left to right represents moving from the nasal
side to the temporal side of the safety box and tha panzls are
inverted in the vertical sense (down in the figure is up in the
safety box). For a given hologram type and index modulation the
location of the exposure point is moved in three dimensions until
the maximum number of poincs are protected within the safety box,

The figure shows the level of coverage of the safety box
achieved by using four types of holographic filter designs, viz.
a) conformal (that used in this development program), k) uniform,
c) spherical and d) a "wide angle" holographic filter which is a
new AO design to increase the angular coverage while using narrow
bandwidths. For this calculation the index modulation, and thus
the spectral bandwidth, was adjusted to provide full coverage to
the safety box. It can be seen that in order for the uniform
filter to cover the entire safety box, for most of the region it
covers far more than required and this is at a significant cost
in transmittance. The spherical and wide angle designs provide
the same essential coverage but at a much reduced bandwidth anad
much higher transmittance.
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4.3 DCG Process
4.3.1 Coating
The gelatin film must be applied to the convex side the

subatrate. The coating thickness must be approximately 25um and
the film must be uniform to within a few microns. Three methods

. of applying the film were considered; casting, flow coating and

transfer.

Casting consists of letting the gelatin gel between two forms or
molds on2 of whizh may be the substrate itself. Due to the size
and shape of the substrates this method was not deemed
applicable.

Beth flow coating and transfer coating were used. Flow coating
is performed by making a viscous agquecus solution of the gelatin
and simply pouring it over the substrate in a controlled manner.
This resulted in an optically acceptable coating on most
substrates,

The transfer method consists of first applying a unifeorm coating
of gelatin to a glass plate by ordinary methods such as spreadina
the aqueous solution with a doctor blade. The coating is allziers
to dry and is then stripped from the glass and retained. % :a
ready to usad the film is clamped in a carrier and soake? .i
water until it softens and is readily stretched at which time it
is Qraped over the substrate. This nethod worked very well on
all of tha substrate types.

Work was done to improve the adhesion of the gelatin to the
substrate. 1Initial holograms were deposited directly on the
polycarbonate. Two methods were developed to provide adhesion;
one a treatment with chromic acid and the other a subcoat of a
mixture of Daran and gelatin.

Later in the program when ACLAR became the obvious choice as a
moisture barrier film work was done to allow adhesion of the
gelatin to the ACLAR.

4.3.2 Exposing

The exposure method used for the DCG holograms throughout the
program is that known as an "air gate" exposure. The general
configuration has been shown in Figure 22. The incident laser
light is focussed to a point source by using a high quality
nicroscope objective lens. The resulting diverging beam is
ircident on the substrate from the back side while the DCG
coating {s on the front side. The incident beam is reflected
from the DCG-air interface, and thus the term "air gate", i.e. no
external mirrors are used in the system. The reflected beam
interferes with the direct beam to create a standing wave pattern
of light intensity in the film.
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The standing wave pattern is always in a fixea relationship to
the front surface of the DCG film and thus with this method of
exposure the relative motion of the sample to the laser beanm is

relatively insensitive.

The period of the standing wave pattern depends on the relative
angle between the incident and reflected beams. The standing
wave pattern interacts with the _.chromate in the gelatin to
produce a latent image which is later developed by wet chemistry

processing.

Many of the specific exposure techniques had been developzd by
the subcontractors prior to this program and were therefore

considered proprietary.

Some areas which required specific improvement had to do with
achieving good uniformity of intensity over the surface »f each
of the various substrates and compensating fer scatter rrom
inclusions in the polycarbonate substrate. It is a fact that the
hoiographic process is an excellent anplifier of any defects in
the substrate. A small scattering center scatters the incident
laser light which can interfere with other parts of the incident
laser beam to create small, localized transmittance gratings
which scatter light. Or the incident laser light can be
diffracted around larger inclusions creating a diffraction ving
pattern in the surface of the holegram. Larger particles yet
will occlude the incident kean resuiting in a hole in the
hologram. .

One method used to reduce the creation of spurious holograms by
scattering was to reduce the coherence length of the incident
laser beam. With a short coherence length only light scattered
from those scattering centers which are very close to the air
gate can lead to interference effects which will produce extra

holeograms.

A variety of methcds were investigated and used to improve the
uniformity of intensity across the substrate. One method to help

' remove the Gaussian nature of the laser beam was to run the laser

in the TEM 01 mode (donut shape) for better uniformity.

FDI continuously improved the exposure set up for visors with the
goal of achieving sufficiently uniform exposure (<20% variation)
zcross the required aperture. The method used was to sweep the
exposing beam over the visor in a circular pattern while
simultaneously varying the intensity of the beam to compensate
for changes of intensity at the visor surface. This is done by
offsetting the laser beam from the center of the optical systenm
and rotating the direction of offset around the central ray. A
synchronously rotating variable density filter is placed in the
beam. The density of the filter is adjusted point by poiat to
provide the correct compensation for varjiations in the laser
intensity due to the Gaussian beam distribution and due to
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inverse square law intensity fall off caused by the variable
distance from the point source to the visor surface. An
unexpected difficulty was encountered due to the natural beam
wander inherent in the laser which led to unstable system
response when used in the off axis mode described above.

The frontserts were exposed in the same system used to expose the
visor hologram since the two are very similar in nature. 1In both
cases the item must be exposed twice once for each eye. The
fixture was made so the part could be mounted in th:» correct
position for one eye then translated to the correct position for
the other eye. The specatacle lens exposure was simpler since
cne lens was done at a time.

4.3.3 Processing

Following the exposure as described above the NCG nust be
procecssed to develop the hologran. The exposure produces a
latent "image"™ in the DCG which must be enhance! by a wet
chemistry process.

The processes for DCG are well known and have bern reported
extensively in the literature. On the other hand :he process
consist of a large number of steps and variables, each of which
nust ke precisely controlled. In addition, the DCy mnaterial
itself, being a natural product, is not extremszly uniform from
batch to batch. ‘ :

Each of the subcontractors had spent years developing the
rrocesses for their particular applications prior to beginning
this program and thus many of the detailed process steps are
considered proprietary.

The general steps after exposure are to bleach the residual
dichromate from the film. The index modulation function is then
developed by removing water from the film by using a series of
baths consisting of water and alcohol with increasing
concentrations of alcohol. Finally the hologram is baked to
complete the process and tune the spectral position of the filter
to the proper wavelength.

One of the advantages of DCG is that the hologram characteristics
such as spectral position and bandwidth can be adjusted by post
exposura processing. Also, if the filter is not corract it can
be fe-processed by going back to a water immersion and beginning
again.

One of the problems encountered with the DCG holograms was a
tendency for the hologram to separate internally along a plane
of constant index of refraction, i.e. the cohesive strength of
the material was insufficient to survive some of tha end item
processing steps such as edging a spectacle lens or trimming a
visor to its final shape., A post-processing hardening step was
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developed early in the program which was finally applied to all
items. This is a formaldehyde treatment which imparts additional

cohesive strength to the gelatin.

The gelatin was further hardened by a post processing treatment
consisting of an exposure for 10 to 12 hours in paraformaldehyde
vapor at 100 degrees Celsius. This causes tne hologram to shift
toward the blue by 15 to 20 nm. The w2t chemical processing was
adjusted to compensate. The evidence that improvement was made
lies in the fact that visors were trimmed to shape without
excessive care being taken to prevent the layers from
delaminating. Also the finished and trimmed visor survived 9
hours and 180 degrees F, typical of that required to apply the
final coatings. More samples must be tested to verify that the
adhesion/cohesion of the gelatin is adequate. .

It became important to control the humidity and temperature of
the rooms, including the room where the coating was applied to .
the substrate. The DCG material has a nemory and is sensitive to
the conditions under which it is applied to the substrate.
Varying amounts of stretching of the film lead to different
filter characteristics, all other conditions being held constant.

4.3.4 Haze

Since haze in the holcgraphic filters is a major concern, a
separate section of this report will ke davoted to this subject.

Improvenent was made is in reducing the level of haze. By using
a pre-processing addition of a chemical hardener the gelatin was
renderrd less sensitive to haze induced by scattering centers in
or on the substrate,

Another source of haze appears to be created by heating the visor
before the Epotek 310 epoxy is fully cursd at room temperature.
Heating results in mottled or blotchy areas of haze. This can be
eliminated by allowing the cement to cure for 2 or 3 days at room
temperature before exposing the visor to any heat cycles.

A major development effort was the reduction in the haze in
holograms in spectacle lenses. The haze is attributed to three
contributing factors as listed below. The table indicates the
source, or potential source, of haze with the relative
contribution for the spectacle lens configuration.

44




l

[

~.

-

AN

SN

1

E3 = £ C3

. -

3 E23

&3 B3 E3

y;

I. Substrate haze 1-2%
1. flaws in substrate
2. surface contamination
3. intrinsic haze in polycarbonate
4. Aclar film and epoxy

~II. Hologram haze 3-5%

1. Intrinsic (due to wide bandwidth)
2. substrate induced

I1IX. Cap 0.5-1%

Ccmpleted assenblies sheowed haze levels of 5-6%. By adding a
chemical hardzner tn the gelatin FDI was able to reduce the
intrinsic haze in the hologram teo the pcint where the complete
assembly had a haze of 3-43%. This required better process
control since it is more difficult to produce wide band holograms
consistently with the chemically harder gelatin. However the
process worked. , : :

Also, cptical gquality polycarbonate (LEXAN ©0Q3320) was purchased
from GE. This is equivalent to the 5180 material in terms of
melecular weight but it is manufactured and bagged in a clean
room environment and special filtering is used in preparing the
resin. This particuler 1lot had the full complenent of UV
absorber and tha blue dys which GE normally includes. in c¢lear
polycarbenate to conpensace for the naturally yellow or straw
coleor of pure poiycarbonate. In tha future it would be
prefevable tc obtain a spscial run of 0Q unaterial without the
blus dye for maximum visible transmittance. 1t is expected that
this will reduce the luminous transmittance to about 97% of what
it could ba.

After molding the clear substrates the operators observed that
the lenses looked *"cleaner". Haze measurements did not
distinquish the 0Q material from the standard 4284. There was a
slight improvement observable in dark field photographs which
indicate the level of scattering. Looking into the bulk of the
material with a microscope it was clear that thers was a
reduction in the number of larger particulate inclusions.

The use of the 0Q3320 nmaterial further reduced the measured haze
in completed spectacle lenses from 3-4% to 2-3%.

The elimination of the Tetra Etch process by switching to the
plasma treatment of the Aclar also played a role in reducing the
haze. This probably resulted from the fact the etching solution
left a residue of sodium on the surface which was very difficult
to fclean and thus increased the scattering from the Aclar
surface.
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The fellowing takle demonstrates the imorovement in haze that was
achievcd.,

Contributor Yormer Current
Substra*e with Aclar 1.0% <0.5%

Ilologram on substrate 3 - 5% 1.5 - 3%
Cap assembly 0.5 - 1% 0.5 - 1%
Jverall haze level 4.6 - 7% 1.5 ~ 4%

hnother approach was investigated to eliminate haze by stretching
the Aclar film over a glass lens, applying the c¢z2latin, exposing
tr2 hologram, and sealing with a second layer of Aclar. At that
point the Aclar/gelatin/Aclar sandwich was stripped from the
glass support and transierred to the polycarbonate substrate.

The haz~ level for this configuration was 3-4% which wis about 1%
less than “hat of holoqrams exposed directly on polycairhonate.
This methred was not pursued further when the haze was reduced
with the standard prccess by using the methods described above,
viz. the increased hardener ir the gelatin and the use of the
0Q3320 polycarbonate. It was felt that a further incremental
reduction in haze did not warrant the additional effort and cost
to add a transfer and laminate step to the process.

4.4 Encapsulation
4.4.1 Need Defined

An entire section of this report is devoted to the development of
an encapsulation process since this becanme thie greater part of
the task in developing holegraphic filters in DCG. Dichromated
gelatin is extremely sensitive to moisture. Once the hologran
has been formed it may not be exposed to moisture. Expcsed to a
humid environment (an ordinary hot summer day will suffice) the
spectral position of the pzak of the holographic filter will
first shift toward th2 red as the film takes up moisture and
expands. With continued exposare the peak then begins to shift
towards shorter wavelength and the optical density falls off
until finally the holographic filter disappears.

For the present application a wavelength shift of only a few
nanometers is sufficient to prevent the proper functioning of the
filter for eye protection. This same shift may not be ‘
significant for ordinary display type holograms unless it were
great enough to cause a perceptible color change. A major part
of the development of the holographic prccess therefore became
that of identifying or developing a method to encapsulate the
holographic filter to prevent moisture from reaching the DCG

film.
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A variety of methods were investigated including moisture barrier
coatings applied by dipping in solution or vacuum deposition and
film materials which could be applied by lamination. It was also
a consideration for most of the items to add additional
protection to the hologram by laminating a polycarbonate cap over
the base substrate.

4.4.2 cCoatings

"EBarly in the procgram pelyvinylidene chloride copolymers such as

Saran (Dow) and laran (W.R.Grace) were identified as the best
materials to serve as a moisture barrier.

Saran is a coalvent based material and therefore was not the
primary candidate. Daran 8€00 is a terpolymer of polyvinylidene
choloride, methyl methacrylate and zcrylic acid. It is a latex
so that compatibility with the polycarbonate components, which
are attacked by organic sclvents, is not a problem. Coating
without flow lines was difficult but was greatly improved by
using a thin (0.5 um) <cating of lightly cresslinked
polyvinylalcohol (PVO},. Tricknesses of 3 to 5 um per dip were
achieved with good quality. Coating thicknesses of & to 10 unm
werz achieved but thicknesses in the range of 0.002% to 0.005"
(130 um) are required, :

Daran does not have sufficient abrasion resistance and an
additional hardcoat would be required.

' Vacuum coatings of SiN dezcsited by magnetron sputtering ard Sio2

(guartz) depon:uitcd by physical vapor deposition were
investigated. These had been reported ia the literature to be
good vapor barriers, This may be true on some substrates where
the coatings can be deposited at hiigh temperatures. These
coatings did not provide any protection at all on DCG.

Finally metheds of applying vapor barriers as coatings were
abandoned in favor of materials that could be applied as a film.

4.4.3 Filnm

The best moisture barrier material identified on this prograa is
a product sold under the tradename ACLAR. It is a homcpolymer of
chlorotrifluorocethylene made by Allied Signal. I%t is available
commercially as extruded sheet.

ACLAR is clear and is frece of inclusions and scattering centers
but it does not have good optical quality. The surface
striations resulting from the extrusion procese are present in
the film. AO worked with the manufacturer for several years to
encourage them to improve the quality. Some attempts were made
but with only marginal success. The possibility of press
polishirg the film in a post extrusion prucess Ly applying heat
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and pressure was investigated at Allied Sigral and at another
vendor. Scme success was achieved on a sing.e piece of
material. The process was such, however, that the cost was
prohibitive.

ACLAR, because of its excellent moisture barrier properties,
remained the material of choice throughout the program. Orders
were placed on two occasions and each time Allied made the
extrusion run immediately aftei the extrusion dyes had been
remnved and re-ground and the system was entirely cleaned. The
extrusion was done in a clean room. This gave the best material
that could be achieved.

The original method used to achieve adhesion of the gelatin to
the Aclar was that of immersing the film in a bath of a Tetra
Etch (sodium naphthalate) solution which is a hazardous, noxious
toxic material. A special booth was constructed at FDI to allow
using the material safely and Aclar film was only processed after
hours when rost of the work force had left. The material also
had dispocal problems.

It did serve to promote gelatin adhesion but at the expense of
transnittance since it tended to yellow the Aclar film when the
treatment was sufficient to allow adhesion. There was also
evidence that it made the Aclar film more brittle or that caused
stress crazing of the Aclar which then limited the performance of
the Aclar film as a moisture barrier. ’

A major success was the deVelopment at DI of 2 method to obtain
adhesion of the gelatin (and other materials) to the Aclar by
using a plasma treatment.

Several plasma gases were tried including argon and oxygen.
Argon gave the best results. The advantages over the Tetra Etch
treatment are 1) the Aclar is not yellowed, 2) scattering in the
Aclar is reduced, 3) the film is not embrittled, and 4) the film
does not stress craze when stretched.

., The initial plasma conditions were: power 350 Watts, vacuum

pressure 1 Torr, exposure time 1 wminute. The adhesion of the
gelatin to the Aclar was later improved by applying a more
extensive plasma treatment to the Aclar prior to the application
of the gelatin tilm. The time in the argon plasma was increased
to 15 minutes. It was found that 20 minutes causes the Aclar to
become cloudy.

)
e ? & L

Alternate materials were also investigated. Afton Plastics of
Minneapolis claimed to have a KEL-F film, the 3M equivalent of
Aclar, with the highest optical quality of any fluorocarbon film
made. The ranple received was, in fact, far worse than any of
thae Aclar.
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Also, a sample of a fluorocarbon film tfrom Daikin (a Japanese
supplier) was evaluated. It too was inferior to the Allied
material.

Methods To Obtain Optica) Quality Aclar

The primar;y; problem with the Aclar film was the extrusion lines
which caused optical distortion. Two apprecaches were taken to
solve this problem, one was to develcp smoother film and the
other was to develop methods to hide the striations by index
matching. '

A0 continued to meet with representatives cof Allied Signal to
encourage them to improve the optica2l gquality of the film. It is
AO's and Allied’s belief that the bect place to solve the problenm
is at the time of manufacture. Allied continues to move in this
direction, but slowly. Allied attempted to smooth the film by
installing heated calendering rollers elither at the ocutput of the
extrusion dye or as a secondary process. The effocrts made to
date were unsuccessful. It was clear that this was not a high
priority with Allied.

Texstar, Inc of Grand Prairie, Texas had delivered 8" X 11%
samples of press polished film having excaellent optical quality
over nost of the sheet. They also supplied twe sheets of press
polished film 24% X 48%. These were pressed from samples of
0.005% Aclar 22A and 22¢ £film, respectively. fThese films did not
have the gocd optical qguality of the original &% X 11" sheet.
The striations were removed but the film showed patchy "islands®
where it did not make uniform optical contact with the heated
platens. The film was found to be mora crystalline than the
starting material. The film broke while attempting to stretch it
over a spectacle lens, There were indications that the f£ilm could
be annealed and returned to the amorphous state by seheating and

rapid quenching. Texstar could work to improve the process with
some funding, However, Texstar's estimated cost per sheet would
make its use prohibitive.

Methods To HMide The Striations In Aclar

Several index matching methods to obscure the striations were
investigated as described below.

Cemented caps:

For spectacle lenses the extrusion lines could be index matched
out by using the cap lamination process. The cement sufficiently
filled in the ripples in the surface so that the optical quality
of the lanminate was acceptable. Visors and frontserts were
finally fabricated using external ACLAR films without a cap. The
results were marginally acceptabla. Here the greater problemn was
to apply the film in a way that there were no ripples or waves in
the cement which would lead to distortion.
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As an alternative to procuring optical guality Aclar, work was
done to use polyester as an overcoat to hide the striations by
index matching. Some of the materials considered as optical
quality laminate film were:

1. Polyester (PE), e.g. Mylar

2. Cronar (PE witbh a Saran and gelatin overcoat)
3. PTG (modified PE to allow easier forming)

4. Polycarbonate

5. Cellulose acetate propionate (CAP)

6. Cellulose acetate butyrate (CAB)

Although PE may not be the optimum choice it 1is a readily
available optical quality film and it was possible to stretch it
over a visor by using heat and vacuum and limited success was
achieved in applying it to the frontserts. It was not
possible, however, to produce a completely satisfactory visor in
that variations in thickness of the epuxy layer used to cenent
the PE to the Aclar lead to optical distortion. No visor seen
to date would pass the Ann Arbor distortion test. oOther methods
of casting materials over the Aclar are proposed which are
described in more detail below. PETG showed no advantage over
PE,

Cronar could not be stretched without intreducing stress crazing
in ¢he ccatings and did not offer any other advantages such ag
improved adhesion. '

Polycarbonate film was very difficult to stretch over an item
such as a visor.

CAP and CAB films were cast in-house with the ET dye included and
good optical guality was achieved for moderate sized sanmples. 1If
a dye containing CAP film were to be laminated to the Aclar care
would be required to find a cement which did not interact with
the ET dye. Two preliminary CAP application trials were made at
FDI with limited success. The film is somewhat brittle and tears

"easily. It was heated at 65°C and drawn down by using a vacuun.

The film was applied to two visors. The film continues to relax
and develops ripples during the overnight cure of the epoxy. The
visors produced were unsatisfactory due to ripples in the epoxy
and the film itself could be better.

This lamination of another film over the Aclar was not successful
in that it led to a different form of optical distortion. It has
not been possible to apply the final laminate without
introducing large scale optical distortion cdua to an uneven
thickness in the layer of cemert.

Cast overcoat:
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AO proposed other methods to index match the striations in the
Aclar film. One of these consists of casting a resin or coating
material over the Aclar against a glass mold. The final material
will then take on the shape anrd optical quality of the mold.

A mold would be made to match the design curve of the front
surface of the visor. The liquid monomer or film former would be
pcured into the mold and the visor pressed into it. A rear
matching mandrel will be pressed against the visor to maintain
tuniform contact with the front surface mold. Alternatively, the
rear element may itselif be a glass mold and the f£film former will
be cast against both sides of the visor.

Casting materials considerad were polymethyimethacralate (PMMA),
UV curable coating materials, or <CR-39. Preliminary etforts
showad that a commercial UV curable coating can be cast between a
sheet of Aclar and a glass plate which does index match the Aclar
striations, adheres to chemically etched Aclar, and can be
removed from the glass. Trials were made first on Aclar coated
spectacle lenses before the)investment was made in a glass mold
to match the visor surface, The material of choice was a
commercially available UV curable coating material, Acrylar.

This method was demonstrated by casting a UV curable coating
between glass plates on koth sides of a strip of ACLAR film. The
film was first plasma treated to promecte adhesion to tha coating.
A plasma treatment system was purchased so that the plasnme
treatment iay be done in-house to minimize the time between
treatment and coating. Also, a UV curable coating was cast
against a glass mold which matched the front curve of a spectacle
lens blank.

A glass mold was made with an optically polished surface which
matches the design curve of the front surface of the visor. The
liquid monomer or film former (e.g. a UV curable coating) was to
be poured into the mold and the visor pressed into it. If
necessary, a mandrel will be pressed against the rear surface of
the visor to maintain uniform contact with the front surface
mold. In the end the Aclar film was deemed adequate and the
casting method was never tried.

Visors were used as a test bed for some of the molsture barrier
developmnent. The visors were first molded with the lambda-2 dye
included. FDI then applied films of Aclar, gelatin, and Aclar.
Therefore, as received at A0 the visors had an uncoated
polycarbonate surface on the back and Aclar on the front. To
this the first hardcoat, the 1lambda-3 dye coat and the final
hardcoat must be applied. The total stack is shown in Figure 31.
If the cast layer were required, it could, in principle, go at
any of positions 1, 2, 3 or 4 in Figure 31, depending on the
adhesion and compatibility with the coatings on either side. The
compatibility of the following coatings was investigated; Silvue
121 (5V121) a<= the hardcoat, Sherwin Williams 621 (SW621) as the
castable layer, and Acryloid as the lambda-3 dye bearing coating.
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The combinations shown in the following table were tested for
adhesion. Column A indicates the results of a tape pull test
without crosshatching and column B are the results after
crosshatching. A capital P or F indicates pass or fail, a small
p or f indicates a borderline pass or fail.

Pretreatment A B

S§W510 on Aclar
Untreated
Primed with A1100
Plasma: 3 min @ 200 W in Ar
Plaspma: 3 min @ 200 W in Ar + prime
Plasma: 20 min @ 300 W in Ar + prime
Plasma: 5 min @ 400 W in Ar + prime

gy g g ey
"o g g

Note: the latter two plasma treatments destroyed the
hologram by overheating. It was found- that the 20
minute exposure could be divided into four 5 minute
cycles with equivalent results.

SV121 on Aclar

Plasma 20 min € 300 W Ar P F

Plasma 20 min @ 300 W Ar + Al1100 Prine P P

Plasma 5 min € 400 W Ar F

Plasma 5 min € 400 W Ar + Al1100 Prine p
SVi2i o~ SW610

Untreated P 4

21100 Prime P p

SW610 on Aciyloid
The amine in the SW610 UV curable coating destroyed the
L3 dye in the acryloid so that this possibility was
ruled out.

Tha net result was that the only possible combination would have
been to cast the SW610 coating directly onto the Aclar.

'Coating:

Further attempts wera made, without success, to hide the
:triations in the ACLAR with the Acryloid, dye-containing coating
tself.

End results:

Spectacle lenses will continue to be made as they have been made
by cementing a 1.5mm cap over the substrate with the holegraphic
filter seaied in ACLAR. The cap approach was considered for
frontserts at several times in the program. However, the quality
of the last lot of 0.005" Aclar film did not have the severe
striations seen in the previous lots. The optical quality of the
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visors as received was deemed to be acceptable and therefore the
deliverable visors and frontserts were processed without the use
of the cast coating.

Application ef final hardcoat:

Since

the outermost layer for the visor and frontsert

configuration was Aclar it was necessary to be able to ccat these
materials with at least a scratch resistant coating or with the
three layer process for applying the AO~ET dye and scratch
resistant coating. The problem is more complex in that any
surface treatment must be appropriate for the Aclar on the front
side of the visor and the polycarbonate on the back side.

re~treatments that were tried were:

1. No-chromix in sulfuric acid and water
2. sodium hydroxide (NafH) 18% in water
3. ammonium hydroxide

4. Plasma treatment with argon.

5.

Tetra-etch (sodium naphthalate)

Other systems that have also shown promisze are:

1. armmonium hydroxide plus A-1100 prime (standard process)

2'
3.
4.

NaCH plus A~110C applied as a coating
No-chromix soak for 1 ir plus hydroxyethyl prime
NaOH plus hydroxyethyl prire .

Another system which may work with Aclar is the no-chronmix
(sulfuric acid) plus a hydroxyethyl prime left as a coating.
Early work had indicated that Tetra~-etched Aclar was coatable but
this was not repeatable.

Three primers were tried to promote coating adhesion:

1.
2.
3.

3-aminopropyltriethoxy silane (A-1100)
bis (2-hydroxyethyl) aminopropyltriethoxy silane
3-(2-aninoethyl) aminopropyltrimethoxy silana

The best system to date for coating Aclar is:

1.
J.
4.

S.
6.

plasma treat with argon (oxygen is still to be tried
and, in principle should give better results)

prime with A-1100 (i.e. standard polycarhonate
treatment)

rinse

dry

coat

During the course of the program there was occasional evidence
that the 0.003" film was marginal in its moisture protection
performanca, The use of thicker film should provide better
protection. It was not clear, however, that thicker film could
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be stretzhed over a large curved shape such as the visor.
Samples of 0.005" film were, however, successfully applied to
lenses and visors at Flight Dynamics. Based on those trials 150
pounds of 0.005" ACLAR film was ordered. Spectacle lensesz,
visors and frontserts will be made with this material for the
duration of the program. The optical quality of the filn was
equivalent to or better than that of the best of the 0.003" film
which had been used.

The final results of hunidity testing of the deliverable samples
are reported in the appropriate sections below.

Ultimately, the success of a holographic approach will depend on
the successful implementation of a photopolymer which is
environmentally stable there by avoiding the complications of
using ACLAR film altogether,

4.4.4 Lamination

A variety of laminates were investigated. The originral approach
for spectacles, curved eyeshields and AH-64 mask lenses was to
apply the holcgram to a separate piece, or "cap", which would be
laminated to the base eyewear. No effort was made on this
program to use a laminate approach for the visors.

This approach required identifying the proper cements to bond an
aver increasi-g nunber of potential materials as the program
proceeded. I.itially the cap was to be polycarbonate. However,
as the inpact strength is provided by the base eyewear component
the selection of materials for cap could be expanded. For
exanple, the dyes could be incorporated into cellulose acetate
propionate CAP) or cellulose acetate butyrate (CAB). If the
polycarbcnate or other substrates were to be hardcoated first
then the cement must adhere well to the hardcoat material.

A wide rarnga of potential lamination configurations were
considered which also meant that a large numker of potential
cements were considered and evaluated.

Microglass having a thickness of 0.010" was slumped by using AO's
thermal replication process to form a 6.25 diopter curve to match
that of the lens blanks. The slumping process created a grainy
pattern on one side a orange peel on the other. The resulting
haze could be minimized by laminating. The thin glass laminate
had difficulty surviving the heat treatment processes used to
develop and tune the hologram.

Thin glass shells were fabricated by normal grinding and
polishing methods to a thickness of 0.5mm. The goal was to apply
the hologram to the convex surface of one and laminate a second
over the hologram. The package could ba edged to shape and at
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the end of the process be laminated to the front of a spectacle
lens. However, glass larminates of either type were shown to
significantly reduce the impact resistance of the lens.

In the development of several approaches to lamination a variety
of cements were investigated. These are as follows:

1. Tra-Con 2115 a flexible, clear, low viscosity epoxy systemn.
Adhesion was good to polycarbonate and gelatin and alse to PVCH
which could serve as a primer layer. The 2115 is an anmine based
epoxy and as such leads to progressive discoloration of Daran and
Saran films and degrades the ET dye.

2. Tra-Con 2135 does not attack CAP but has a slight yellow
color.

3. Tra-Con 2133 does not attack Daran and has the same adherence
as the 2115 but also has a slight yellow color.

4. Norland 61, a UV cured coating did not affect the ET dye and
had good adhesion when priming steps were used. However, at
elevated tenmperatures (160F) the cement does attack the dye and
the adhesion of polycarbonate caps to polycarbonate lens
substrates was not sufficient to allow the laminate to survive
normal laboratory surfacing and edging processes. Later this was
found to interact with the ET dye during prolonged exposures
required for prncessing and tuning the holographlic filters.

5. Flexobond 431 was selected from another dozen samples fcr
minimal effect on the ET dye. This cement is more difficult to
use since bubkles are readily formed. It must be degassed in
vacuumn and allowed to cure very slowly.

4.5 Test Results, General
4.5.1 Optical (Power, Prism, Distortion)

The test methods for power, prizn and distortion are the same as
those described above for the all dye products. Spectacle lenses
were checked for power since they were in many cases made to
specific prescriptions. The visor and frontserts used the same
molded substrates as those for the all dye product.

Distortion was th: primary concern for the hybrid devices since
sealing the hologram required laminating a film of Aclar on%to the
substrate twice without introducing excessiva waves due to
variations in the thickness of the cement.

Spectacle lenses werwe not a problem sinca the hologram was

covered by a thick polycarbonate cap. Visor and frontserts were
aifficult to produce in good quality. In general the Ann Arbor
test was abandoned and tha samples were evaluated for distortion
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by a simple visual inspection by holding the items at arms length
and looking through the device at a straight line and observing
the presence and severity of waviness.

4.5.2 Transmittance

The methed of measuring transmittance is the same as that for all
dye product as described in section 3.4.8 above and in Appendix

For nost of the devices modeled, the holographic filter design,
assuiring an eye-centered conformal filter, required holograms
having an index modulation of about 0.1 which correspends to a
spectral bandwidth of 30 to 33nm. Such a filter has a
theoretical upper limit for the scotopic transmittance of
approxipately 72%. In practice this will be degraded since the
lina shape cf the filter does not usually meet the theoretical
prediction and there is always some residual out-of-band
absorptiocn in the DCG material. :

Assuming that the two-wavelength all dye product routinely
achieves a scotopic luminous transmittance of 50% the theoretical
maxinum scotonic transmittance for a hybrid device is
apprexinately 35%. Specific results will be given below for each
of the end items. In general scotopic transmittances of 20 to
28% were achieved in practice. This is approximately 80% of the
theoretical Jaimit. :

Although this is significantly better than the 9 to 11% achieved
with an all dye device, and thus it demonstrztes the
effectiveness of the holographic approach, it is also clear that
new designs and materials are required to achieve the desired
goals.

4.5.3 Haze

Haze in the hybrid devices was measured as described akova by
using a Cardner pivotable sphere hazemeter or o Huntzar Lab
colorimater.

Haze has been discussed in section 4.3.4 above siuca it is an

important consideration for holographic filters. 7The measured
haze for several of the hybrid devices will be doszcribed balow
with the specific test results of the end itens.

4.5.4 Optical density
The optical density of the L2 dye was chacked with a
spectrophotometer at the tima of moldinyg. The 0D at L3 wan

chacked with the densitometer after the ET dya costing was
applied,
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The holograms and OD at L1 were measured with the Perkin-Elmer
330 spectrophotometer. The slit width used was 2nm and a 2mm
diameter aperture was placed in the bzams at the sanmple

position. The purpese of the aperture was to limit the angular
range ef rays incident on the sample and to avoid averaging
results over an area egual to the width of the standard beam in
the gspsctrophctoncter. The narrow bandwidth was required because
of the steep slopes of he holcgraphizc filters. A wide bandwidth
in such a case will cause an appaarent reduction of the nmeasured
optical density at the filter edge.

The spectral position of the holographic notch filter was
critical to the performance of the devices. In additicn to the
orograz tied to the FE330 spectrophotometer to mzasure and
calculate iuminous transmittance a program was written to
avtomatically search fer and record the wavelengths at which the
0D is 3. Thes2 polnts were used to specify the spectral position
and bandwidth of the filter,

The vaiue of 3 was selected because it is easily measured; it is
within the dynamic range of the spectrophotometer in the
abscerbance mcle. Alsc, spectrophotoneters which do not have an
atsorbence mode cair be used since the OD = 3 level is the point
at wrich the transmittance appears to be zero on a linear scale.

Tre data listed for the hologram positicn and bandwidth in the
t.est results ror the specific end items is based on this mathed
. Teasuremart, )

4.5.5 High .neryy Laser

The tect r.eth

o is the same as that used for the all dye products
and ig desculbe

g in Appendix B.

All laner testing was done by the government on samples provided
tco the goverrwart.  In general test results at Ll which is
blonkid by ¢ths holographic filters are not available.

$.%.6 sclar

Tixe colar test method is the same as that described in section
3.4.¢ =bove. Specific test results will be given below as they
relata to specific end items.

4.%.7  Humidity

Huzidity testing is most crucial for holographic filters made in
4G because of the extreme sensitivity of the DCG to moisture and

the need for an adeguate mnoisture barrier. This has been
discussed above in section 4.4.1 in detail. The requirements and
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test methcd for evaluating holographic filters is the same as
those described in section 3.4.7 above. The methed requires a
programnable humidity test chamber in which the temperature and
RH can be programed through a 24 hour period.

4.5.8 Tenperature

The requirements are the same as those described in section 3.4.8
above, viz the samples shall meet the transmittance and OD
requirements after exposure for 72 hours at +71C followed by 72
hours at =-51C. The specific results will be given by end item in
the sections below.

3.5.9 Chemical

The test method is the same as that described in 3.4.9 above. 1In
general it is no% anticipated that the chemicals should attack
the hologram sirce it is well sealed in the Aclar film laminate.
The adhesion of subsegquent coatings to the Aclar could, however,
be affected. “he results of specific testing are given below.

4.5.10 Ballistic

The test requivensnts for the hylrid devices are the same as
those for the all dye product and the method has been described
in section 3.4.10 above,

A priori, one might assume that the impact strength of a laminate
between two picces of polycarbonate or within a tough film such
as Aclar wnuld automatically increase the impact strength of a
particular item. This is not the case, however, and each iten
muct be tested independently. The specific results are given in
the sectiors below.

5 AGENT RESISTANT COATING

The task of developing a chemical agent resistive coating was
added to the program midway in conjunction with designing and
developing a laser and zallistic outsert for tha M17 and M40
masks.

The requirencnts are that the coatings and lenses be unaffected, .
by visual inspection, by exposure for 24 hours to two common
agents designated as GB and HD. The chemicals are puddled on the
surface of the lens, contained in an "0" ring and left for 24
hours. zarlier versions of the mask outgserta were made of
allyldiglycol~ carbunate better known as CR-39, a product of
Pittshurgh Plate Glass. This material does not require a scratch
resjstant coating, although its performance can be improved by
using such a coating. In lts uncoated state it is not affected
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by the chemical agents. To create the ocutsert with ballistic
protection the 1lens material was scwitched to polycarbonate.
Polycarbonate is attacked by the chenizal agents and requires a
protective ceating.

In general the usual hardcoatings are not directly affected by
the agents. The mode of failure appears to be the result of
pinholes in the coating which allows the agent to penetrate to
the polycarbonate causing it to blister.

A series of samples were prepared and tested at the laboratory at
CRDEC. Since the samples are not parmitted ocut of tha lab once
they have been exposed it was not always easy to have a first
hand inspection of the parts and the mcde of failure. Table
ZII lists all of the samples that were subnitted fcr testing
along with the reported results.

The first group was intended to determine whether the problem
with the existing coatings currently available to A0 is
degradation of the coating itself or the underlying substrate.
Three types of lens materials were sent for agent testing. The
results of the test are:

Lens type Results
1. Standard Polycarbonate LEP 1 lens discolored
2. 21ly-diglycol carbonate (CR-~39) OK
3. CR-39 with AO's PQT coating OK
4. Trogamid (an optical nylon) OK

The standard polycarbonate lens was processed with the normal
laser protective process used for frontserts for the B/LPS, i.e.
the lambda-2 dye was molded into the polycarbonate and the
lambda-3 dye was coated onto a protective hardcoat and final
coated with a second protective hardcoat. The report indicated
that one lens discolored. AO personnel were not present to
observe tne test results, however, from the description of the
discoloration it would appear that the L3 dye was attacked and
degraded locally by the chemical agent. This interpretation is
consistent with previous hypotheses, namely that the hardcoat
itself 1is resistant to the agent but a pinhole in the coating
allows the agent to penetrate and attack the underlying material.
In this case it degraded the dye. In prior tests the agent acted
through a pinhole and attacked the polycarbonate. The three
layer coating applied in this case protected the polycarbonate
but the outer layer was insufficient to protect the underlying
dye layer, ‘

The other three lens materials were not affected by the agent.

They could have application to eyewear in which ballistic
protection is not required.
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An additional group of samples was sent for evaluation which
included the following 7 samples:

1‘

Code Description

1-LCce-79 Double layer 2f AO's standard coating applied

in opposite directions at a thickness of 1.%
microns each.

2-1C9-79 Same as 1 except the thickness is 3 microns
for each layer.

3-LC9~79 Inpact enhancing primer at a thickness of 2.5
microns followed by the standard hardcoat at
a thickness of 3 microns.

4~LCS9-79 Same as 3 except that 2 layers of the

hardcoat were applied each having a thickness
of 1.5 microns.

5-1.C9-79 Same as 3 except that 2 layers of the

hardcoat were applied each having a thickness
of 3 microns.

62-LC9~-79 Standard hardccat at a 3 sicron thickness

which was treated in an oxyyen plasma for 3
rinutes.

6L-1C9~79 Standard hardcoat at a 3 micron thickness

which was treated in an argon plasma for 3
minutes,

The data available prior to the lagt group of samples tested
leads to the following conclusions

1.

2.

No samples have ever failed with the GB agent; only HD
is a problen.

The hardcoating itself is not attacked by the agent.
The leading hypothesis is that pinholes in the
hardcoating allow the HD agent to chemically attack the
polycarhonate l:zrs.

Other lens materials such as allyldiglycol carbonate
(CR-39) ond nylon (Trogamid) are not attacked by the
agent.

Pirvoles in the final coating allow the agent to reach
the lambda-3 dye coating. The discoloration cbservec
on one sample out of ten tested indicates a probable
interaction of the agent with the dye which degrades
the dyae.
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5. Coating the substrates with a double 1layer of the
hardcoat (SV121) with the two coatings applied in
opposite directions provides a barrier free of
pinholes. This is also true when the two coatings are
on top of an impact resistance improving primer (XF072)
although the XF072 does not provide protection with a

single hardcoat.

6. An argon plasma treatment may improve the agent
resistance but the data is not statistically

significant at this time.

7. The sanple size used in testing must be increased for
the most promising approaches before definite
conclusions are drawn since it has historically been
the case that only a few (two or three samples) out of
a group of twenty will fail the test.

In Table III1 the coatings which passed the agent testing are
underlined. Samples using coatings wnhich have shown the best
results to date on clear polycarbeonate were prepared on top of
the lambda-3 c¢oating for submittal for testing. The fact that
the polycarbenate has been protected is a good indication that
the coating works but it must Dbe demonstrated that there is no

adverse effect of the lambda-3 dye.

i ©f the samples submitted for testinyg with the agent

H
coatings four were down selected for final testing.

u al
tant

©
resis

O
e}

]

The final samples tested included the lambda-3) dye layer. The
oshjective of the test was to submit samples which had passed the
agent testing without the L3 dye to determine whether the system
was still]l stable and whether any attack of the L3 dye itself
wculd occur. Three of the sample types involved the standard A0
hardcoat as the final protective barrier. The 1lenses in the
first group were ceated with the standard process then exposed to
an argon plasma for 3 minutes to treat the surface. The second
and third groups both had a double dip final coat. This had
proved successful in earlier testing. The hypothesis is that the
second coating seals any pinholes which ' may have been present in
the first. One of these groups had double coatings of 1.5um each
and the second had double coatings of 3.0 um each. The final
group had a final hardcoat of Gafgard 233 at a 3 um thickness,

This is a UV curable coating.

For the first time the standard hardcoat failed the GB agent.
This had never been a problem in the past it was always the HD
agent, or mustard gas, that attacked the polycarbonate through
the coating. The mode of failure was also unusual in that the
agent left "an oily looking stain" on the surface of the coating.
It may be that the coatings separated at the interface betueen
the two hardcoats since the adhesion at this interface can be
variable. The samples are not available for inspection after
the agent testing which means that some of the evaluation is
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5. Coating the substrates with a double layer of the
hardcoat (SVi21) with the two cocatings applied in
opposite directions provides a barrier free of
pinholes. This is aisn twue when the two ccatings are
on top of an impact rasistacce improving primer (XF072)
although the XF072z dczs not provide protection with a
single hardcoat.

6. An argon plasma treatrent nay improve the agent
resistance but the data is not statistically
significant at this time.

7. The sample size used in testing must be increased for
the most  promising approaches before definite
conclusions are drawn since it has historically been
the case that only a few (two or three samples) out of
a group of twenty will fail the test.

In Table III the coatings which passed the agent testing are
underlined. Samples using coatings which have shown the best
results to date on clear polycarbcnate were prepared on top of
the lanbda=-3 coating for submittal for testing. The fact that
the polycarbonate has been protected is a good indication that
the coating works but it must be demonstrated that there is no
adverse effect of the lanbda-3 dye. .

out of all of the samples submitted for testing with the agent
resistant coatings four werc down selected for final testing.

The final samples tested included the lambda-3 dye layer. The
sbjective of the test was to submit samples which had passed the
agent testing without the L3 dye to determine whether the system
was still stable and whether any attack of the L3 dye itself
would cccur., Three of the sample types involved the standard AO
hardcoat as the final protective barrier. The 1lenses 1in the
first group were coated with the standard process then exposed to
an argon plasma for 3 minutes to treat the surface. The second
and third groups both had a double dip final coat. This had
proved successtul in earlier testing. The hypothesis is that the
second coating scals any pinholes which may have been present in
the first. One of these groups had double coatings of 1.5um each
and the second had double coatings of 3.0 um each. The final
group had a final hardcoat of Gafgard 233 at a 3 um thickness.
This is a UV curable coating.

For the first time the standard hardcoat failed the GB agent.
This had never been a problem in the past it was always the HD
agent, or mustard gas, that attacked the polvcarbonate throuqgh
the coating. The mode of failure was also unusual in that the
agent left "en oily looking stain®™ on the surface of the coating.
It may be that the coatings separated at the interface betueen
tho two hardcoats since the adhesion at this interface can ba
variable. The samples are not availakle for inspection after
the agent testing which means that some of the evaluation |is
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The spectacle lenses met all of the cptical performance criteria
of MIL~S-443866 and MIL-S~-25948. Ultimately a separate Technical
Data Package was written to combine the optical and laser

rotective reguirements into a single document which is specific
to laser protective spectacles.

6.1.2 Hybrid

Hybrid spectacles were fabricated using a laminate approach which
started with a base lens blank of polycarbonate having a front
curve of 6.25 diopters, or a sphere radius of 84.8 mm, a diameter
of 65 mm and a thickness of 8 ma. The helogram was applied to
the convex surface of the lens blank and a thin, 1 mm, cap
centaining the lambda-2 dye was cemented to the hologram to
conplete the assenmbly. Initially the cap was to have also
contained the lanbda-3 dye. When it was not possible to add the
lambda=-3 dye by diffusion the prccess was changed, After the
laninate was cenmented togather, the rear surface of the generic
blank was ground and polished to tha2 required prescription
including 3.2 mn thick plano (non prescription) lenses. The
lamkda=-3 coating was then applied to both sides by the dip
process described above. Finally the lens was edged to shape and
inserted into the franme.

Polycarbonate, even in a 1 nmm thickness, does not provide an
adequate meisture barrier for the 9¢G hologram. When it became
clear that ACLAR was the melsture barrier of choice this was
szdded to both sides of the gelatin in the Jaminate. The
structure is shown schematically in Figure 32. Thae final
structure thus consisted of:

Substrate polycarbenate, clear, 8 mm thick
Epoxy cenent . Epo=-tek 310

Moisture barrier ACLAR 0.0605" thick

Hologran gelatin

Epoxy cement Epo-tek 310

Moisture barrier ACLAR 0.005" thick

Epoxy ccment Epo-tek 1310

Cap polycarbonate with L3 dye, 1 mm thick

Plasma etching was uscd to pre-treat the ACLAR surface to allow
bonding with the epoxy and bonding to the gelatin.

After the lens wag surfaced the L3 dye was applied by using the
three layer coating process consisting of an initial hardcoat
serving as a solvent protection, the L3 dye in Acryloid coating
and a final hardcoat for abrasion resistance,

Earlier in the program several methods were investigated for
providing an edge seal to the final lens to prevent moisture from
penetrating into tha gelatin along the exposed edga. Epotek H77
epoxy was shown to afford the best protection. However, in
fabricating the final decliverable Rx lenses it was found that the
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epoxy itself caused the hologram to fade a few mm in from the
edge of the lens and in the final samples this step was deleted
from the process.

when surfacing a hybrid lens care must be taken to properly
position the center of the eye-centered holographic filter. 1In
other words, in addition to the optical center of the lens there
is also a holographic center. The two must be aligned at the
tine the prescription is ground into the lens. This was done by
first marking the center of the hologram then assuring that this
point was centered on the block for the generating, grinding and
polishing operaticn.

In a2ddition to the alignment of the hologram center and the
cptical center, both must be positioned in front of the user's
eyec, i.e. proper adjustrment must be made for variations in
inter-pupillary distance (IPD). 1In principle, if the lens
diareter 1s large enough this can be done by decentering the lens
when it is laid out for the edging operation, i.e. the center of
the lens need not be at the geometrical center of the frame
eyewire. This 1s standard ophthalmic practice for ordinary
prescription lenses. In this case the clear aperture of the
holographic filter was approximately 55 mm in diameter and the
horizontal eye size dimension was 52 mm. Thus there was not
sufficicnt latitud2 to cover the entire anticipated IPD range
(typically 59 to 70 mm) with a single frame. Custom frames were
rade in five ditferent sizes where the frame IPD's ranged from 60
to 70 mm in 2 mm increments. This was done by changing the
bridge zenbers which connect the left and right eyewires., The
lenses were then edged with the holographic (and optical) center
at the geonetric center of the lens shape and the appropriate
frame was selected to match the IPD of the end user. It may be
noted that the implication is that even for non-prescriptive
lenscs the IPD of the user must be measured and the proper franme
size selected,

One of the advantaqges of the above process for hybrid lenses is
that the rolded in L2 dye is contained in a cap having a unifornm
thickness and thus there is no variation of optical density or
transmittance across the lens. The L3 dye, of course, is also
uniform since it is applied as coating., During the program a few
all dye lenses were made to prescription. Blanks were molded at
8 mm thick containing the correct amount of dye per unit volume
for a 2 or 3 mm thick lens. The lens was then ground to
prescription. In this case there was a variation in
transmittance across the lens, Perceptually this was not a
significant problem, especially where the L2 dye is concerned
since it's concentration has minimal effect on the
transmittance. However, sufficient dye must be included to meet
the OD requirements at the thinnest section of thea lens. For
lenses with a significant change in thickness, strong plus or
stronqg minus lenses, a large variation in OD and transmittance
could occur when the L1 dye is required.
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It had been shown that the effectiveness of the holographic
filter was not significantly conmprecmised vhen the lens was
surfaced after a generic hologram was produced. Initially there
was concern that due to the different refraction of the rear
surface after surfacing ccompared to that at exposure the hologram
may not work as well. Analysis showed that minor degradation
would occur for positive lenses and that a corresponding minor
improvement in performance would cccur for negative lenses.

A list of ten prescriptions was received from the government., Of
these, two strong negative Rx's could not be made since the power
was to great to be fabricated from a lenses having a 6.25 diopter
base curve. The rear curve would be stronger than 11 diopters
which exceeds the range of the polishing tools. Normally these
Rx's would be made from lens blanks having a 0.50 diopter front
curve. Although it is technically feasible to apply helograms to
such lenses it would require a new holographic set up. This was
not cost effective at this poeint in the prcgram. It was agreed
that the 8 Rx's would be completed and an additional number of
generic Rx's would be nade. These were made to +/-1, +/-2 and
+/ -3 diopters. The total number of Rx spectacles was 14. The
balance o©f the hybrid spectacles were made as planocs.

The fabrication yield was low. A few lenses were lost due to
incorrect prescriptions provided by the lens surfacing lab.
Most have been lost du2 to separation at one of the interfaces
in the laminate during edging to shape. It is believed that the
primary problem is the adhesive strength of the bond batween the
gelatin and the first ACLAR layer. However, it may be that the
gelatin cohesive strength was insufficient which resulted in a
splitting of the gelatin during edging. Another cause for loss
was loss of the hologram around the edge of the 1lenses aue to
moisture penetration. Almost all of the lenses survived the
surfacing process.

Table IV lists some of the characteristics of the hybrid
spectacle lenses. A typical transnittance curve 1is shown in
Figure 33. A few samples were subjected to the four
environmental tests; hunidity, solar, hot/cold and chemical
attack with the results as follows:

Humidity:

Two lenses were tested in the round (uncut, or un-edged) form and
two were tested after edging to shape and without an edge seal.
The results are shown {n Figures 34 and 35. From these it can be
scen that the spectral position of the filter for the edyed
lenses increased gradually by about Snm during the coursa of the
test. This is typical of the initiating of DCG degradation. The
hologram position for the uncut lenses was somewhat more stabla.
The spectral bandwidth in all cases was stable. The results
imply that the Aclar moisture barrier is just marginally

66




627y 03°C O£'If  00°9YS  O£°BOS IR 99°2Z £2°68 vin
00°9 096 O01°4%Y 06°95% 0128 S€°¢ 0% 9142 on
st 26T $9'yY 0972 25°Y 19°F %82 1674 aeq pas
79°%  29°% 61°IE OF°2SS  MITSiS %276 18742 $%°9L stsiasy
] vy | esey oocsc | oorass | o9ets Ju99 | 9urzz Jrzrst !sacz sszl o1t 00°2- 00°f |50 s1v21s} {
sy boccs bozus Jostuss Josoms | asce | vsee freet fgos: 02059 s13 eag- 032 fas snziel 2480y *Aeyin] @
] s9'y)ovslosyfosess Jovsos |y Jeawe Jeoom |y 2zszf 05 05°L- 08°2 | smenre] {
P as'yjassfosse Jossss foooes | es'2 luoas §s2av los't- 4s't-1s9 o8 €54- o54-|oo savziel} sansg ‘yas) 2
lascy L ot's | oosy ] osrass )oosos | ese | av-ez | soer | vz g5 | 1f 00°2- 0% [0 ewzvie] i
L 2s'y | si-y ) ocois bogmess [ os-ozs | g9's Joeeag | se0z bowu- <22 | g9 osr sei- sz oo { ss2g “daupyis] 9
Jos'yloaglosag fooreys Jotros bsoon b ayus Jervz oz- 95 |} of  $2°- os” [so emital H
tecylovyloosy|ossss [osrots | aurg ez Lovras foo- s2° ) g9 st o8- sz° Joo ewiztel r “Aerprou] g
| secy ] eos [ oaag Jossss Joszes | see |ssoe horsy §sw2- o9 | 83 L°2- s¢L° lsa e {
lees ey Lovuy | osrers |nroscs Jooe 9192 {ovor |20 420 {09 98 os1- s2° [o swvie e pf g
leey Loy Jozss Jovroag Jozrans Dszan ) zoose | serar §eg- g9 | 86 o©¢ - st [so zitzie] i
Poosy L os-s Joziay orsss fozuis Jaoa Jozwz Joorsn Jez- 190 |y 08 2o s2v (a0 swiostel qen a0} g
Ty ol o9 losos Joi-ers ! ozrets fasun ez | sv e § 912} $2°2-150 Otwfiis] !
| 2y'y | 269 | o305 | cs7ess | o> i Ja9's | escz §izen 28°2-1 19 S2°2-100 sit21e]s1400m ‘sscmininn] 2
losy b ass foues)ezrass bovies o6 oot § srez Jos- es- | SPL 0%°-  C21-so erditel {
1009 ) ey foras|oszss oerozs Tasz booez Jesst fu2- 921l 89 oot s2-- s21-m trotte]l  wvor tavimes] g
| | | | | | | i ! i { i |
ST T B q7 1 (2 I B T I ISR EIT I T-Ur] R v S B ever) A vy SH s v 51 E PEI (3 1 H
} H | -pues} uysbuajaaen jioanz]  asueyijasuesy stoujarn) pasnseas wyl ‘, nuf et s suma]-on
$2)3%423300.0y) 31201505 ¥y P3SN JO Almaung
YRER

LA AR A L SR R AT 2

67

iy




P T VRt AR

%‘E

> pamny

_—

| A
nsdind

Lers |[Rx/plano|lusinces Trancai ttance

Swmary of Hybrid Rx Spectacle Lens Character

TasLe IV cour,

JCutoft uavelengins [Bae- | |

th ligth | Hyze tceitd |

Ko, { IomaremiciCearnnic] 843 ' 13 l
| | | i I I ! | |
V] o | 1840} 28.62 ) 857 319.00 | %549.20 ) 30.20 ) 6.12 ] 4.55 |
2| M 2019 32.08 | 11,50 | S20.60 | S$46.50 | 25.30 | 5.18 | &.70 |
3] mx ] 21,60 | 23.21 ) 18.95 | $15.20 | 545,40 ] 30.80 | 9.26 | 4.78 ]
4] M | 1845 ] 28.81 | 9.91 ) 514,80 | 548.80 3080 7.53 | .82
S| mx | 22.81 ) 33.23 ] 11291 S25.20 | 547.60 | 22.40 | 4.97 | 4.43 |
6] ax | 0018 32,89 | 8.8310 $23.10 | 550.23 12713 | 640 | .86
7] ] 10| 29.38) 9.09| 522.50 | $43.20 | 25.33 | 5.46 ) 4.87 |
8| | 2218 32,79 | 10.:1 | 527.90 | 544.70 | 18.23 | 4.50 | 4.88 |
9 M ] 0.5 30.85 ] $.4 | 523.20 | 551.40 | 27.80 | 9.43 | 4.88 |
10 ] ax | 18.80 1 8,03 ) 9.68 1 $521.10 ] 549.90 | 28.20 115,11 | 4.90 |
18] e | 22,800 32,16 ) 10,221 326.53 ) 5480.50 | 2600 [ 4.49 1 4.4 |
12 x| 22,770 3253 ) 10.13 ) S23.83 ) $49.10 1 22.33 | 4,18 | L.82 |
13 ] ax | 18.6k 5 244 ) 7371 528,20 | S49.40 | 23.21 | 4,01 | 4.65 |
1% ] R | 19.50 ¢ 3018 ] A.73 | 524.70 ) S51.30 | 26.40 | 6.27 } 4.84 |
15 ] ax ] 18,220 31,52, 8.2 1 $28.40 | S$53.00 ) 25.50 § 5.73 | 4.8 |
17| % | 200101 32,58 | 8.87 1 527.70 ) S53.30 1 £5.60 |10.58 | .68 |
18] px | 20,06 3037 ] 9.52 1 S18.80 | S$47.10 | 28.5) [12.47 | 4.%6 |
19 | ptaro | 22.32 0 3440 ) 9.55 1 529,50 ] 552.50 | 3.C0 1 &.07 | 4.48 )
20 | puano | 22,62 ¢ 3373 1 10.46 1 525,30 ) SiT.A0 1 23,10 ] 3.26 | 4.49 |
0] dx ] 7Y 29,381 7290 852280 | S52u.e ] IR TS | 470
2] | 23,181 3.4 17T S19.96 | S65.T0 sl 1 93 j L
2| W | 22.6v ' 25,16 ) 27.51 ) 515.00 ) S41.33 | 8.3 1 9.8 | .88 |
26 | prane | 19.76 1 3239 ) 8881 S6.70 | 54230 ) 2340 4.78 ) 4.55 ]
25 | prao | 19,480 27.83 | 1007 ] $95.60 | Se3.30 | @9.40 ] S.00 | 4,70 |
26 | prawo | 20.31 0 29.5Y ] 9.58 1 520010 | 4740 [ 2733 452 473 )
27 | praro | 21,03 5 28,24 | 18.27 ) 518.30 | S45.10 ] (8.80 ) 4.65 | 4.82
20 | ptano | 23.40 1 32,00 | 19.16 | S$18.70 | S44&.E0 | 28.10 | 4.02 | 4.6 |
29 | plaro | 19.83 . 26,35 | 12.2¢ 1 $16.50 ) S45.50 | 8.0 | 5.63 ] 4.72
30 | prwo | 24,31 7 32,33 | 1535 1 S19.50 | 545,90 | 26.40 ) .88 ) 4,65 )
31 | piano | 22,67 7 29.47 | 18.65 1 S19.80 | S4A.10 | 24.33 | 4.92 | 458 )
32| puane | 21,800 32,32 | 10.58 | 521.40 ) 547,10 | 25,70} 5.30 | 4.e8 |
33| prao | 21,920 29.78 | 15.:6 | 517.30 | $45.30 | 28.20 | 4.59 | 4.67 |
34 ) prana | 20,42 27.68 | 14.36 | $18.50 ) 345,60 | 25.10 | 8.70 | 4.67 |
33 | piea | 20,261 30,15 | 9.20 | S25.40 | 550,40 | 25.CO | 6.45 | 4.87 |
28 | ptawno | 20,030 30,59 | .58 ] 519,80 | S47.30 | 27,30 | 4.8 | 4.70 |
37| plano | 21,50 | 31.81 | 10.77 | $19.50 | 345.00 § 35.30 ) 8.9 | 471
Aversge 20.88 3058 1176 S.64 547,81 807 6.7 4,89
83 Cev 1.69 2.17 4,13 4,20 .78 .87 .23 2
Max 26,31 36,40 7.5t 829.30 833,30 31,80 12,47 490
nin 17,69 26,16 137 S14.80 541,30 18,20 3.28 4.43
Note: The excoaticnsily high hese messured for lenses 3, &, 9, 10, 17 ona 18

s crovebly an srtifact resulting from the Light beaws 1A the Matemeter
not entering the (ight trap oue t3 the puwer of the Lems.
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acceptable. Also the hologram may degrade slightly more due to
moisture penetrating from the edge. The hologram completely
faded along the edge at a distance of about 8mm into the lens.

Solar:

The spectral positions of the edges of the holographic filter are
tabulated below initially and after each 20 hour cycle of the
solar exposure test. The numbers in the table are the wavelength
of the lower and upper edges of the notch filter in nanometers at
the point where the OD is equal to 3.

Lens 1 Lens 2
Initial 508 ~ 548 516 -~ 543
20 houcs 510 - 546 515 « 538
40 hours 507 -~ 546 513 = 541
60 hours 505 ~ 545 513 - 540

This data indicates that the holegran sealed in Aclar and under a
polycarbonate cap in the spectacle lens configuration is entirely
stable to the solar exposure test.

Temparature ( +71C for 72 hours followed by -51C for 72 hours):

The spectral position of the nctch filter was ueasured 1n1t1a11y
and after the test with results ‘as listed below.

Lens 1 Lens 2
Initial 517 - 544 513 - 545
Final €i9 ~ 542 511 - 540

This indicates that the hologram was stable to the temperature
test. '

Chemical:

Two lenses were exposed to the following chemicals sequentially
(1.e. each lens was exposed to all of the chemicals) DEET,
gasoline, motor oil, JP4 jet fuel and Dexron.
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The spectral pesition ¢f the hulcgrarm was measured inlvially and
after each exposura. The results weve o3 follows:

Lens 1 {eng 2
ﬂ Inital Sy - 548 516 - 543
i DELT 5016 = 346 T15 - E42
Gasolina SE = 548 514 - £41
7 Hotor oil EQG -~ 547 515 - %13
5 Jec fusl 508 - 5.3 514 - 54
Devron oY o« 34 36 = %43

This indicates thot tne Lolagrzsm was <ompicotely stable to the
chemical exposure. This is 0% surprising since the hologram in
the spectacla lenses 1s well encipsilated with wpoth Lhe Aclar and
the palycarbonate substrata and cap.

In addition., the spusctzsles meec ali of the standord industrial
safety eyewear ophthalmis lens requireczents as qdefined in
standards such as ANSI-287.1-1973.

6.2 Curved Eyeshields (Froctserts)

6.2.1 All dye

td

The original BLPS was convestad Lo the new design esrly in the
program in which the basic eye shisld providad the kallistic
protection and the laser protection was in a clip-on frontsert,
Most of the items delaivered in the curved eyeshield category on
this program were in *he form of frontserts. These were provided
in both two and three wavelength version.

A technical data package was prepared for this product which

becane MIL-S-44366. %he entire systen consisted of 1) a clear

EE eyewrap complete with temples, nose pads and sidae shields, 2} a

i bronze eyewrap with temples, etc. and 3) a two wavelength laser
protective frontsert. The noseplece included with the eycwraps

r was confiqured with a dovetail groove which would reccive a lens

13 carrier which could hold prescrintive lenses behind the basic

ballistic protective eyewrap lens. Several hundred thousand such

units were produced which met the specifications of MIL-5-44366.

A limited number of BLPS were fabricated which included the laser
protection in the BLPS itself rather than the frontsert. Thesa
wera slightly more difficult to process because the dye coatings
] would tend to build up in the corner where the temple block

attaches to the lens and this also caused runs at the edgae of the
g ayawrap. One hundred each of the two and three wavelength BLPS
ga wera delivered. These met all of the cptical, mechanical and
envirnmental test requirements of MIL-5-44366.

3
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In light of the ballistic impact experience encountered with the
clear eyewraps in reqular production the three dye eyewraps were
molded with the higher molecular weight polycarbonate, GE LEXAN
5180. With clear eyewraps this was shown to have passed the 0.15
calibre ballistic test at 650 ft/sec without cracking or
puncturing. The question arises as to whether the eyewrap will
pass that requirement when coated with the two sided lambda-3
dye coat and the hardcoat. To do a one sided cocating on the
complex geometry of the eyewrap would be very difficult and
costliy. It was decided to use the two sided process, i.e. they
were fabricated using the "frontsert process".

Ten representative samples were subjected to impact testing with
the 0.15 calikre, T-37 shaped projectile. One eye of each piece
was tected at 650 ft/sec and there were no failures. The other
eye was tested at increasing velocities to obtain an indication
of the V50 valocity. The following results were observed.

Pass at 425, 1125, and 1400
Fail at 8§50, 850, 850, 1300

All of the failures were cracks from the hinge block with one
exception which was a crack from the top edge. There were no
punctures and no psnetration of the witness foil in any of the
tescs.

The optical characteristics were neasured fcr  three
represeintative samples frem  the production run, Those results
were as follows:

Sazple Tp Ts  ODEL1 oDeL2 . ODeL3
1 10.7 8.8 .23X >6 5.12
2 9.4 7.4 .50X >6 4.96
3 10.7 &.4 1.35X >6 4.76

Where X is the required OD specified in the contract.

An attezpt was made to protect the hinge block from being coated
by first covering it with a strippable material. Several were
tried. The best appeared to be an RTV cement. This did prevent
coating of the hinge block but the coating itself did not adhere
to the RTV and tended to (flake off and contaminate the coating
solution in subsequent operations. This approach was abandoned.
In the future, when the mold is complete for molding protective
hinge block covers these could have application to protecting the
hinge block from the two sided lambda~3 coating process. The
result should be a part having greater impact resistance without
cracking.
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6.2.2 Hybrid

The frontsert is, in some ways, the most difficult item for
application of a hologram due to the fact that the ACLAR .and
gelatin must conform to the front surface 1including the
indentation at the bridge section. Also, the hologram must be
applied to both lenses, exposed independently and then processed

together.

The cosmetic quality of the Aclar film at the bridge area was
improved by first filling the recessed bridge with epoxy. This
allows the Aclar film tc conform to the surface. The frontsert
is 2'30 the mcst difficult in terms of achieving a cosmetically
good locking edge to the hologram since the holeogram extends to
the edge and 1s not subsequently trimmed away as it is with
spectacle lenses and the visor.

It was deemed to be too costly to fabricate a glass mold for
casting a coating over the surface of the two lenses as was
proposed for the visor and therefore this approach waes not
considered. The possible use of a larvinated cap was
re-considered to produce the 10 samples require. as deliverables
on this program. In the end the same improved louv of Aclar that
was used for the hybrid visors was used for the f{rontserts
without caps. The yield was not high, but the greatest problan
was not the high frequency striations in the Aclar hut rather the
low frequency waves which ware caused by unevenness in the
thickness of the cement layers used in applying the Aclar. This
proved to be very difficult to elininate. The best of the
samples that were produced were delivered on the progran.

The frontserts require essentially the same process as that used
for the hybrid visors. A film of ACLAR is first applied to the
cenvex surface of the frentsert followed by a film of dichrorated
gelatin. The hologram is exposed for both eyes and processaod.
Finally the hologram i3 sealed by laminating a second layer of
ACLAR over the gelatin, The process is more complex than that
for visors in saveral ways. The primary difficulties 1lie in
trimming <the hologram to share with good edge quality and
applying the ACLAR laminates without producing waves and rigpples
which lead to unacceptable distortion in the image quality. The
complex geometry of the surface makes the latter more difficult,
The frontsert configurition is shown schematically in Figure 36

Upon receipt of the frontserts at AO, the process was completed
by adding the lambda-3 dye coating and the final hardcoat. The
process was the same as that used for the visors. An argon
plasma treatment was used to provide adhesion of the preliminary
hardccat to the ACLAR. Since there is no requirement in this
casa for ballistic resistance an oxygen plasma treatment was used
to provide adhesion of the acryloid dye containing ccating to the
tirst hardccat, This is known ‘o produce good adhesion of the
coating but was found! in the case of the visor, to reduce
impact strength, This is not an issue for the frontserts. The
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final hardcoat was then applied to the Acryloid coating. The
detailed process is the same as that used for the hybrid visors
which is described in section 6.4.2 and is not repeated here.

Table V lists some of the measured characteristics of the hybrid
frontserts as delivered. The table 1lists the photopic and
scotopic transmittance for each lens, the haze, the 0D at L3 and
the cut-on and cut-off wavelengths at the required OD in the
visible. Figure 37 shows & typical transmittance curve for the
hybrid frontsert. The samples could be better from a cosmetic
point of view and in terms of optical distortion. These samples
demonstrate the conclusions that have besn reachsed over the past
year; namely, holographic filters have a piace in laser eye
protection but better materials than dichromated gelatin are
required. Tre frontserts and other itenms demonstrate that the
conformal, eye-centered holographic concept works. Most of the
effort cn the OPAL program has been spent, not in achieving the
proper hclegrams, but rather, in sealing the DCG wmaterial while
maintsining optical quality.

Hybrid frontserts were subjected to the four environmental tests
with results as follows:

Humidity:

The results are shown in Tigures 33 and 39 which indicate that
the peak position of the holographic filter, its handwidth and
the GD at L1 were all relatively stable through the 10 day
humidity test. The hologram faded away completely for a distance
of about 8mm in from the edge of the lens. These samples did not
include an edge seal.

Temperature (+71C for 72 hours follewed by -51C for 72 hours):

The following table lists the spectral position of the hologram
at the 0OD=3 pecints,

Right Left
Initial 521 - 540 518 - 538
Final 512 - 523 510 ~ 530

This decrease in spectral position is similar to that seen with
the visors but was 10t seen with the hybrid spectacles.
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One sample was exposed to the 60 hour solar exposure test. The
holcgranm spectral position was measured after each cycle with the
reésultes as follows: '

Right Left
Initial £22 - S48 523 ~ 556
20 hours 519 -~ 542 514 -~ 545
40 hours 515 = 542 514 - 548
60 hcurs 514 - 540 £13 - 546

Both the right and left eye positions showed a slight drop in the
spectral position of the filter in the first 20 hours and then
the helogram was stable. These results differ from those of the
hybrid spectacles which were stable throughout the 60 hours. It
may be that the UV absorber in the spectacle lens cap protected
the holoaram. On the other hand, tne limited sanmple size does
not rule out the possibility that the results are not truly
representative.,

Coemical:
Sanples were ,ubjected sequentially to DEET, gasoline, motor oil,

JP4 jet fuel and Dexron.

The spectral position of the hologram was measured initially and
atter cach exposure. The results waere as follows:

Right Left
Initial 518 - 543 515 - 544
DEET 518 ~ 544 516 - 549
Gasoline 521 - 544 £17 - 546
Motor oil 519 -~ 545 516 = 546
Jet fuel 519 - 544 514 = 545
Dexron 521 - 546 515 « 544

There was no change in spectral position or visual appearance of
the samples w!th any of the chemicals.

6.1 AH-64 mack lences

The AH-64 mask lenses were designed and daveloped by American
Optical on another contract. These are small, highly curved
lenses having approximately 35 mm sphere vadius. Tne lensas are
the primary lens in a gas mask whizh allows tha lengsza to be hald
very close to tho eye to provide paximum eye rolief end thus to
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ce corgitible w.th the IHACTSS syste-. - ler:s- - also inciluded
an a** :ned plenar w-ich all “wed a.r 0 pe pur:-d wex:de and

\

oo o dens U Lrevent 10gy.ng,
The s. 5" or WOorY well as a clear lers in the mausk, J* Al1sS0 w1s
S” "wm LTI e a ery favoraple georetr; for proc.Zing .d-or
protectizn Wit 4 ho.zaraphlc f.lter. “roLncugh it was
re.ative.y T.ose 1O Tne eye Lhe Wwrap o L. o geonmetry, .o oo
OFtimal crn...e 1Oor eIl Clive anguidr cc.erans . Howeler .
provel to £e a very z.ft.cult lens on wh.ch <2 apg..s @
holograthic f£..ter by direct apyp..-ation or la- . na*.or a
holourarzhic filter. 7Tnis was esper,ally ftrue e.Len the
compliex."1es of applying an ACLAF rcisture barrier became clear.
V)

A base ari cap larinata was al:o assured.

*r

It rerarme apparent rejatively early in the pfcaram that the
eftort required to deve.op the relatively small number ! pieces
would nct be cost effective and this tesk was deleted fron the

program,

6.4.1 ALl dye

The HGU-L6/P aviator v. .ors were rolded <ath s - it caned
moid which was on locan tron the wWatersoan Arces o ' . :
was thit of the oxher all aye iters. |« 17 :pe a0 4 13
reqguired, were rpolded i1nto the oversived L.+ v oard oo
aypliea as 3 coating.

1y, wioen
oy wWan

Cne 1ssue in the developrment of vhe preocess for the .6 r. s
thy* of which si1d~ of the visor should have the ET .- T
The simplest and rost cost effective process 13 to oy . the
Ceatir s to toth the ftrent and back surfaces. However, .- oori .
stages ¢! the developrment the visors would not pass the to. ..t i
impast test, It was found, as anticipated, that the 17z ¢
strenath 1s qererally better if the thicker €coatings wers pp.ie
cnly to tne front surface.  The disac.antages of this approacn
are the ancreazed corplexity of the process and the fact that the
v 13 totally ex»p. e to solar radiation., The UV absorter

i ent an the polyoarborate affords almnst total protection to

t 4y on the back surtface. When the visor is impacted in the
tallis". test the ET coating flakes from the visor. If the ET
“eataing a6 presert on the back sfde of the visor it is possible
th tives of conting could get into the pilot's eyes. The mass
ct - tlakes is josufficient tu cause any damage to the eye but
tne tlaves could be an frritant.

lor these teasons the ET dye coating was applied to the front

surface anly for all ot the SPPH-4 and HGU-%6 visors delivered on
the program. At the request of the procuremont office at AMCCUM
the THADTS  Qsora were coated on both sides. It should be noted
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that thz IHADSS visors are thicker at the center of the visor
since trey avre corrected for power. Therefore they were less

HGU-56/7

Tre corplete test report for the criginali lot of HEU-56/P visors
is attached in its entirety as Appendix C.

The SPH-4/P aviator visors have gone into regular producticn and
contistently meet the rechanical a coptical specificaticons as
define: 1n MIL-V-43511,

IHADSS

"y

ttarned rre government owned imold for the IHADSS visor. AO
ed tTne vistrs with the L2 and Ll agyes as reguired and applied
tnree layer coating for the L3 dve. The trimming and

Wing work was contracted te Heneywell by AMCUOM, Kook

4, IL. The trinmning and final 2ssembly ses done at Vogelin,
suncentractor to Honeywell.

0

T

[ I I Y]
L 3
> [ I
-
s

The visors were anspested at Vogelin to Honeywell's specification
and were faiied tor cosmetic defects. It was determined that the
specifirst:ions were being interpreted nore strictly than normal
In that 3.l delezts were cause for rejection even though they
were  Sutu.ode the critiral  viewing  area. With the normal
interpresation atout sl 2f the visors passed. Sanples were sent
' ooend users for evaluatizn., A verbal report indicates that they

1 rno problen with tne jevel of defects. A0 carried out a
et wrLon demonstrate  that  the cosmetic defects had no
“rrirecmtal eftect on the level of laser protection. In other
« ... *redetects presecnt on the visors were purely cosmetic and
Lttt .onal. Adhesion of the dye coating has been furthr-

So3Tvup ot wisors  was  coated with the two sided coating
e . “. t°*h the front and back surface have a three layer
. er Lnting of the pnardcoat, tne dye coat and the final

R " of *r« rarlier visors were coated with the dye
¢t “he tunal hard a* on the front side only. This single

s Tyt ennoWan pot used  an this case due to the lower yield
and o L Lnited rumber of available subsurates.

A tarmp e of the v.ors wers tested for ballistic impact strenqgth,
The viccr. aere tr.--ed to 4 representative shape and subjected
to *ne 0.0 caliter, T-37 shaped projectile impact at 5%0
ft/se, Lach visor was hit three times at the center, left and
right, There were no faglures in 19 out of 19 wvalid hita. In
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all there were three failures out of 22 hits. For two of these
the projectile hit at an angle as determined by inspecting the
impact site. The cther failure occurred at a velocity of 578
ft/sec. The samples meet the required specification but the
margin for error is small.

Since these visors were nolded improvements have been made in
general related to impact strength by selectina a polycarbonate
material haviiny a slightly higher molecular wzight range. This
has improved the strength of other products and should, in the
future, increase the strength of the IHADS5 visors as well.

6.4.2 Hybrid

The hologram design for aviator visors consisted of separate
holographic filters for each zye with a vertical demarcation line
at the center of the visor.

Lanination of two molded pieces was considered but not developed
for this progran.

The relevant dimensions and coordinates used in determining the
optimun expcosure point are as follows:

Parameter Dimension

Visor vertical radius 5.41" (137.4mn)

Visor horizontal radius 4.83" (117.6mm)

Eye position coordinates (1.26", ~0.65", 3.42")

{vertex of the cornea)

Lye center to cornea vertex 0.54" (13.7mm)

tye center to pupil
Maximum pupil
Maximum cye rotation

0.36" (9.4nmn)
0.276" (7.0mm)
15.0 degrees

The coordinate systeas, (x, y, z) is defined such that the
origin is at the center of cul rature of the longer (i.e.
vertical) radius, z is the line whirh passes through the two
centers of curvature and {s positive in the forward looking
direction, x i3 horizental and 9sitive in the temporal
direction, and y is positive ver :ically.

The spectral positicon of the filter has not been measured across
the entire hologram to verity the eye-centered design, but
qualitatively the filter shows the predicted "V* shaped dark band
pattern when viewed in transmittance at a distance through a
narrow band filter at lambda-l. Also, hclding a visor in the
as-worn position indicates that the filter {s blocking lambda-1.

The moisture barrier was a 0.005" film of ACLAR. The final

confiquration is the came as tnat of the frontsert which was
shown in Figure 36. The ACLAR was trecated with an argon plasma
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to allow bonding with EpoTek 310 flexible epoxy. The ACLAR was
then vacuun forred with heat to the approxirate curve of the
visor. Epoxy was puddled in the center of the preform and a
visor substrate pressed into the cement. The assembly was turned
ovar and the vacuum re-applied to the ACLAK film to draw it down
onto the convex surface of the visor and press out excess

cement. Soft rollers were used to manually press out cement and
to achieve a relatively uniform surface which was free of surface
waves due to differences in the cement thickress and which would
cause unacceptable distortion when looking through the part.

In the course of the investigation it was found that the plasna
treatnent of the SV121 coating in an oxygen plasma allows good
adhesion of the acryloid coating without the need for hydrolysis.
Plasma treatments of 1, 2 and 4 minutes at 300 Watts were found
to ke sufficient. The oxygen plasma is far nere aggressive than
the argon plasma and the tenperature is higher. Exposures of
more than 4 or 5 minute will begin to melt the polycarbonate and
exposures of mora than 2 minutes will destroy the hologram. In
fabricating the deliverable visors, however, it was learned that
the plasna treatment of the SV121 reduces the adhesiori ef the
5V121 to the Aclar.

The structure of thre final parts as delivered is as follows:

Polycarbonate substrate
Epotek 310 cemant

Aclar, €.005%, plasma treated
Gelatin

Epotek 310 cenment :
Aclar, 0.005", plasma treated

{This entire structure was then plasna treated and the
final coatings applied)

Hardcoat
ET dye coat
Hardcoat

'Five of the final visors were edge sealed by applying a bead of
Epotek H77. The other five wera not since it was not clear that
this waz beneficial. 1In the same time frame the edge seal that
had been used successfully in the pact was itself degrading the
hologran at the expesed edge.

The process used for fabricating the ten visors is as follows:

1. Plasma trecat in argon for 4 cycles of 5 minutes each at
300 Watts for a total exposure of 20 minutes, %The use of 4
shorter cycles was required to keep the temperature down
since a single 20 minute exposure destroyed the hclogram as
did a 5 minute exposure at 400 Watts. The visor with
hclogram was placed over a dummy visor to prevent the back
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P 4 L side (uncocated pelycarbonate from being exposed to the
3 1 plasna). The visors were laid on the tray in the plasna
(] - r chawber witn the lcng dirension running from front to back.

ﬁ L . 2. Prime with A1100 and rinse.

3. Coat with S5V121 at a thickness of 3.0 to 3.5 um followes
by a 4 hr cure at 180°F. The first coat was done on thea
. Santa Clarz machine with no special precautions, 1i.e. the
{ 53 parts went through the normal wash cycle.

T TS Cr oy e ey

“ ) 4. Plasma treat in O, for 2 minutes at 300 Watts. The visor
& 1 - was laid on the tray in the plasma chamber with its long

) . . : . :
& } fj dimension running from front to back. Both sides were
2 ] exposed.

i , [3 5. Coat with the L3 acryloid solution beginning at the frecn
2 1 spray. The coating solution 1is the standard 2-sided dye
: ik bath. :

6. Final coat with SV121 at 1.5 to 2.0 un and cure 4 hrs at
180°F. The process was started at the freon spray since
ultrasonic in Micro at 130°F loosened the acryloid from the
5V121. t was also noted that the adhesion of the §V121 to
the ACLAR is reduced, apparently by the O, plasma treatment, ’

N
(SN |

—

7. Trim to shape:
a. Scribe outline on front of visor using pre-

established pattern.

b. Cut a groove al)ong the scribed 1lins using the
circular cutter with the Dremel tool.

I

c. Cut just outside the groove with a bandsaw.

& K

d. sand to the finished edge using the belt sander with
a very fine grit for the convex curves and the drun
{ sander for the interior curves, The smaller interior
¥ radii near the tab were finished using the small drum
on the Dremel tool. Bavel the back side of the edge
along the top and bottom,

e

3

g e. Cut away the ACLAR film along each side under the
area where the edqge gquide will be applied. Sand the
area to expose the polycarbonate substrate under the
guide and on the back side under the tab.

L3 &3

f. Attach the edge guide and mounting block using
solvent bonding with mathylene chloride.

g. Solvent polish the edges.
h. Drill the two holes with a #31 drill.

a3
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i. Heat the brass tapped inserts wita  needle point
soldering ircn and press into the hole- from the back
side,

j. An attenpt was made to apply an edge sc.l of Epp-Tek
K77 epoxy to cone of the visors (9108-4). 4ae epoxy did
not wet the §V121 and pulled back from the surface
during the oven cura of 2 hrs at: 180°F.

The weak 1link in the systen was the cohesive strength of the
gelatin. If care was nrot taken in trimming, the layers semarated
in the niddle of the gelatin in the areza which has the hologram
or at the gelatin to f€irst ACLAR interface in tha cuter,
unexposed region,

Although the visors as delivered were the best achievable in the
allotted time frame and were considered to bhe flyable the
following are areas where improvement could still be nmade.

1. Impact resistance: Two visors were tested for ballistic
impact resistance and brcke. A visor with hologram =nly, i.e.
uncoated on the back side passed. It wvas later found “hat the
reduced impact strength is likely to be the result of the plasra
treatrent used %0 cbtain coating adhasion.

2. Hologran: :
a. The pear 0D and bandwidth alongy the line of sight was not
quite to specification, sce the spectrai OD curve in

Figure 40.
b. The hologram performance across the visor should be more
uniforn. The holoygram perfermance is better in  sone

locations than others. FDI indicates that this may be a
result of a non-uniformity in the coating process.

¢. Further atterpts should be made to lewer the haze.

d. The cchesive strength of the hologram could be further
inproved. Hote that in the ragion of the nose cutout the
outer Aclar and part.of the hologram tends to 1lift at the
cdga. By analyzing the cut away pieces it can be seen that
the hologram {is splitting in the center along planes of
constant index of refraction.

3. The ecge seal requires perfecting. The visors wera shipped
without an edge seal due to time constraints. There is a concern
that if they see a humid environnent the hologram will kegin to
disappear trom thea edge, This {8 particularly trua at the nosa
cutout where there {8 a tendency for the hologram to split,
allowing mcisture direct access to the galatin.

In soma cases cpeclal care must bo taken in fitting the visors to
the helnat, The tracks on one ol the two helmeta were a little
tight fcr the completed visor assembly and it was necessary to
insert spacer washers and not tighten down too hard on tha
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screws. It 1is not clear whether this is entirely due to the
thickness of the Aclar, hologram and cement or that the helnets
themselves were a little worn.

Table V summarizes the characteristics of the ten hybrid visors
delivered on this program. The transmittance curve of a typical
hybrid visor is shown in Figure 40.

Table VI

Visor Optical Transmittance tHaze

Density Illuminant C P43 Phosphor
ID 8L2 @L3 Photopic Scoctopic Photopic Scotopic
9103~-4 »E 5.0 17.1 21.5 10.9 14.6 4.7
9150-1 >6 4.9 13.1 19,2 6.5 12.4 3.5
9107-2 >6 4.9 18.3 28.2 9.7 18.6 3.6
9107-3 >6 4.9 16.2 23.2 8.1 14.7 4.3
9107-5 >6 5.2 14.2 22.7 6.9 14.4 4.2
9113-5 18.0 27.6 9.3 18.4
9109~1 i9.0 24.5 12.5 17.9
9111-2 21.5 28.4 16.3 23.1
9108-6 16.3 24.8 8.1 15.8
9112~2 19.3 27.3 10.4 18.4
hrerage >G 5.0 17.4 24.7 9.9 16.8 4.1
Std Dev 0.1 2.4 3.0 2.8 2.9 G.4
High 5.2 21,5 28.2 16.3 23.1 4.7
Low 4.9 13.1 19.2 6.5 12.4 3.5

Two representacive reject samples were tested for impact
resistance at 550 ft/sec using the 0.22 caliber T-37 preciectile
and failed, Further evaluation is required in this area since
only a very few samples have been available. Further study
showed that it is likely that the plasma treatment used to obtain
adhesion betwcen the dye coating and the £irst hardcoat can lead

to a Jowered impact strength.

Representative samples were subjected to two of the four
environmental tests; humidity and hot/cold. Tha results are as

follows:
Humidity:

The hologram was measured for spectral position, bandwidth and
OD at L1 for *tha left and right eys positions of two visors
initially and .iter each of the ten cycles In the specified
humidity test. The results are shown in Figures 41 and 42. Fron
the figures it can bs seen that in each casa tha spectral
position and bandwidth dropped during the first cycle but was
completely stable through the remainder of the test., The optical
denaity at Ll was stable through the test. One suspects an
artifact of the test or measuring method since this fnitial drop
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is not characteristic- of other items tested such as the hybrid
frontserts which used the game configuration and process. During
the course of the test the hologram was destroyed at the expose
edge. The holeogram clearly faded away for a distance of about
gmm in from the edge.

Tenperature: (+71C for 72 hours followed by =-51C for 72 hours)

One visor was tested and the position of the edges of the band at
the CD=3 level were as follows:

Right eye Laft eye
Initial 544 - 559 539 ~ 5538
Final £07 - 510 5C3 - 509

The wavelength position also showed a distinct drop curing the
course of this test. This is similar to the results with the
frontserts which use the same fabricatiorn methzd but deas not
agree with the results for the hybrid spectacles which inciude a
polycarbonate cap. This indicates that the shift may not be
fundamental characteristic of the holcgram bkut that it has to do
with how the holcgranm is asscnbled and sealed. However, the
spectacle lenses may have boen tuned at higher temperatures fer
longer times when fabricate at FDI. This would make the final

hologran more stable to subseqguent exposures to heat.

6.5 M17 and M40 outserts

The tasks of designing and fabricating cutserts for the 417 and

M40 chenical agent masks was addud to the program. Tha existing
masks contain a fixed lens which is an integral part of the mask
and an cutsert which clips on over the fixed lens. The original
purpose of the outsert was to protect tha fixed lens and extend

the life of the mask. The outsert lens was made of CR-19.

The cbjective of this program was to replace the existing mask

"outserts with polycarbonate for better ballistic protection and

to allow tha incorporation of laser protection.

Thae lens was designed for optimum optical performance in terms of
power and prism and in such a way that it would fit within the
existing crimp ring for mounting. The molds were designed and
built for injection moldirg. The result was outserts which pass
the ballistic test of the 0.15 caliber, T-37 shaped projectile at
velocities of €40 to 660 fcet per second. Laser protection was
added by using absorptive dyes in the same manner as the other
all dye {tems developed on this progran,

A ecaparate final report was written for this development program
which {5 sttached as Appendix D rather than repeating it hera.
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? SUMHMARY AND CONCLUSIONS

During the course of this program American Cptical has developed
Frocesses fer fabricating a wide variety of protective eyewear
that provides protection against lasers and ballistic fragments.
Two basic approaches were used to provide laser protection,
absorptive dyes and & ccmbination cf absorptive dyes and
holegraphic notch filters.

The dye selection ana methods cf application have produced laser
eye protection devices which provide the highest possible
transaittance known to date for absorptive dyz technology.
Improvezents in the process for applying the NIR absorbing AQ-ET
dye are possible and cculd be considered for further .
davelcorrment. However, tne use of this particular dye applied as
a <ccating has led to the higher lunminous transmittance in
compariscn with other dyes that can be molded in to the
polyvcarbenate substrate. This technology has resulted in the
preduction and deployment of hundreds of thousands of eye
protaective devices.

Holographic technology has been considered for well over a decade
as a method of preducing narrow band filters which can block
specific laser lines. The advantages ave that the bandwidth can
be made merae narrow than that of any known absorptive dyes and
the out-of-band transnittance is higher. Also, although
hclographic filters are in the category of “fixed wavelength™
protection, the spectral pesition of the filter can be changed at
tha time of manufacture to quickly respond to new and different
threat wavelengths. It is more difficult to develop a new dye.

If the driving goal is to provide the highest possible luminous
transaittance for a given level of protection at wavelengths in
the middle of the visible spectrum, hclographic notch filters are
clearly the only potential solution.

In this progyram holograptic filter designs have been developed
which ara eye-centered. These designs rely on some of the unique
characteristics of holographic filters for their implementation.

The holographiv work on this projram was based on the use of
dichromated gel: :in since that was the best (or only) material at
the tima which was capable of producing volume reflection
holograms which could meet the design requirements in terms of
spectral bandwidth and optical clarity. The greatest part of the
holography effort, however, was not in producing tha required
holograms, but in the task of developing methods to seal the DCG
from moisture attack.

Aclar filx, in a thickness of 0.005" was found to be tha best
matarial tfor sealing the hologram. MHowever, it was not available
in a truly optical quality film., Thus much of the effort in
nealing the hologram involved developing methods to usa the Aclar
film and yield parts with good optical quality,
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Acceptakle, though not perfect, devices were made in a hybrid
cenfiguration using absorptive dyes at lambdas 2 and 3 and
holographic filters at lambda-1. Hybrid sarples were made in the
form of spectacles (bcth prescription and non-prescription),
frontserts for use with the BLPS system and H3U~-56/P aviator
visors.

The holecgraphic filters demonstrated the feasibility of the
holographic approach. The filters met the design requiremasnts in
terms of angular performance and demonstrated that holegraphic
technolegy is the apprepriate technology for producing
eye-centered filters in the visible.

The optical quality nust be improved and the fabrication methods
when using DCG would not be conducive to a realistic or cost
effective manufacturing process. 1In other words, the use of
hologragphic eye-centered filters has been demonstrated as the
correct approach but DCG is the wrong material.

In recent years other photopolymers have been developed and are
available. 1In particular the HRF series of photopolymers
developed by E. I. Du Pont is very promising. This material is
simpler to process than DCG and is not sensitive to weisture and
in gezneral is environmentally stakle without the nszed for
hermetic sealing. In addition new eye-centered designs have been
developed at American Optical which take advanvage of tha
properties of the new photopolyner,

With the demand for preotecting against an increasing number of
nid-visible and NIR wavelengtins while maintaining a high luminous
transnittance the only solutions are eye-centered holographic
filters in the mid-visible and dielectric thin film stack filters
to block the NIR. The feasibility of the holographic concapts
has been demonstrated on this progran. )




8 O T e A T BT W "":‘-3'7{:""’5:,’3!&‘?7":7'2]

T e o g i e e
NG o

FURC

T3
s

£

E-,r-.—:m
5 ek

.

k)

|
ol

3

£

Bid 222 L2 I3

[t
e

11 REFERENCES

1. Lund, Edsall, Masso, Another look at saturable absorbers for
laser eye protection, Proc. S$PLE, Vol 1207, January 1990.

2. Kegeinik, Coupled wave theory for thick hologram gratings,
Bell System Technical Journal, Vol 48, No 9, November 1969.

3. Masso, Eye centered interferometric laser protection, Proc.
SPIE, Vol 1117, March 1839.

4. Masso, Multilayer thin film simulation of volume holograms,
Prcec. SPIE, Vol 883, January 1988




T 3wl

s 4 iy * / m - - n
xu«mw\mmw.uw o / | dAl09C" Y m
; . i 5g a4
i —————inoudBLy ey [
j
| P~ ~ \_ m
z "039 *Z140H " g AV
1 oo
/;/’
iy
Y otoN—- | N
T l/m_m.
gig"
305 o
SIH3SNI WI11d0
N33ML3d Fonvisia— | 505°5
ror &
—~rus -~ 3o
HOVa 1ge "2 m) [~ANCHiSES T2

IVEHARY S4i7a

o

e d . i e LR




MG

o e i P} e

Z unoly

63in2D J.-uu»&v;// \
*\

LHUSLHOYd Sa1/8

R}
. -i_;_ C
i

Sef ¢

-y w
I3INId WOliel 1v 80 - i

—

q;lvmun.“nu e e Tl I
\\\\ e p SRy e IR

~ e~ ok

H.. N !” ? ,w .W._
L - P G2 - e
-

(\
'
T B R e R 1]
-
o
hg

!
s R e I s B B oo B e e R s S s

e

Vi




-1,

By

3

£

E3 B3 £33

ASTICIPATED VARIATION IN EYE POSITION BEHIND THE VISOR
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IRRADIANCE (NuU“/cal)

Optical density of a saturable dye as a function of irradi-
ance for exposure to Q-switched laser auises of 20 ns and 90 ns dura-

tion. Different slopes are cbt2ined for the two pulse durations.
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Optical density of a saturable dye as a function of radiant
exposure for exposure to Q-switched laser pulses of 20 ns and 90 ns
duration. The two sets of data are in good agreement, showing that
the saturation of the dye is 2n energy dependent process.
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FADIANT EXPCSURE (ni/cn2)

Optical density of 2 sample censisting of 8 linezr 2bsorb-
ing layer and a saturable 2osorber layer. AL z2ny given radiznt expo-
sure tne opticz] density is higher when the incident enurgy vasses
throucn the linear absorzer first than when tne incidant. enercy passes
throucs the neniinear asscrber first. The incident enercy on the
saturadie abscraer is rezugea by the absgrstion of the linear layer,
and the saturasie absorser nas a higher ortical density at the lower
radiant exposure. The increase in opticai asnsity of the cemdination
over the optic2i density of the saturable 2osorber alone is greater

than the opticzi density ¢f the linear absorsing layer.
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"AIR GATE" CONSTRUCTION TECHNIQUE

Point Source

The Air-Gate hologran exposure geometry. In this geonmetry, a
single bean is used to expose the sensitized emulsion. The
second exposure bean 1s generated at the gelatin-air
irterface due to the index of refraction discontinuity.
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ANGLE IN
DEGRLES

SAXIMUM AND MINIMUM ANGULAR COVERAGE REOUIRED AS A FUNCTION
OF POSITION ON THE VISOR SURFACE i 3
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Schematic of Safety Box Concept
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(a) Conformal hologram (b) Uniform bologram

(c) Spherical hologram (d) Wide-angle bologram

i

Comparison of four bolograsa designs at L1

Fioure 30

| o6




T¢ Funory

1T1AS
(107A4OYV
[ZiAs

dvioy
NILlvV1dD
Hv'iov
1Zi{as

a101A4¥0Y

IclAs

24NJIONIIY BUIIVUI auwpy PI3qAy

.3

S

o

[P

N e S oy PO LR pp— ey
£ et S G A T S O T i

e

£3

ov e
P3ppV

L, Paajaday
sV

ov aw
pappyv

4 03 3 oo &3

-




=3

]

e S wiote B Soe SR G

&3 3 B3 3

‘‘‘‘‘

e Aclar

, ‘N\\\\\\\ Gelatin
Substrate

Spectacle Configuration

FiGure 32




T

008 QMN

¢C 3914

$9|20}29dS plIqAH

wu ur y)busjaaop
omm omm omw omm 005
i

0St
1

00¢

/\

ﬁ
)

dIUb}IISUDI |

(8ipas ny G - 0) 4O

- 0¢

L. (i

.

- O
- 06
- 09
- 0L
- 08
- 06

9JUD}}IWISUDI |

Ayisua( |p21ydQ puD sdUD}IWSUD |

s S v I o B GO T O T 0

22 £93 3 £ &3 o

oot

3




T A T A s T

“Cisiro

vJ.zmnd .N Qrwum )ﬁmﬂﬂmw

&
8 6 8 ¢ 8% 8 ¢ ¢ z 1 @
Fl | n I Il i 1 2 I ﬂuﬂ
£ = O P Lowg 2en0y - 618
/}'\T’\I’(vaa
%,QW
. -3
,sw
A rTyraan g
54§
159) Ay
psfp3 '7 euo opopieds
L2iS)

A T N R N N S O

£ 00 P Jog 2y

\f\.\.\&la/.\.\fj

€3

- 88

] Ww
£

L £og pmmw.
)
E |

£=00 P 1o 2y
3L Aoy
i o ma ¢m T3 I

aIF

014
U g eUs) epcpeds
&=
& m | I 3 2 ¢ 9 t 1 [ 8
1 1 1 1 1 'Y Y 1 ﬂu.“
]
€ =00 P 1070 a0 e
- 6%
%vg
II."\I\/‘\‘\\'\/VQ&
£ =00 P 4oy eddy
5
je2l Qypumy
Peip3 § svay spopads
0
o ¢ ] L ] £ [ 4 4 i -]
i 1 i 4 'y 1 1 41 F §
- 248
£ =00 P jiov) 2co)
rll\\{l\.\l\‘)\vﬁ
%
- $4%
T
(=05
1s9] Aimoumy
S S o S s S b S o TN s B ‘ot

w4 Yfuseson

ws g (buseeon




s P e

-2

O
[P §

o I

w2y
L3
P |

£oil

PR
3

]

PR
Py

Y
i3
il

N

g

HE

10D =3

ith G

»
Banduwia!

Humidity Test

-
s
e

20 -

-
[ ]
i

Sample 2, uncut

-w-n..\nl_,/;

Lee X0 SN
-—

Cycls

Spectacs Lensze

Fiswre 35




A N

e

£

3

&,

a3 7=

Frontsert Configuration

Fieure 36

Frontsert Substrate




T 2 S R N

008

0

SL

/S 3oLy

e
=
£
-y
n
L,
A2 -
D
-
2

omm omm G0 0SS 00§ oSy 0O
i

; § H — ! O
/\ /\/ ,\/ B
| ._ - (¢
| - 0€
9OUD))IUSUDI | =)
L Owa mw
@
05 2
- (02 m.
(¢
, | - 0L
(3135 110 G - Q) Q0
- 08
- 06
oot

Ayisus(] [0o13d(Q) LD 33UDILSUDI |




2437 T 1ezju0ay
iy
A R B B I N T B

I} '] 1

£=00 P 12y nany

2 — e ]
- worzod g i
v\\ﬁ/i/'l’\{\}.za
£ =00 P joyg xddy
&
1221 fpremy

¥ wssiuedy
e

I I S L N B B

£=00 P Uy oy

l’o’l\l\fll\o/l?\l\lblll.ol\\.lll’ i
Loprg o,

£ =00 ® joyg mddy

8
w1 pluapacn

Bt ILEY

il

g g

g =
1L ..., U |
lg m

5
\0:I/Ql,l"|.0/|.|||'\\t\l‘0-.‘.\.vO_wn m

Ssad ed

T~ e

=8P i médy

a8 9

1991 Lo
1T Y oy
0
L 8 8 ¢+ ¢

r

S

£=03 2 1rp) ey

."0./0\‘»’

fe@pirronty

\;\\/vmﬂn mW
Ty Py »\a\/.ﬁ 3
e e e B —

21 Lo
152 Apnm

&

[ its

Eed




e

=3

et CD

L
4]

Bandui

ty ot L1

.

nSi

[+

Optical D

Humidity Test

)
£ -
2
= Semaie 2, kft
Qﬂ/ﬂkﬁ‘éﬂ*—“?@@—‘mﬁ )
‘ VI e IR G W "
: IS ot s SO S Y
20 N\ Sarpl hright gﬁg*ﬁwf{:‘b
u Sampls 2, right
10 -
0 1 1§ 13 1 v T i T 1
-0 1 2 3 4 S ] 7 g 9 0

Cycle

Frontserts
Humidily Teat

— A
Sanpla 2, right
Sampis 4, right
3 4
2 -
1 -
0 T 1 1 ] ] ¥ I { i
0 1 2 3 4 3 6 7 8 9

Cycle

Frontserts

Ficure 3




_m,

A WAL

(h 3unoty

10817 pUGAY

wu Ut Y10uszADpy

008 omm oﬁ_y\. omw omo omm

omm

om¢

00%

9IUDJJIUSUDIY

(a103s 0y G - 0) O

\/

- ¢
- 0
- O
- 05

9IUD}JIUISUDI |

Ayiguaq joonydQ pup a2uD))uSUDI|




1197 °7 Josip
=kt

-

£ = C2 ™ Lon) 263y

et N

190f Apray

HaT 1 som
&

& & 6§ L % 3 ¢ ¢ T 1 @

A i

-

A A 2

£ =00 T 13970 oo

a4,
)

33 >
:

-2

Buw

et

- €73

- ¢23 3
- 048

- 003

1\]\\[\[}
£+ 00 P Lo¥0 nddy A.\A/

1291 Lpuny

oS

Tk

RNV
e

KR

Th 3w914

¥R ‘2 Jeop

&40
6 $ 8 ¢ 08 5 ¥
C=C2 P Ty a0

v'l/.'t,.i\

£ =0 B Lo »édy

193] Ky

Tt g sosA

2 8 %t 8§ 4

£ =60 P }o1Q mrey

£=00 ¥ I K

w31 Qprany




in am

sidlhgt 0D = 3§

4
de

ensity at L1

-
-

Optical 3

Humidity Test
LA
40 -
30 4
\\‘/ ; Sanple 1, loft
20 4\ '
\ Sempla 2, left
2 : .
o] M::\\/%
Sample 1, right )
Scmple 2, right
0 H i i T H i LA T ]
0 t 2 3 4 5 & 1 8 98 ®
Cycle
Visors

Humidity Test

34 /Q»n;:e 2, kft

Y /\ %W
VA amnpla 1,
el ¥

e i Sampls 1, left

2~’/
‘..
o 1 4 1 T i 14 i T 1
6o t 2 5 4 S5 6 1 8 9 w0
Cycla
Visors
FIGURE 112




£ £33 B3

ELd B3 B3

£33 B3 B3 gD

3 3 &3 &3 £33

APPENDIX A

Method for Calculating Luminous transnmittance.

The spectral transmittance shall be measured with the use of a
spectrophotometer from 320nm te 780nm in increments of 10nm or
less. The photopic, scotopic and P43 transmittancaes shall be
calculated according tc the methods of described below.

Method of calculatior, The average luminous transmittance T is
given by th- general relationship

780
T = (1/Kk) f;'gém E(L) V(L) -dL

where

78
= /;E(S L) V(L) dL

and

T(L) = transmittance of material at wavelength L
E(L) = relative spectral irradiance of source
V(L) = luminous efficiency as a function of wavelength

The spectral transmittance of the naterial shall bz measured with
a spactrophotometer and the integrals computed. A 2nm increment
for the integration is recommended, particularly if the source
emission bands (e.a. that of the P43 phosphor) or the
absorption/rejection bands of the visor are narrow. The
calculiations for photopic, scotopic and P43 transmittance may be
done concurrently with the use of a computer or programmable
calculator.

Photcpic transmjttance. Photnpic luminous transmittance Tp
(transmittance for the light adapted eye) is calculated by using
for V(L) the photcpic luminous efficiency valuss as listed in
Table A-I and the spectral irradiance function for CIE Illuminant
C listed in Table A-I.

Scotopic transmittance. Scotopic luminous transmittance Tg
(transmittance for the dark adapted eye) is calculated by using
for V(L) the scotoupic luwinous efficiency values as listed in
Table A-I and the spectral irradiance function for CIE Illuminant
C listed in Table A-I.

P43 transmittznce. The P43 transmittance T 43 (for displays
using the P43 phosphor) is calculated by using for V(L) the
photopic luminous efficiency values as listed in Table IV and the
spectral irradiance function for the unfiltered P43 phosphor
emission which is also listed in Table A-I.
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3 Table I
3 Weighting Factors for Transarttance Calculaticns
j Page 1 of 4
i §
%g;] Wave- ||Luminous Efficiency |[Source Distrikution
i lengthl V(1) E(L)
nf?r] in nz ||Photcpic Scotopic 11 ¢ P43
%“ 380 0 5.90 33.00 83
W" 382 0 7.90 35.77 125
'V} 384 1 10.06 38.54 119
) 386 1 13.30 41.42 109
H 388 ' 17.70 41.00 51
5 390 1 22.10 47.40 21
;ui 392 1 31.28 50.51 13
% 394 2 40.66 53.62 4
a8 396 2 54.82 56.80 0
%& 398 3 73.86 60.05 0
A 400 4 92.90 63.30 )
| 402 5 129.74 66.70 0
gﬂ 404 6 166.58 70.11 0
& 406 7 217.68 73.57 2
o 403 10 283.04 77.08 5
%ig 410 12 348.40 80.60 8
| - 412 16 450.64 84.17 3
§ 414 | 20 552.88 87.74 68
10 416 26 676.40 91.24 118
3 b 418 : 33 821.20 94.67 143
g 420 | 40 966.00 98.10 102
i 422 53 1154.00 101.18 66
fiL 424 i §€ 1342.00 104.25 29
it 426 | g2 1548.40 107.12 10
‘im 428 99 1773.20 109.76 9
5 430 115 1998.00 112.40 7
i 432 137 2248.80 114.54 20
F 434 153 2499.60 116.68 33
i 436 - 180 2756.20 118.50 48
L 438 | 205 3018.60 120.00 66
j 440 | 230 3281.00 121.50 84
geza 442 257 | 3541.00 122.28 | 57
It 444 284 3801.00 123.06 30
§ 446 314 4054.80 123.56 14
?[} 448 | 347 4302.40 123.78 7
L 450 380 4550.00 124.00 0
: 452 420 4781.60 123.84 4
Y 454 460 5013.20 123.68 7
; ! 456 504 5237.60 123.50 11
: 458 552 5454.80 123.30 16
1. 460 600 5672.00 123.10 21
; a 462 656 | 5885.20 123.18 13
b , 464 711 6098.40 123.26 4
i 466 773 6315.20 123.40 1
::x 468 | 842 6535.60 123.60 4
1 470 910 6756.00 123.80 6
§ 472 996 6988.40 123.88 12
iy 474 1083 7220.80 123.96 18
2 476 | 1179 7455.60 123.98 19
/’[ 478 | 1284 7692.8C 123.94 16
7 480 | 1390 79°0.00 123.90 12
i
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a Table I
L Weighting Factors for Transmittance Calculations
Page 2 of 4
B Wave- |[Luminous Efficiency ||Source Distritution
length| V(L) E(L)
“ in nm ||Photcpic | Scotopic 11 c P43
e
" 482 1511 8161.60 123.51 21
{ 484 15832 8393.20 123.12 30
f f} 486 1771 8615.80 122.48 59
|5 L 4838 1925 8829.40 121.59 110
' 490 2080 5043.00 120.70 160
I 492 2232 9222.20 119.18 165
i 494 24385 9401.40 117.66 170
496 2715 9556.20 115.94 l4¢
498 2972 9686.60 114.02 91
500 3220 9817.00 112,10 35
502 3567 9883.80 120.05 26
504 3904 9950.60 108.00 15
506 4264 9980.40 1056.04 ]
508 4647 9973.20 104.17 4
510 5030 9966.00 102.39 0
512 5451 9879.60 100.50 0
514 5872 9793.20 9.51 0
516 6236 9670.40 98.43 0
518 6653 9511.2¢0 97.66 0
520 7100 9352.00 96,990 G
522 7433 9129.60 9€.85 0
i} 524 77€8 8907.20 $6.80 0
526 8070 3658.80 97.02 0
€28 8345 8384.40 97.51 0
‘ €30 8620 321C¢.00 98.00 0
{] 532 8832 7798.80 98.78 e
534 2043 7487.60 99.5% 0
_ 536 9227 7165.00 100.37 16
Ej 533 9333 | 6831.00 101.24 43
’ 540 $540 6457.00 102.10 80
542 9645 6155.80 102.84 198
E 544 9750 5814.60 103.53 434
546 9832 5476.80 104.20 669
548 9891 5142.40 104.70 974
550 990 4808.00 105.20 593
[] 552 9971 4490.80 105.39 463
554 9992 4173.60 105.58 238
& 556 9992 3869.60 105.60 137
[ 558 9971 3578.80 105.45 36
‘ 560 99850 3288.00 105.30 23
562 9884 3028.40 104.82 17
E 564 9819 2768.80 104.35 12
‘ 566 9733 2526.40 103.75 7
568 9626 2301.20 103.02 4
E 570 9520 2076.00 102.30 0
572 9374 1886.40 101.40 0
574 9227 1696.80 100.50 0
‘ 576 9063 1524.00 99.60 2
578 8882 1368.00 93.70 7
580 8700 1212.00 97.80 12




17 Table T
3 i} Weighting Fac:crs for Transmittance Calculations
3 Page 3 of 4
|46
ij Wave- |{Lunincus Efficiency ]Source Distribution
length!||V‘L) E(L)
. in nn ||Photopic | Scotopic Il11 ¢C P43
“ 582 8435 1086.80C 95.85 28
- 584 8270 961.60 95.90 61
[‘ 586 8044 850.20 94.98 104
{ o 588 7807 752.60 94.09 160
s 590 7570 655.00 93.20 199
{1 592 7322 580.60 92.41 153
] 594 7073 506.20 91.62 107
; 596 63821 441.70 90.92 69
4 e 598 6566 387.10 90.31 39
oL 600 6310 332.50 89.70 9
- 602 6032 291.98 89.25 5
1 - 604 785 251.46 89.00 2
§ g 606 5540 216.82 88.74 0
608 5225 188.06 88.57 0
1 610 5029 159.30 88.40 0
¥ p} 612 4733 139.10 88.32 3
gL 614 4536 118.90 88.23 7
. 616 4232 101.78 88.17 10
; {} 618 4052 87.74 88.14 25
1L 620 3819 73.70 88.10 59
3 622 3579 64.10 88.08 115
1 e 624 3330 54,50 88.07 136
; EJ 626 3093 46.43 88.05 94
| 6238 2874 39.89 88.92 39
T €30 263 33.35 88.00 17
: ﬁﬁ €32 2423 28.95 87.94 10
Bl 634 2258 24.55 87.89 3
; 636 2036 20.87 87.85 1
; {3 638 19:3 17.92 87.82 4
i L »40 1759 14.97 87.80 6
f 642 1603 13.00 87.88 8
’ f} 644 1455 11.03 87.95 9
‘ 646 1320 9.39 88.03 9
648 1195 8.08 88.12 7
f} 650 1070 6.77 88.20 5
LJ 652 9¢: 5.90 88.20 7
654 867 5.03 88.20 10
656 775 4.30 £8.14 10
{] 658 692 3.71 8e.02 7
' 660 610 3.13 87.90 5
662 544 2.74 87.63 7
{} 664 479 2.34 87.36 10
; 666 421 2.01 87.04 13
668 370 1.75 86.67 18
‘ 670 320 1.48 86.30 23
672 285 1.30 85.90 21
674 252 1.12 85.50 20
. 676 220 .96 85.04 18
H 678 195 .84 84.52 17
680 170 .72 84.00 16
i —
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Table I
Weighting Factors for Transaittance Calculations

Page 4 of 4
Wave- ||Lumincus Efficilency |]|Source Distribution
length! V(L) B(L)
in nn ||Pheotcpic | Scotepic Ii1 ¢ P43
682 150 .63 83.28 21
684 123 .54 82.57 16
686 112 .47 81.81 11
683 97 .41 81.00 6
690 || 82 .35 80.20 0
692 12 ol 79.42 0
694 62 .27 78.63 0
696 54 .24 77.85 0
698 47 .21 77.08 0
"700 41 .18 76.30 0
702 36 .16 75.52 0
704 31 .14 74.75 0
706 27 .12 73.97 o
708 24 .11 73.18 0
710 21 .09 72.40 0
712 19 .08 71.60 0
714 16 .07 70.80 0
716 14 .06 69.98 G
718 12 .06 68.14 0
720 10 .05 68.30 0
722 9 .04 €7.50 0
724 8 .04 §6.70 G
726 7 .03 £5.92 ¢
728 6 .03 65.135 0
730 5 .03 64.40 0
732 5 .02 63.76 0
734 4 .02 63.12 0
736 4 .02 62.54 0
738 3 .02 62.02 0
740 3 .01 61.50 0
742 3 .01 60.98 0
744 2 .01 60.46 0
746 2 .01 50.00 0
748 1 .00 £9.60 9
750 1 .00 59.20 0
752 1 .00 58.92 0
754 b .00 58.64 0
756 1 .00 58.42 0
758 1 .00 58.96 0
760 1 .00 58,10 0
762 1 .00 58.06 0
764 0 .00 58.02 0
766 0 .00 £8.04 0
768 0 .00 58,12 0
770 0 .00 58.20 0
772 0 .00 34.92 0
774 0 .C0 11.64 0
776 0 .00 .00 0
778 0 .00 .00 0
780 0 .00 .00 0

£33
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APPENDIX B
Method for High Energy Laser Testing

The reaquirements ar¢ that the optical density and transmittance
of the laser proteccive eyewear shall meet or exceed the
regquirements whern tested with a radiant exposure of 20
milliJoules (mJ) per square centimater for Q-switched laser
emissions having a pulse width of less than 40 nanoseconds (ns)
and greater than 1 ns. The exposure shall be made normal to the
surface under test and the beam shall be incident from the convex
side of the laser protective visor. The diameter of the beam
shall be 4mm at the surface of the laser protective visor and the
spatial distribution of the beam shall be as uniform as possible.

Test facility. The test set up is shown sctematically in Fiqure
B-i1. It includeg the following:

1. laser (ruby, Nd:YAG and frequency doubled Nd:YAG)
2. Dbeam expander

3. beamsplitter

4. neutral density filter

S. 4mm diameter aperhture

6. soample holder

7. appropriate neutral density filters
8. narrow band transmittance filter

9. calikrated radicmeter

1C¢. calibrated reference radiometer

11. raadout device

The beam expander may be one that is commercially available or a
simple arrangenent of a negative lens to diverge the beam
followed by a positive lens to re-collimate the beam. The
@xpansion shall be such that the beam overfills the 4mm diameter
aperture for the purpose of selecting the central most unifornm
part of the beam.

Neutral density filters are placed in the beam between the laser
and the sample tc adjust the energy so that the energy density
incident of the sample is 20 mJ/cm“. The area of the 4mm
diameter apeiture is 0.126 cm®. The total energy passing through
the aperture and incident on the sample must then be 2.51 mJ to
yield the required energy density.

Calibrated neutral density filters may be used as required
between the sample and the detector to reduce the energy to a
level that will not damage the detector. A convenient set up
would include a filter having an OD of 4 which can be readily
inserted and removed from the beam. The OD 4 filter may then be
removed and replaced by the sample m-king the test a simple
"go/no-go" procedure, i.e. if the energy reading at the detector
is higher with the sample in place th™n with the 0D 4 filter in
place the OD of the sample is less than 4 and the sample fails,
if the reading is higher it passes.
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The keamsplitter and reference detector guarantee that the output
energy cf the laser is constant and correct from shot to shot.
Radiometers are commercially available which include two inputs
and which will automatically ratio one to the other and will also
automatically calculate and display the average and standard
deviation of a given number of shots.

Data _collection apd reduction. With suitable calibrated filters
in placz2 but no sample in the beam an average energy shall be
measured for ten laser shots. This average is designated as E,
The sample shall then be placed in the beam at normal incidence
at the specified locations. Calibrated neutral density filters
between the sanple and the detector may be removed from the bean
as required to maintain a reading which is within the range of
the detector. The average energy for ten shots shall again be
measured and shall be designated as Eg. The optical density of
the sample is given by

OD = ~-Log(Eg/E,) + D

where D is the sum of the optical densities of the filters that
were removed from the beam, if any. ’
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SCHEMATIC DIAGRAM OF LASER TEST FACILITY
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FIGURE 1
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APPENDIX C
SUMMARY OF TEST RISULTS FOR THE HGU-56/% VISOR

8C02E ~

This report summarizes the results of testing that has been done
to date on the two and three wavelength visocrs that have been
molded in the HGU-56/P mold and trimmed tc the SPH-4 shape. The
mold is the property cf the US Army and was originally obtained
by the Materials Technolegy Laboratory in Watertawn,
Massachusetts. The summary follows the list of require ents as
specified in MIL-V-43511. Each requirement will be lis:ed
briefly and followed by a simple description of the test method
and the results. Where the test and results are specific to the
laser protective characteristics the gquantities such as luminous
scotopic transmittance and optical density (OD) will be given in
terms of the classified value, denoted as X, required in the
Contract DAMD17-86-C~6079 Fabrication of Ocular Protective
Devices Against Laser Radiation and Ballistic Fragments for
Evaluation in Military Scenarios.
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PRISMATIC DEVIATION

Requirenents:

TESTING TO MIL-V-43511B

Vertical: <0.18 absolute and <0.18 imbalance (algektraic
differenice between l=ft and right).
Horizontal: sum of left and right <0.50, differenca <0.18
To be measured at five specified pairs of points on the visor.

Method: The visor is mounted on a headform device and the
deviation of a beanm of light passing through each of the five
specified pairs of points is recorded and converted to prisnm

diopters.

RESULTS:

Measured Prism in

Two Wavelength Visor

Location

1R+1L
3 +2L
3 +2R
4R+4L
SR+5L

Vertical

Left Right

-.100
-.050
~.043
-.050
~.200

-.150
-.125
-.100
-.100
-.215

Three Wavelength Visor

Location

1R+1L
3 +2L
3 +2R
4R+4L
5R+5L

Positive values indicate base out and bas
respectively.

Vertical

Left

+.180
+.175
+.225
+.200
-.050

Right

+.165
+.200
+.150
+.175
-.100

Prism Diopters at the Five Locations

Prism Horizontal Prism
Imbalance Left Right Sum Diff
0.050 0.12% 0.170 0.2°0% ° &%
0.075 0.110 0.250 0,2 & 0.140
0.025 0.195 0.065 5.260 0.130Q
0.050 C.155% 0.200 0.355 0.045
0.C1l5 N.100 0.2C0 0.300 0.100
Prism Horizontal Prism
Imbalance Left Right Sunm Diff
0.015 0.160 0.140 ©0.300 0.020
0.025 0.250 0.05950 0.340 0.160
0.075 0.225 0.125 0.350 0.100
0.025 0.150 0.125 0.275 0.025
0.050 0.275 0.150 0.425 0.125

e up‘prism,




REFRACTIVE POWER
Requirenent: The refractive power shall be <0.125 diopters

measured at nine specified points.

Method: The lccal refractive power (sphere and cyclinder) is
measured by using an appropriate focimeter such as the Humphrey
automatic focimeter or the AO Lensometer or the telescope and
resslution chart. The latter method was used for the
measurements reported here.

RESULTS:
As molded (uncoated): Pass

The measured power (sphere and cylinder) values were as follows:

Uncoated Complete )
Location Sphere Cylinder Sphere Cylinder
iR -Q.06 -0.01 -0.06 -0.03
2R -0.08 -0.05 -0.06 -0.03
. 4R -0.04 -0.02
SR -0.04 ~0.05 -0.06 -0.03
3 -0.06 -0.03 -0.05 -0.03
1L -0.09 -0.04 -0.05 -0.03
2L -0.05 -0.06 -0.05 -0.02
4L ' -0.03 -0.01
SL -0.09 ~0.04 -0.05 -0,02

LUMINOUS TRANSMITTANCE
Not applicable to laser protective visors; see below.

OPTICAL DISTCRTION

Requirement and Method: Evaluation is by using the Ann Arbor test
device as specified in MIL~V-43511 and comparing the visual
pattern with the comparison photographs. As molded and completed
sampies were measured on an Ann Arbor test device and in addition
photographs were made by using a Moire deflectometer which was
adjusted so that the resulting photographs gave the same
sensitivity to distortion as that of the Ann Arbor test.

RESULTS: Pass

Photographs of the Moire pattern for completed visors are shown
in Figure 1.

HAZE
Requirement: H < 2.0%

Method: Gardner Hazemeter

RESULTS: FPass., The haze in a completed visor was found to be
0.35%.




UV TRANSMITTANCE
Requirement: The average transmittance at 250, 270, 290, 300,

310, and 320 nm shall be <1%.
Method: Spectrophotometric scan with PE330 spectrophotometer.

RESULTS: Pass. Transnmittance is <1% at each wavelength
specified.

KEUTRALITY
Requirement: For a Class 2 visor the average percentage deviation

within the nine spectral bands shall be less than 12. ‘This is
not applicable to laser protective visors because by their nature
narrow bands of the visible spectrum are eliminated.

Method: Measure the spectral transmittance with the PE330
spectrophotcmeter and calculate the percent deviaticn as

required.

RESULTS: Although not applicable because cof the required nature
of the spectral transmittance, as a point of reference the
measured values are:

Visor Average FPercent Deviation
2-lambda 21.6
>-lambda 13.4

CHROMATICITY '
Requirement: For a Clacs 2 visor the chromaticity shall fall

within the specified region.

Method: Measure the spectral transmittance curve and calculate
the chromaticity coordinates.

RESULTS: Although not applicable to laser protective visors the
results were measured and calculated for Illuminant C and are
listed below as a point of referenc~. They are alsc nlotted in

Figure 2.
Visor X Yy

2-lambda 0.2517 0.3456
3-lambda 0.4012 0.3519

IMPACT RESISTANCE
Requirement: Vo test in which there shall be no penetration,

spall, or cracks when tested with a 0.22 calibre T37 shaped
projectile at a velocity of 550 to 560 ft/sec.

Method: Air gun equipped with time of flight sensing unit to
calculate velocity. Visor is mounted to a section of helmet in
the as worn position and mounted on a headform in the test
device. The Vo test was performed both at AO and at the U S Army
Materials Technology Laboratory.

RESULTS: Both 2-lambda and 3-lambda visors passed.




In addition to the Vo test a V50 test was carried out in which 24
hits on the 2-lambda and 12 hits on the 3-lambda visors were made
over a range of velccities using a test procedure known as the
Bruceton method. A best guess is made for the velocity of the
first shot. If the sanple fails, the velocity is decremented by
a predetzrmined amount and if the sample passes the velocity
is 1increased by that same amount. This rrocess is continued ,
for a predetermined numker of hits. The data is plotted on . /
norzal distribution probability paper. A linear best fit curve ’
can be drawn through the data. From this it 1is wossible to
extrapolate the curve to determine the compliarce level with
the requirement. A typical curve is shown in Figure 3. The
data can also be entered into a computer progrim which finds
the best linear fit by using least squares methods and which
then computes the mean velocity, standard deviation, and

compliance level. For the visors a typical starting -
velocity would ke €50 ft/sec and an increment of 50 ft/sec .
was used. The results are tabulated below: \ y
RESULTS: x
Impact Resistance for Visors : !
Parameter 2-lambda 3-lambda v
No. hits 24 12 )
V mean (ft/sec) 731.8 714.3 T
std dev (ft/sec) 40.5 48 N
98th Pct 815 810 R
2nd Pct 649 619
Comgliance 100% 99.95%
Highest pass 750 750
lLowest fail 650 650

The lowest velocity at which any visor failed was 650 ft/sec (2 .
hits out of 72). It should also be noted that in this test any
minor cracking of the visor was considered a failure as it 1is in

the Vo test, This 1is a more stringent requiremep* than the
nornal V50 test which only considers the hit a failure if the
witness plate is penetrated. Most of the visors would have
passed at still higher velocities If the 1less stringent

interpretation of failure had been used.

ADRASION RESISTANCE

Requirement: MIL-C-83409 {TBD) The contract specifies that there
shall be less than a 6% haze gain after 50 cycles of the Taber
Abrasion Test.

Method: The Taber Abrasion Test was run for 50 cycles and the
haze gain was measured on representative witness plates using a
Hunter Colorimeter which is also capable of measuring haze. Note
that the Taber Abrasion Test can only be run on flat plates and
thus it is not possible to test the visor directly.

RESULTS: Pass.




TLAPTING SPEC.FIC 7HARACTERISDIICS RELATED TO LASER PROTECTION

SCOTLVPIC LUML:.QUL TRMVSHITTIRCE

KeJguirament: The scovoplc transwittance, Ts, for a two
wavelength visor, shall b2 greater vhsn X. where X is the value
-pezified for tha iGU-56/F Laser Proutectise Visor and is
classified. The thrre wavelengta viscers will not meet the above
reguirement.

Method: Measure spertral treansnittance with PE330
spect.uphotomer er #nd cai-ulate the scotopic transmittance iy
finding the weiyhted average using the weighting factors for the
scovopic lusinous sensitivity of the eye. Visors were randomly
selected from the production lots.

RESULTS: Fass (two wavelength visors); Although nct applicable

to three wavalenyth visors the data is tabulated below as a
reference.

Average Scotopic Transmittance

2-lambda 3-lambda
Sample size 58 pcs Sample size 5 pcs
Average Ts 50.2% 8.94 %
High 53.9% 9.39 %
Low '46.8% 8.62%

OPTICAL DENSITY AT LASER WAVELENGTHS

Requirement: The visors shall have an optical dansity equal to
or greater than that specified in the classified requirements
section for the HGU-56/P Laser Protec*ive Visors. That value

will be denoted here as "X".

Method: At lambda=-1 the OD is read directly in the absorbance
mode with the PE330 spectrophotometer. The OD at lambda-2 has
been measured with a laser at USAEHA for samples having an OD cof
1.5 X. The OD is directly related to the transmittance at a
secondary absorption band at 635 nm. It cannot be measured
directly with the spectrophotometer. If the transmittance at 630
nm is less than 6% the OD at lambda-2 is greater than 1.5X. The
OD at lambda-3 is measured using a dedicated monitor which uses
narrow band transmittance filters and a detector which reads on a

log scale.
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RESULTS:
1. The OD at lambda-2 is >1.5 X in every case.

2. The OC at lambda-3 is summarized in the follnwing table.
This table also lists the 0D at lambda-: ror the 3-lambda

visor.
2~-lambda 3-lambda
Sample size 58 pcs Sample size 31 pcs
lambda-3 lambda-~1 -lambda-3
Average 0D 1.272 X >1.25 X* 1.21 X
High 1.450 X 1.25 X
Low 1.125 X 1.11 X

* Off scale on spectrophotometer '

EOLAR EXPOSURZ

Raquiremenc: The requirements are that the visor shall meet the
transmictance and OD requirements after 57 hours of exposure to
average noon sunlight, 1125 Watts per square meter.

Method: Expose the samples for 57 hours in an Atlas
Weathercmeter having a xenon arc lamp filtered with two
borosilicate glass plates. Measure the luminous scotopic
transmittance and the optical density at each of the designated
wavelengths as described above.

REZSULTS:

The lambda-2 dye is stable. The lambda-1 and lambda-2 dves
degrade by approximately 8 to 12%. Compencztion is nade by
increasing the initial dye concentration by 15 to 20%. Measured
results are shown below for a two wavelength visor sample.

Optical Density and Transmittance

lambda-2 lambda-3 Ts
Initial >=1,5X 1.225X 51.3%
60 hours >=1.5X 1.12¢% (8% loss) 51.3%

HIGE ENERGY LASER

Requirements: The visor shall have the required OD while exposed
to a laser irradiance having power and energy densities which are
defined in the classified appendix to Contract DAMD17-86-C-6079.

Method: Measure the effective transmittance of the sample using
a laser at the required power and energy density as the
illuminating source.

RESULTS: Visors have been tested against high energy lasers at
the USAEHA at the Aberdeen Proving grounds and have beea reported
to meet the requirements. Cther equivalent samples have Leen
shown to be stable at lambda-i and lambda-3. The lambda-2 dye
tends to nartially saturate. Compensation is rade by usiag ar
initial Cv which is 150% of the recuired oOD.
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APPENDIX D Final Report for M17 and M40 Outserts

The final report covering the design, development, fabrication
and testing of the M17 and M40 mask outserts is included in this
appendix. The appendix includes only the text of the report and
does not include the entire test package or the final part
drawings. The complete report was sent to CRDEC.
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[
i This repert is submitted to the Chemical Research, Development
=5 and Engineering Center (CRDEC) by American Optical Corporation.
4 The report summarizes the technical efforts performed on Contract
{] #DAMD17-86-C-6079, Modification no. P3%0019.
ry The objectives of this effort were as follcws:
A
- 1. To design and develop ballistic/laser protective .utserts

lenses for the M17 and M40 protective nmasks.

ey

3
3 g 2. To produce a four (4) cavity mold for each type of these
‘ protective outserts.

|

3. To fabricate five hundred (500) pair of M17 protective
outsert lenses and five hundred (500) pair of M40
protective outsert lenses for evaluation.
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1.0 Overview

The main mask lenses in existing protective masks are not
replaceable in the field. Any damage to one lens causes the mask
to become unusable. Because of this, the M40 and the M17
protective masks require some accommcdation for a protective lens

outsert.

The main mask lenses and outserts produced to date are fabricated
using a cast thermoset plastic sheet of CR 39, which is die cut

to shape.

The outsert provides protection for the main lens and when
damaged is replaceable in the field. The outsert also acts as a
thermal barrier in sore environments to help prevent fogging of
the main mask lens.

As new threats, such as high energy lasers, are identified in the
field, the rneed for an outsert which can afford laser protection

has pecome increasingly important.

2.0 Project Summary s

The cbjective of this contract was to design and develop
ballistic/laser protective outserts for the M17 and M40

protective masks.

In order to accomplish this task, the current laser technology
used in the Ballistic/Laser Protective Spectacles (B/LPS) would
be utilized. This meant using a two die system, one of which is
molded into a polycarbonate lens and one of which is applied to
the surface as a coating. Because the current ocutserts were cut
from a sheet, not molded, the use of this laser technology would
require the fabrication of an injection mold for each outsert,
Additionally, the lens th.ictkness would have to be increased to
provide ballistic protection.
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3.0 Proiect Deseription

3.1 Optical Design

The objective of this task was to define the optical parameters
necassary to convert the existing CR 32 outsert lens to an
injection molded polycarbonate lens designed to be thicker at the
line of sight.

An optical lens analysis was performed on the M17 and M40 outsert
lenses, comparing the existing CR 39 ocutsert lens with a
polycarbonate cutsert lens which utilized the same cylindrical
curves with an increase in the lens thickness. The optical
attributes that were taken into consideration were nominal pover,
powers at three viewing angles, astigmatism, prism and lateral
color.

From this analysis the following conclusions were reached:

There was an increcase in the power and astigmatism for
the polycarkonate lens. This was mainly due to the
increased thickness in the lens and the larger index of
refracticn for polycarkonate in compariscn to CR 39,

There was also an increase in the prismatic power. This
is partly due te the increased pover in the lens and
partly kecause thaz line of sight is not dlong any radius
of the cylzndrlcal gurface.

From these conclusions it was decided that a new optical lens
design would be required to produce the polycarbonate M17 and M40
kallistic/laser protective outserts.

The new lenses were designed to neet the optical specifications
while maintaining a reasonable overall thickness, utilizing a
minimum lens thickness of 2.25mm to assure that the lens would
meet ballistic requirements. Refer to the "Design of
Polycarbonate M1i7 and M40 Mask Lenses" report included in
Appendix I.
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3.2 Mechanical Design and Mold Fabrication

These optical designs were then incorporated into the existing
M17 and M40 protective outsert drawings.

To obtain the best optical quality and keep a minimum edge
thickness of 2.25mm, these new optical designs had generated
variations in the edge thickness of the lenses. In bcth designs
the edge thickness of the lens varied from 2.25mm in the temporal

area to 3.5mm in the nasal area.

The protective outsert lenses are assembled into a rubber bost
using a crimp ring to hold the lens in position. This change in
thickness was considered unacceptable because of this assembly
process and the decision was made to add a constant 2.25mm thick,
4um wide flange around the periphery of the lenses. Refer to the
level III drawings in Appendix II.

From these drawings, a four (4) cavity mold for the M17
protective outsert lens and a four (4) cavity mold for the M40
protective outsert lens were produced.

The shape of the M40 protective outsert, the lenses are a nmirror
image of one anot:. 'r, governed the development of a four cavity
mold consisting of :wo right lenses and two left lenses.

Due to the variation in thickness, the M17 protective outsert,
which had previously rtcen interchangeable because of its
symmetrical shape, would now consist of a right and a left lens.
A four cavity mold for the M17 protective outsert was produced,
consisting of two right lenses and two left lenses.

The shape of the M40 protective outsert, the lenses are a mirror
image of one arother, governzd the development of a four cavity
mold censisting of two right lenses and two left lenses.

While the fabrication of the mold was taking place, the sixteen
(16) optical surfaces of the molds were ground and optically

polished.

When the molds were complete they were sampled and the parts were
inspected for optical quality and physical dimensions.

The M17 protective outserts passed the optical quality testing
and the dimensional testing. .

The M40 passed the optical testing, but failed the dimensionai
teating. The shape of the periphery of the M40 protective outsert
aiu nue G0 YL LUt 4w-awing submitted to the tooling vendor.

-

Parts were sent to the governme.. cor ' -=2 €wnntion testing.
From this testing it was determined that the quickest and most
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cost effective correction was to mndify the flange width in four
areas around the periphery of the lens. This modification was
completed and parts were resubmitted for fit and function
testing. From this testing it was decided that the product was
acceptable in its present configuration. The drawing was modified
at this time te reflect this correction. :

Level III drawings were produced and submitted of the final

design of the M17 and M40 protective outsert lenses. Refer to
Appendix II.

3.3 Prototyre Fabrication

Once the final design of the M17 and M40 protective outsert
lenses was completsd and approved, five hundred (500) pair of
lenses for each type of ocutsert were preoduced.

These units were fabricated using cur standard two wavelength
process, which included one molded in dyz and one coated on dye.

A total of five hundred (500) pair of M17 protective outsert
lenses were produced using this prccess.

Four hundred (400) of the rfive hundred (500) pair of M40
protective outsert lenses weras alsn produced using this process.
The renaining one hundred (100) pair of lenses were fabricated
using a newly developed chemical resistant coating. This coating
vas daveloped concurrenitly under this contract. '

4.0 Testing

Representative samples from these lots of lenses were then
gsubjected to the testing required, as specified in the Statement
of Work (SoW) of this contract.

The M17 protective outserts passed all of the testing. The
results of this testing is included in the Preproduction Test
Report for the M17 Protective Mask Cutsert in Appendix III.

There are two Preproduction Test Reports for the M40 Protective
Mask Outsert. The first, Keport No. 0576-1, includes the test
results for the four hundred (400) pair of lenses which were
produced using our standard two wavelength process. The second,
Raport No. 0576-3, consists of the test results for the one
hundred (100) pair of lenses produced using the newly established
chemical resistant ccating process. Refer to Appendix IV for each
of these reports.

The lot of four hundred (400) M40 protectivae outserts passed all
of the specified testing.,




The lot of one hundred (100) protective outserts which were
coated with the newly developz2d chemical resistant coating passed
the specified testing except it did not pass the ballistic
testing. Seven (7) out of the eight (8) lenses tested failed the
impact testing. The failure mode of these lenses appeared as
cracks along the flange around the periphery of the lens. The
projectile did not puncture the lens nor did it puncture the

witness foil.

If time allowed, our recommendation would be to review the
mechanical design of the lens and modify the mold to strengthen
the part, allowing it to withstand impact testing when it is
coated with the chemical resistant coating. For example, one
modification we feel could greatly increase the impact resistance
of the lens would be to add a radius all the way around the
periphery of the part where the flange meets the optical surface
of the lens. Presently, stress in the plastic from injection
molding the part can build-up in this area. This stress is
increased when coated and its magnitude may be great enough to
allow the part to fail impact testing. This present configuration
also allows the ccating to build-up in this area. Our experience
with ballistic testing of cmated optical lenses concludes that
impact resistance is directly proportional to the thickness of
the coating. In other words, the thicker the coating, the 1less
ballistically resistant the lens will be. By implementing this
modification, the coating will flow more readily around the
periphery of the lens, hence less build-up will occur in this

arca.

5,0 Conclusinsan

In conclusion, we feel that all three of the objectives of this
contract have been met.

Protective ocutsert lenses have been designed for the M17 and M40
protective masks.

Two four cavity molds have been fabricated and qualified.

From these molds, five hundred (500) pair of functional
ballistic/laser protective outsert lenses for the M17 protective
mask and five hundred (500) pair for the M40 protective mask have
been produced and submitted for evaluatior
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Design of Pclycarhonate M 17 and 1440 Mask Lenses
X Ning
October 12, 1689

! Background

Ray tracing analysis has showm that the polycarbonate concentric shells do not
meet the optical specifications. For M17 lens the concentric shell has a power of -0.15
(snecification =0.125) and an absolute prism values of 0.42 (specification 0.375). For
M40 leas the concentric shell has a pover of -0.18 (specification =0.125). The detailed
ray tracing results are shown in Table I,

Table I Optical attributes of the mask lenses

Optical attributes M17 CR39 I 317 Polycarb. M40 CR39 M40 Polycarb.
Power at 0° -0.08 | -0.15 -0.12 -0.18
Power at +15° -0.15 l -0.22 -0.14 -0.21
Dower at -15° 5.07 ] -0.11 0.1 .0.16
Abs. Prizm at 0° 0.29 | 0.2 0.17 0.25
Abs. Prizm at +15" 044 | 0.66 0.25 0.37
Abs, P.ism at -15° 0.14 | 0.24 0.08 0.12

This report documents the new designs that meet the optical specifications while
maintaining a reasonable overall thickness. The minimum thickness is dictated by the
ballistic requirement, ard i3 assumed to be 2.25mm. The assumptions used for dete’ -
mining the optical performances are listed in Table II.

i1 Optimized Deslgns

It is possible to design the rear and front curves such that both the power and
prism are zero. Unlike a concentric shell, a true plano lens (power=0) always has a well
defined optic axis. The prism value depends on the crientation of the optic axis relative
to the line of sight. For a plano lens if the optic axis is parallel to the line of sizht the
prism is zero for straight ahead viewing. This geometric configuration yields the
optimal optical design. The thicknessat the optic center is determined by the minimum
edge thickness of 2.25 mm. The optimal designs for the M17 mask and M40 mask are

shown in Figure 1 and 2

M17 & M40 Design .1 X Ning




“Table IT A list of pararueters used (or assummed)

Parameters M17 M40
Index of Refraction at D line 1586 1.586
Rear Curve Radius 956.95 mm 71.47 mm
Width cf the Lens 92.68 mm 112.50 mm
Eye (cornea) Pesiden (67 mm, 0) (30 2m, 0)
Straight Ahead Viewing Angle 33° 30®

® Theeye coordinates are relative o the leas frame. In the lens frame, the centes of the rear sphere
is the origin. The geometrie ceater ling is the x axis. The view anyle is measured relative to the
x-ans.

Inboth cases, the center thickmess is over 4mrm. This may cause some mechanical
compatibility problems. To satisfy both optical and mechanical specifizations, some
compromise may be required. The final designs are discussed below. The approach is
tohave ancnzeroangle between theopticaxis aod the lire of sight such that the overall
thickness can be reduced. The trade-off is that some prism is introduced. If fusther
reduction in the thicknass is required, the front radius can be increased in the expense
of a residuz! power., '

Il Fin»" Designs

1. M17 version 1

The starting point is the optimized design. The center thickness can be reduced
to 3.9mm if the optic 2xds is allowed to rotate towards the center of the l... wy 0 The
front curve is changed to compensate for the thickaess effect. The design is shown in
Figure 3. With this configuration the prism is about 0.11 and the power is zero.

2. M17version 2

In this case, the minimum edge thickness is assumed to be 1.5mn1. The design is
essentially identical to the optimized design with a thinner center, The design is shown

in Figure 4.

3. M40

The starting point is also the optimized design. The optic axis is angularly shifted
towards the lens geometric center by 5% The font radius is increased to corapensate
for the thicknesseffect and to further reduce the center thickmess to 3.5mm. The design
is shown in Figure 5. For this design the prism is 0.18 and the power i3 -0.04.

M7 & Manp-. -2 X Ning




Polycarbonate M17 Optimized Design

10/10/89, X. Ning
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Figure 1. Optimized M17 lens
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Polycarbonate M40 Optimized Design
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Figure 2, Optimized M40 Design
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Polycarbonate M17 Version 1
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Figure 3. Final Design of M17 with an edge thickness of 2.25mm
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Figure 4, Final design of M17 with an eage thickness of 1,.5mm




‘[] Polycarbonate M40 Version 1
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Figure 5. Final design of M40 with an edge thickness of 2.25mm
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