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ABSTRACT

Physical Optics Corporation (POC) investigated th?fabxicalion of holographic broadband laser eye
protection (BLEP) ﬁlters} as a new approach to protecting ground troops from eye damage by near
infrared (IR) lasers. The infrared broadband filters,investigated during the Phase I reszarch
progranmi combined high optical density (OD > 4), high photopic visual transmission efficiency (60
to 75%) and large angular protection (> 404 ) fj)r the 694 nm wavclength and with the
environmental stability necessary for battlefield conditions. During its Phase I research, POC'
successfully fabricated broadband IR filters with excellent optical qualities. In addition, BLEP
filters are compatible with flat and curved polycarbonate substrates and can be combined with
absorption dye technology to yield cost effective hybrid technology for laser eyewear.

This technology should be able to supply complete wavelength and angular laser protection for the
near IR porticn of the spectrum from 690 nm to 1100 nm for the Army's spectacle, goggle or visor
configurations with appropriate QD and photopic efficiency. Further research is needed to extend
this technology to contain hybrid scenarios on the various substrates noted above.

PENPEGRE R

The benefnsfg the ‘Ii-Service Agencies are that protection against all agile laser threats in the 690
nra to 1100 nm region will be developed. Commercial applications of this broadband near IR
rejection filter technology are to automoiive and architectural window glass coating for the
reduction of cooling loads. In addition to eye protection, BLEP filters can be used for cockpit

display filters, for night vision goggles, for broadband IR reflectors for space solar cell arrays, and

perhaps even for very large (greater than 1 fn?) near IR optical mirrors. e .

[8
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1.0 IDENTIFICATION AND SIGNIFICANCE OF THE PROBLEM

Highly-efficient broadband laser eye protection (BLEP) filters were investigated in Phase I by
Physical Optics Corporation (POC) as a new approach for protecting ground troops from eye
damage by trequency agile near infrared (IR) lasers, The broadband filters prevent the
transmissior of concentrated light encrgy that causes thermal burns to the retina. These filters will
combine high optical density, high photopic visual transmission and iarge angular protection with
the ruggedness and the environmental stability necessary for battlefield conditions. In addition,
these BLEP filters have shown high laser damage threshold (4 GW/cm?), required temperature
stability, reproducibility and a promise of low cost in mass production.

In order to provide the Army's requirements for ocular and cystem protection in the near IR region
(690 nm to 1100 nm), a filter should have for the following properties:

Based on volume holography and advanced holographic recording materials, POC's BLEP filters
have shown promise for simultaneously fulfilling these requirements. During the Phase I research,
POC theoretically and experimentally investigated the performance and advantages of broadband
IR holographic filters. As a result of our research, we have identified optimum designs and

ontimum cunthecic and nraceccinog ennditinne nnder whirh tn nroduce these filters PO
S and processing congitions unger whicn 1o progu ce these hilterg, YOS

approach has several material and process engineering advantages over the dielectric multilayer

wpssssiniaa S SREEER L ]

approach; the most important of those advantages appears to be cost.

POC is currently developing methods that allow for the incorporation of these holographic filters in
sandwich-type active x(2) structures which would result in agile laser protection for the visible
portion of the spectrum. In this sandwich-type structure, the holograms are separated by a x(?
nonlinear optical material which i§ fast-switching (on the order of 1 psec). With this added layer, a
tunable filter can be fabricated which can be either transmissive or highly reflective (depending
upon whether the filter is under attack). '

Ballistic protection

High optical density

Abrasion resistance

High photopic and scotopic luminous transmission

Minimum haze

“Broadband protecuon for frequency agile near IR laser ihreats

Survivability under harsh conditions such as temperature, salt spray, and
hurnidity
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1.1 Review of Existing Technology

Existing laser eye protection uses absorption dyes in glass or polycarbonate spectacles, goggles or
plastic visors in order to absorb a broad range of near IR laser radiation. However, absoiption
dyes can only be applied to one (or possibly two) Tine(s) in the visible portion of the spectrum and
still maintain acceptable photopic/scotopic efficiencies. Although their absorption bandwidths are
generally broad, their photopic/scotopic efficiencies are typically less than 20% for
multiwavelength protection (2 wavelengths in the visible) and the long-term lifetime of dyes
exposed to sunlight continues 10 be a question mark. Setting aside the difficult problem of dealing
with the increased number of laser threat wavelengths in the visible portion of the spectrum, a
satisfactory solution must still be found for protection against all agile threats in the near IR portion
of the spectrum.

Monlinear optical materials currently require a focal plane to obtain the required intensity levels for
switching and, therefore, are not serious candidates for foot soldier laser eyewear. In gencral,
nonlincar materials need a high threshold of incident light before they switch, thereby severely
impairing their effectiveness against low power (milliwatt) laser threats. Nonlinear materials are
generally expensive to produce and, thus, the weight, size, and complexity of such systems also

hamper their widespread use for laser hardening applications.

Glasses such as the Schott Optical Glass B(G-39 provide absorption protection from the red end of
the visible spectrum {out to about 1.2 pm). However, when ballistic protection is required in
addition to laser eye protection, a polycarbonate visor or goggle is the prefeired approach.

Interference filters can be made to cover laser threat lines for the near IR portion of the spectrum.
While these filters can be fabricated using vacuum deposition of multilayer dielectric stacks,
usually about 200 layers are required at a cost of about $200/filter. However, multilayers are
extremely difficult to achieve in mass preduction, especially for large sizes (> 1 fiZ). On the other
hand, a very large number of periods (> 300) is no problem for the holographic case. The other
fundamental advantage of holographic structures over multilayers is that they do not need to be
limited to the Lippmann case for eye-centeved recording geometries. POC projects the cost of
nolographic broadband near IR filters to be 1/3 to 1/4 the cost of equivalent dielectric multilayer
filters and, in additinn, the holographic filters can achieve much higher OD.
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2.0 SUMMARY OF PHASE 1 RESULTS

In this section of the report, we will summarize the results of our Phase I research program.

2.1 Phase I Tec* .tical Obiectives and Achievements

The purpose of the Phase I research was to demonstrate the feasibility of fabricating ar d studying
the environmental stability of broadband holographic filters with an optical density greater than 3,
an optical bandwidth of 450 nm, a cut-on wavelength of 690 nm, a cut-off wavelength of
1120¢ nm, and a photopic efficiency of 75%. In order to do so, we concurrently pursued the
following threce objectives:

1. To determine the optimum holngraphic recording emulsion based on an organic
polymer, a sensitizer, an electron-donating additive, variations in the solution
viscosity and pH, the exposure and processing conditions, and the coating
thickness.

2, To experimentally deraonstrate the fabrication of a broadband filter wiih optical
density greater than 3, bandwidth of 400-450 nm and approximately 75%
photopic/scotopic efficiency.

3. To evaluate the performance of BLEP filters ::s an environmentally- and thermally-
stable near IR protection systern,

In order to demonstrate the feasibility of fabricating efficient holographic filters for near IR
radiation, we conducted a theoretical and experimental investigation of material optimization,
optimum optical recording design, processing conditions, substrates and encapsulation using
various optical adhesives. This involved the successful development of an IR-sensitive recording
material. Thus, POC addressed all of the work tasks listed in its Phase I proposal to Fort Detrick.
The major achievements of this program are summarized below.

1. Theoretical Studies and Analysis
Theoretical studies and analysis proved that the filter was efficient in reflecting
incoming radiation over a broad spectral range. In order to evaiuate the influence of
absorption and scattering losses on the diffraction efficiency in the IR region,
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Kogelnik's model of fully-uniform lossy gratings was adopted. Based on the
results from this analysis, one can design the desired broadband laser eye
protection filier for near IR regions.

Design and Fabrication of the BLEP Filters

Fabrication technology for BLEP filters was successfully developed. Two designs
for obtaining high-efficiency broadband IR filters were investigated. One was
based on the new red-sensitive holographic recording medium (sensitive to a
633 nm HeNe laser) and the other was based on a recording medium that is
sensitive to a 512 nm green laser, The recording setups are illustrated in Figures 2-
1 and 2-2, respectively. Phase II fabrication will involve the down selecting of one
of these two methods. Details of the exposure methods and attributes of each
method are discussed in Section 4.4.

Development and Optimization of the Holographic Recording Media

A volume holographic recording medium sensitive to red wavelengths was
developed. The material development effort involved a detailed understanding of
the chemistry of the medium including solution pH, viscosity, sensitizer
concentration, sensitivity, the role of the electron donor as a sensitivity enhancer
and shelf life of the media. Thus, we successfully optimized a new holographic
recording medium that is sensitive to the 632 nm laser wavelength. As a result of
this optimization, we were able to obtain bandwidths of 100-400 nm with
acceptable OD values.
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Figure 2-1 Fabrication and Exposure Sewp for POC's BLEP Filters Using a HelNe
Laser.

Figure 2-2  Fabrication and Exposure Setup for POC's BLEF Filters Using an Art Jon
Laser.
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Processing

A new processing technology appropriate to this new holographic recording
medium was successfully developed. These processing wechniques helped tune the
filters to the desired peak wavelength and bandwidth, In addition, these processing
techniques enhanced the optical density and reduced the noise and absorption.
Deuails of the processing technigue are discussed in Section 3.

Selection of the Substrate

The iR filter was successfully coated onto transparent glass substrates, glass
mirrors and plastic substrates. Thne plastic substrates used in Phase 1 were
polycarbonate, PMMA, Mylar, TPX, and Aclar. POC's holographic coating was
also successfully placed on curved and flexible substrates.

Lamination and Encapsulation

The moisture barrier coatings and encapsulation technology were developed to
protect the broadband laser eye protection filters from moisture and abrasior.. Thus
far, POC has tested a number of UV-curable, thermally-stable and transparent
adhesives compatible with the holographic recording material used in the BLEY
filter fabrication and found Norland #61 and Master Bond UV-15 to be the best
adhesives for lamination. Other adhesives currently under investigation include
two-part epoxies UV-15-7, UV-15-75P4, UV-10 and EP-30 by Master Bond and
other thermaliy-curable adhesives available on the market.

Environmental Stability Test

POC's recently developed broadband IR filters were successfully tested for
high temperature stability without lamination

high temperature cycling at 135°C without lamination

prolonged duration with lamination in boiling water

laser damage threshold test at shorter wavelengths with lamination
simultancous pressure and temperature without lamination

water immersion at 52°C with lamination

Optical Performance of the BLEP Filter
We successfully evaluated most of the broadband IR filters for their optical density,
bandwidth, angular acceptance, absorption, transrission, scattering. etc.
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The tueoretical, analytical and experimental Phase 1 results support POC's belief in the applicability
of holographic broadband near IR filters. In addition, the material used in the filtcr fabrication is
fully compatible with other materials used for visible laser eye protection devices including
dielectric muliilayers, absorption dyes and polycarbonate substrates. In order to advance the
holographic brcadband protection filter technology to the point where BLEP filters can be routinely
mass produced, further efforts to refine the fabrication process, processing technology, including
lamination and encapsulation, are still needed.

2.2 Theorctical Model for BLEP Filters

The first theoretical model describing the optical properties of broadband holographic filters was
proposed by Tomasz Jannsen--one of the key POC personnel for this program--based on the
WKB method, analogous to that used in quantum mechanics. Such filters represent non-uniform
Lippmann-Bragg holographic structures with grating constants which are chirped normal to the
surface (see Figure 2-3).

Denoting the grating period by A and the nonmai coordinaic by z, we can wiiie

A=A(z) -1

Such a non-uniform structure produces enlarged spectral bandwidth AA which is determined by the
following basic formula,

AL An  AA

AB n A (2-2)

where Ap is average Bragg wavelength, An-index modulation, T-average refractive index,

AA-grating period change, and A - average grating period.

For AA =0, we obtain the uniform case (see, Figure 2-3(a)). It should be noted that Eq. (2-2) is
approximate and holds only for moderate non-uniformities when the remaining parameters of the
hologram (average refractive index and index modulation) remain constant. Such a situation is
illustrated in Figure 2-4. In practice, Eq. (2-2) is a very useful approximation for evaluation
purposes. :
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A = constant A=A(Z)

o] —re e

=

(a) (b)

Figure 2-3 Grating period distribution for Lippmann-Bragg holographic filters,
assuming a) uniform distribution, b) non-uniform distribution.

A new and more accurate theory and computer software for Lippmann-Bragg broadband
holographic filters have recently been developed at POC, This new model is based on the multiple-
beam interference method and Kogelnik's local solution for uniform gratings (also called the
method of effective interfaces). POC's computer method based on this model is orders of
magnitude fasier and more accurate than the matrix method (used in multilayer theory) where a
large number of homoger.eous slabs have to be used.

1n order 1o show the effectiveness of POC's approach, let us consider a thick grating with a large
numnber of periods, N. The number N can be determined from the following fonmula:

2nT

N=

> |3

Ap (2-3)

where T is the hologram thickness. Figure 2-5 illustrates the theoretical hologram reflectance for T

= §8 u, and xg = 0.8 u. Thus, for n = 1.55, we have a filter with N = 343 léycrs as calculated
from equation (2.3).
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Figure 2-4  Illustration of Non-Uniform Distribution of Grating Period A.

The basic numerical results for efficiency and bandwidth of non-uniform holographic structures are
illustrated in Figure 2-6. They have been demonstrated for a broad variety of grating non-

uniformities (AA/~A = 0.05, 0.1, and 0.2), and index modulations (0.01 < An < 0.2), and for
standard hologram thickness (T = 20 uni). The hologram bandwidth analysis demonstrates that in
order to obtain high O.D. within the broad spectral range (> 300 nm), both high grating non-

uniformity and high index modulation are necessary. On the other hand, it should be noted that

parameters AA/A, and An should be properly balanced in order to obrain broad flat bandwidth.

Compare Figures 2-6 and 2-7 to see this striking result.

10
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Figure 2-5 Hlustration of the throughput calculated by POC's method of effective
interfaces. Here, this method has been tested for N = 369 and threc
different period distributions located at the same hologram (T = 88 pm, An

= 0.1, 1 = 1.56).
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Figure 2-6 Reflectance for the uniform hologram (—A_:A— = 0), for Ag = 900 nm,
= 1.55, T =20 pm, including: (a) an = 0.1, (b) an =0.2.
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The above theoretica! results coincide with POC's experimental data obtained earlier for broadband

solar-centrol windows,

The other important result is that, despite large grating period nonuniformities, the holograms are
free of 2nd and higher order harmonics. This is due to the sinusoidal profile of the refractive index
modulation which is locaily preserved within the hologram thickness. The accuracy of this
conclusion has been double-checked by the matrix method. In practice, controlling harmonics is
difficult and requires sophisticated processing technology. However, POC believes that it is
possible 1 develop full control of this technology from the fabrication standpoint and this will be
demonstrated in the Phase II program.

1.00
0.75
8 &
g g
3 cs0 An = 0.1 T 050 An =02
E ;.3 (82) oo, = 500N
0.25 A
i
1
000 P{"Hﬁ\%ﬁnmmﬁr%ﬁ?ﬂ 0.00 Mimﬂmmmnw%‘?‘?’x
25 07 OB 08 1.0 1.1 1.2 135 1.4 05 06 07 08 08 1.0 1.1 1.2 43 14
Wavelength (um) Wavelength (um)
@ (b)
. . AA
Figure 2-7 Reflectance for the nonuniform hologram (—K—— = (.1) and the same
remaining parameters as in Figure 2-6.
3.0 TECHNICAL DISCUSSION

Previous efforts to adapt a high-efficiency holographic technology based on dichromated gelatin
(DCG) material to the near IR spectrum were limited by the size of the bandwidth and the moisture
bartier encapsulation. Other results [1-8] related to near IR filters have been limited to dielectric
multilayers with costs almost prohibitive for Army laser protective eyewear. In order to overcome
these limitations, we have formulated new holographic materials (DPX-1 and IRT-6) which yield
high-perforniance IR filters throughout the near IR region (from 600 nm to 2.7 pm). In the
following suhsections, we will describe the material studies for formulating DPX-1 and IRT-0, the

12
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optical characteristics of BLEP filters such as optical density, angular protection and bandwidths,
absorption dye broadband protection snd field deployment requirements. We will also discuss the
feasibility of mass producing BLEP filters on polycarbonate-subsirates which includes
encapsulation/lamination using commercially-available optical adhesives. Environmental
survivability tests, including temperature cycling, laser damage, sunlight exposure, salt spray,
humidity, etc., will also be considered.

3.1 POC's Advanced Material Technology

The success or failure of mudern optical devices and systems depends to a great extent on the
performance and survivability of the optical materials which are used. This is especially true for
volume holographic structuvie-based filters, mirrors, switches and countermeasures. Unlike
dielectric multilayer structares where multiple steps are required to fabricate a single muliilayer
structure, multiple holograph'c Bragg planes can be created in a single step in the bulk of the
coating. As a result, volume holography offers great advantages unequaled by any other optical
technology currently available to the Army in the sreas of laser hardening and eye protection.

The general demands hoiography makes on recording materials involve (i) resolution, (ii)
sensitivity, (iii) low noise and recording linearity, (iv) processibility and (v) stability. In recent
times there have been major advances in volume holographic materials which can accommodate
these requirements. A long list of major holographic materials includes silver halide films,
photopolymers (DuPont, Polaroid's DMP-128, PVK), DCG, photochromics and ferroelectric
crystals, As a result of the materials' availability, applications such as laser hardening, solar

i i o
fabricate at modest cost. In these applications, intense (> 10 W) and stable Argon ion laser sources
are used for holographic recording in visible light-sensitive material. Although Bragg shift can be
achieved by appropriate recording gecmetries and chemical processing, the visible light sources
and visible light-sensitive materials are generally less effective and more expensive for routine
production of laser hardening devices in the near IR region. Therefore, POC initiated a broad
investigation of near JR holographic recording material development in Phase 1 of this program.
As aresult of material development efforts over tie last several years, in general, and over the last
six months, in particular, POC's material show great promise for mass production of laser
protection eyewear. For illustration, POC's current material parameters are compared with
DuPont's photopolymer, Polaroid's DMP-128, PCG and PVK (Table 3-1).

S T, e A < S T TGN ¢ . e N N

o
B

>
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Table 3-1 Comparison of PCC's Red-Sensitive Material with More Commonly Used
Holographic Recording Materizls

i roxim
w i h ivi Maximum Useful g;:'g::f Molsture Applndex ale
Materlal avelangt Senslitivity oD Thickness | gond o iain | Protection | modutation
Range mJdiem Atiginable pm nm Nooded An
POC's Red- ] o .
St 600 nir 10 2.7 pm 400 46 17-50 100-700 Yes 0102
Material
0cG Visible to Near IR 200 5 5.25 10-150 Yes 0102
DuPont A oo
Photopaymer 488-514 nm e 3.4 7-20 10-25 No <0.08
DMP-128 486633 nm 3060 34 7-15 10-100 Yes 0.06-0.08
PVK 486-532 nm 20-30 25 5-10 20-100 No 0.03-0.08
Silver Halide |  488-633nm 001-0.01 07 2.7 2 No <007
3.1.1 - itj aterial

Dichromated gelatin (DCG) has been used as a holographic recording material, but with spectral
sensitivity limited to wavelengths shorter than 514 nm. In order to increase DCG's spectral
sensitivity, acid-fast violet B and methylene blue were used as a holographic recording material by
Granbe [1] and Akagi [2] only to achieve diffraction efficiency of 50% at 633 nm. Kubota et al. [3]
have also attempted recording holograms in red-sensitized DCG using methylene blae with
ethlenediamine tetra-acetic acid (EDTA):Ammonia as a sensitivity enhancer. Recently,
Changkakoti et al. [4] have studied the role of external electron donor in methylene blue-sensitized
dichromaied holograin. They have used EDTA, tricthanioamine (TEA) and dimethylformamide as
an electron donor, however, they obtained only about 71% diffraction efficiency. More recently,
J. Biyth (5] has used tetramethyl guanidine as an electron donor to increase the sensitivity of DCG
methyiene blue recording material.

POC's latest efforts in developing red-sensitive holographic recording medium included:
(1) Selection of gelatin polymer graft system

(2)  Choice of a sensitizer and a dye '
3) Choice of appropriate ratio of gelatin polymer graft: sensitizer: dye.
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Gelatin-Polymer Graft

Although DCG exhibits ideal properties useful for volume phase holographic eptical
elements in the visible spectrum, there are significant poteniial drawbacks of DCG, and
holographic optical elements based on it are easily affected by environmental changes such
as temperature, pressure, humidity, etc. Realizing the importance of a holographic material
that combines the advantages of a desirable holographic material, yet avoids the drawbacks
of many of the gelatin materials, POC has developed a holographic recording material made
from a gelatin-polymer graft. By modifying the molecular structure of gelatin by chemical
or photo-chemical enriched grafting of polymerizable monomer, a novel material has been
formulated which combines the high performance characteristics of DCG and
photopolymers and avoids drawbacks of known holographic materials. The method of
synthesizing gelatin polymer-graft involved attaching a polymerizable monomer to the
backbone of gelatin. The choice of the monomer depended upon its compatibility with
gelatin, Because of the gelatin-polymer interaction and integration at the molecular level,
an increased number of cross-linking sites are generated. During exposure and processing,
the crosslinks form a network of molecvlar chains which directly contribute to the
refractive index modulation of the materiai. The enhanced crosslinks aiso harden the
system, making it less sensitive to envirenmental changes, retaining the chemical

composition intact under high temperature and pressure conditions.

Choice of Sensitizer and Dye

(a) DCG is known to have sensitivity to blue and green wavelengths. POC has developed
in this program a recording material that is sensitive to the red part of the spectrum by
choosing a methylene blue and ammonium dichromate as a dye and a sensitizer,
respectively. However, as mentioned above, instead of gelatin, POC's new gelatin-
polymer graft systeimn was used.

(b) Another red-sensitive dye-sensitizer combination involved methylene blue/potassium
chromate which were used along with POC's new gelatin polymer graft material and
tetramethyl guanidine, Tetramethyl guanidine acts as an electron donor which enhances the
sensitivity of the holographic coating. So far POC has used several electron donors
including ethylenediamine tetra-acetic acid (EDTA), triethanol amine (TEA}, N,N-dimethy!
formamide (DMF), 1, 4 diazobicydo [2.2.2] Octane (DABCO), N,N,N,N-tetramethylene
diamiue (TMED) and 1,1,3,3-tetramethylguanidine (TMG). Among all the electron
donors, TMG was found to be the most appropriate and effective for POC's red-sensitive
recording material.

15
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3. Gelatin-Polymer, Sensitizer Dye Formulation
As listed in Table 3-2, the coating formulation consisted of gelatin-polymer graft, sensitizer
and a red-sensitive dye. The ingredient concentrations were adjusted per the requirement of
peak wavelength in the near IR region as well as the optical setup used for recording.

Table 3-2 POC's Materials Used to Fabricate Broadband Near IR Filters

e ELECTRON
MATERIAL SENSITIZER CYE DONOR RESULTS
. Methylene High Diffraction Efficiency
GPG Potassium Chromate Blue ™G Excellent Thermal Stability
i . Methylene N High Ditfraction Etticiency
Gelatin Potassium Chrommate Blue TMG Moderate Stability
N Methylene| ... | High Diffraction Efficiency
GPG Ammonium Dichromate Blue TMG Moderate Stability
. . . - High Diffraction Efficiency
Gelatin Ammonium Dichromate - Moderate Stability
GPG = Gelatin Polymer Graft
TMG = Tetramethy! Guandine
3.1.2 Experimental Preparation of the Red-Sensitive Coating

In a typical coating formulation, 30 to 75 grams of gelatin polymer graft were mixed in cold
deionized water (300 to 500 ml) and the mixed mass was slowly heated to 60°C for about 2 hours
to obtain & clear, homogeneous solutior.. To this solution, about 1-3 grams of potassium chromate
were added after lowering the temperature of the water bath to 50°C. About half a gram of
methylene blue was then added into the viscous solution followed by TMG solution until the pH
was increased to about 9.5. In the event that the pH went up due to the addition of too much
TMG, the pH was maintained between 9.1 and 9.5 by adding a few drops of acetic acid. The
resulting solution was stirred until all the bubbles disappeared, and the froth, if any, was removed.
The clear solution was then spin coated on a clean, dry glass plate (8" x 8") at a spinning rate of 33
to 78 rpm. The coated plates were stored in a laminar flow hood until dry. Generally, the age of
the plate, for optimum exposure and results, was about 24 to 48 hours. The detailed process is
summarized in Table 3-3.
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Table 3-3 Procedure for Producing a Red-Sensitive Coating on Glass Substrates with
a Spin Coating Technique
Step # Directions Comments Room Light
1 Mix GPG polymer with cold Stir with glass rod. N/A
water.
2 Heat slurry for 1-2 hr at Do not create bubbles while N/A
60 °C, stirring constantly. stirring
3 Add potassium chromate, Bath temperature sheuid be Biue light
below 50 °C
4 Add methylene blue powder. | Stir gently Blue Light
5 Add TMG dropwise. Maintain pH between 9.1-8.5 Blue Light
6 Heat viscous solution 10r 15 | Temperature 45-50°C Biue Light
minutes and then filter it. Use E-D #8 oz filter paper
7 Cast viscous solutionon a Spin the plate at 33-78 rpm Blue Light
clean glass plate
8 Keep coated plate at room Keep plate horizontal until it Blue Light
temperature for 24 hours is dry.

3.1.3 Exposure and Recording Conditions for IR Broadband Filters
The exposure setup used is tllustrated in Figure 3-2. As the laser beam (633 nm) incident on the
polymeric emulsion is reflected from the front surface of the mirror, interference fringes arc founa

in tha amnlcian  The Aarlk and hnnht {frinarc oof the n
innge emuisien. a8 Gark ang mnges ol lne p

ate a hardness

attern crea ss differential, thereby
producing layers of high and low refractive index. The index differential process is further
enhanced by wet processing (see Table 3-4), resulting in structures that reflect a broadband of
wavelengths in a manner similar to a muliilayer dielectric interference filter. During the Phase 1
contract period, a number of broadband IR filters were fabricated by this process. A few of the
filters' spectral curves are illustrated in Figures 3-3 and 3-4. These filters have optical density
greater than four, while their bandwidths exceed 200 to 400 nm. Moreover, photopic/scotopic

transmission is about 65% to 75%. The peak wavelength varies from 625 nm to 1 pm and above.

In the present investigation, a peak wavelength for near IR broadband filters for up to 1.5 um hag
been measured, however, longer peak wavelengths can also be achieved by (i) chemical/material
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swelling or (ii) by increasing the angle of incidence, with a limit set by the critical angle of the air-

substrate interface. By eliminating the interfacing problem with the use of index-matching liquid,
the critical angle limit can be increased. See Figure 3-5(a) and (b) for an illustration.

HeNe Laser U - ~

Film

3 [ | ¥
|'¢—— Mirror
7, '

Substrate

Lens

Figure 3-2 Illustration of an Optical Setup for the Fabrication of Near IR Broadband
Filters Using Potassium Chromate as a Sensitizer.

The large angle recording design as shown in Figure 3-5(a) and (b) helps to achieve high non-
uniform spacing, AA, and high index modulation. Because 0y, is large, a laser beam has to travel
a Jonger path (several times the emulsion thickness) in the recording medium, The absorption of
light by the medium is increased, thus creating a large differential of hardness in the thickness of
the medium, This results in large AA. The angle of recording, O, is larger than the critical angle
6. of the medium (which is 42° in this particular case). Thus, the back reflection is a total internal
reflection (TIR), 100%. Therefore, the two recording beams (incident and reflected beams) have
an almost 1:1 intensity ratio, resulting in very high contrast fringes. Therefore, maximum index
modulation, An, is achieved for the particular recording and processing conditicns.

The spectral plots of typical broadband filters fabricated using this experimental setup are illustrated
in Figures 3-6 and 3-7.
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Table 3-4 Procedure for Fabrication of 2 Broadband IR Filter
] Lighting
Step # Directions Comments Condltions

1 Expose coated plate to HeNe Normal incidence or Blue light
laser (633 nm) prism/cube aided exposure

2 Soak the plate in fixer for With agitation Blue light
20 sec-1 min.

3 Flace the plate in roomn No agitation needed Blue light
temperature water for 2-4 min.

4 Soak in 25% isopropyl alcohol | With agitation Biue light
for 1-3 min.

5 Soak in 50% isopropyl alcoho! | With constant agitation Blue light
for 1-3 min,

6 Soak in 75% isopropyl aicohol | With constant agitation Blue light
for 2-3 min.

7 Soak in 100% isopropy! with constant agitation Biue light
2lcohol for 2 min.

8 Soak in 1005% isopropy! With constant agitation Blue light
alcohol at 65 ¥C for
30 sec-1 min.

S Ciy with biow dryer With constant movement Blue light

19




' Final 1'0,3080.\1 ARMY-IR
DAMDI7-90-C-0086

BECKMAN

DU-65 SPECTROPHOTOMETER

Scan Speed: 505 nm/nun

ABSORBANCE
4.0000 3.2000 2.4000 1.6000 0.8000 0.0000
-’ 900.0
a—_-,a-hh'

800.0
%Y
A
ot ransenepsassie ’~ z
e L
—r | 7000 g
“\- N
— G
T
H

4| 600.0
3 |
J N

12
’
L i _ 400.0
4.0000 3.2000 2.4000 1.6000 0.8000 0.0c00

Figure 3-3 Nlustration of a recently fabricated POC red-sensitized filter of optical
' density greater than 4 and a bandwidth of about 70 nm,
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Total Internal Reflection

Glass
\\
GPG T IS B . SVl TS L 7 S Dark Glass
' T g Absorption Plate
Xylene N —
Om 1 \
J
3 I
X -.
N s
Glass Block N v
Colimated n=152 .
Laser Beam ot
\ .. .
N .

Figure 3-5(a) Holographic recording setup used to fabricate broadband IR filters. Using

this setup, eye protection for longer wavelengths (of 2 um) can be
accomplished.

Glass Substrate (n = 1.52)

Xylene (n = 1.497)

Tota! Internal
Index Matching Liquid

Reflection

Collimated
Laser Beam
Dark Glass
Absorption Plate

Figure 3-5(b) Holographic exposure setup used to fabricate long-wavelength laser eye
protection filters with broad bandwidth.
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Illustration of a broadband protection filter where the cut-on wavelength is
650 nm and the cut-off wavelength is 1140 nm.
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BECKMAN
DU-65 SPECTROPHOTOMETER
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Figure 3-7 %-transmission vs. A curve for BLEP filters based on red-sensiive
niaterial,
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3.2

In the material that follows, we will discuss only those holographic characteristics that are useful
for meeting the technical goals of the Phase II program and which are worthy of review.

Conventionally, the protection wavelength, Ap, is simultaneously the central peak wavelength, A,

for normal incidence, i.e.,

Ao = Kp for@' =0 (3-1)
where 8'is the angle of incidence in the holographic medium (see Figure 3-8(a)). It will be shown
that the profile of the hologram's spectral characteristics changes only slightly as the angle of

incidence is increased (see Figure 3-8(b)), while the hologram's central peak wavelength shifts to
the blue, according to the following relation

Ao = Ap cos O (3-2)
where the measured angle of incidence (in air), 6, and the angle €', are related through Snell's law

sin@=n sin 6 (3-3)

In order to verify Eq. (3-2), let us examine the fundamental resulis of Kogelnik's theory
(H. Kogelnik, Bell Syst. Tech. J., 48, 249 (1969)), as it relates to holographic filters. In the case
of Lippmann holograms (fringe planes parallei to the surface), Kogelnik's formula for diffraction

efficiency has the form

(I—E,zlvz)

sinh2 \/(vz—f;z) 3-4)

n={ 1+

where sinh is the hyperbolic sine and € and v are two auxiliary parameters that have the following
forms for Lippmann holograms
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Figure 3-8

R
A
a) r ! \
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A= Ay
R
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Y
’&J 1 kJ\ —)
Ay Ap

Holographic bandwidth blue-shift (a) for normal incidence and (b) off-
normal angles of incidence for conventionally-recorded holograms.

— {cosB” 1
=27nn1 —_
E nn{ Y }-B) _
(3-5)
nAnT
] v=______
AcosO’ (3-6)

where Ti is the average refractive index, An is the refractive index modulation, T is the hologram

thickness, Ay is the Bragg wavelength (in vacuum), and 97 is the angle of incidence (in this

20




Final 10.3080M ARMY-IR
DAMD17-90-C-0086

holographic medium) that is related to the angle of incid=nce in air, 6, by Snell's relation (3-3).
The parameter & is called the off-Bragg parameter because it describes how far we are from the
Bragg condition (where £ = 0).

We can see that the Bragg wavelength Ay is close to the peak wavelength cnly for normal

incidence. In general, the condition € = 0 is equivalent to
>\.6=>\,0 [0 ] 9’=7»0 1—sin2 9/52 (3_7)

Only for 0' = 01s A'g = Ao. For larger angles of incidence , the Bragg wavelength shifts to shorter
wavelengths. This effect is easy to observe experimentally.

The second Kogelnik parameter, v, is called the coupling constant because it characterizes how
strongly a diffractive wave is "coupled" with the incident wave. In other words, wiihin toe
hologram bandwidth, the diffraction efficiency is a monotonically-increasing function of v (for
fixed £); that is, the v parameter characterizes the diffraction power of the hologram. In the on-
Bragg case (€ = 0), the basic Eq. (3-4) reduces to the following

1) = tanh2v (3-8)
where tanh is the hyperbolic tangent.
Comparing Egs. (3-2) and (3-7) and zeroing the off-Bragg parameter in Eq. (3-5), we can see that
the peak wavelength indeed shifts to blue for slanted angles of incidence, while, according to

Eq. (3-4), the hologram spectral profile changes only shghtly.

For the conventional recording case, Eq. (3-1} is satisfied; thus, Eq. (3-2) can be rewritten

)-'0 = }\.p COsS 6' (3_9)
and
Al
A=A -2k
) (3-10)
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where AL is the hologram spectral bandwidth as illustrated in Figure 3-8. Using Eqgs. (3-9) and

(3-10), we obtain

or,

cos 6’=1-%3\'—
p (3-1D)

%—zl—cos e’
p (3-12)

Using Egs. (3-12) and (3-7) for n = 1.55 (DCG) and a wavelength of lp = 694 nm, we obtairn a
fundamental relation between the angular protection and the hologram bandwidth presented in
Table 3-5. We can see that for  30° angular acceptance in air (i.e., 8 = 30°), the bandwidth is

quiie troad, namely 70 nm.

Table 3-5

(a) Relation between the angular protection and the required bandwidth

using the red-shift tuning method for 694 nm. (b) Bandwidth versus
angular protection for the conventional method of wavelength protection for
n = 1.55 and a protected wavelength of 694 nm.

ANGULAR PROTECTION (0 in deg) | 10 20 30 40 50 60
ah (ni) at xp = 694 nimn | 4.1 14 35 65 96 128
(a)
i € | 10° 20° 30° 40° 50° 60°
)
]
E.-nf_nm) I 8 34 70 124 180 236
i

(b)
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However. it will be shown in what follows that the bandwidths can be significantly reduced by
using a ved-shift-tuning-based approach. Thus, one can anticipate obtaining full angular protection
for the visor configuration while still maintaining high scotopic/photopic efficiencies. This will be
dernonstrated later,

The red-shift tuning method is illustrated in Figure 3-9. It can be seen that even for the normel
incidence case the peak protected wavelength does not coincide with the central peak wavelength,

but rather that it is located at the extreme blue side of the hologram spectral characteristic according
to

AA
Ao=hp+—
I

(3-13)
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Figure 3-9 IMusiration of a Slanted-Angle Blue Shift Using the Red-Shift Tuning
Method Including Nermal Incidence Case (a) and Slanted Angle Case (b).

. .

Mo %

Therefore, the slanted-incidence blue shift (see Figure 3-9(b)) can be approximately twice as
effective as that of the conventional recording (see Figure 3-8(b)). Accordingly

?ulo:-;\.p—'é&
2 (3-14)
Thus, instead of Eq. (3-11), we obtain
cosf’'=-2
0 ' (3-15)

or
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cosB =———l 2
p+AA/ (3-16)
and, finally, using Egs. (3-12) to (3-16) we obtain
AL _1-cos®’
2hp 14cosd’ (3-17)

This is the fundamental equation representing the red-shifi tuning method. Comparing Eq. (3-17)
with the conventional bandwidth recording, Eq. (3-12), we recognize that the additiona! factor in
the denominator is approximately equal to 2 for small angles of incidence. Therefore, for the same

angular protection, the red-shift required bandwidth is approximately tvio times narrower than that
for the conventional case.

The new relation between the angular protection and the required bandwidth has been demonstrated
(for n = 1.55) for 694 nm in Table 3-5(a). When compared with Tuble 3-5(b) we can see that,
indeed, the required bandwidths are approximately two times smaller, For example, for 6 = 30°,
we have the red-shift tuning required bandwidth of 35 nm while the conventional bandwidth is
twice as large, namely 70 nm.

As shown above, the intrinsic characteristics of an interference filter are angle dependent.
However, by being able to accurately position the left edge of the interference filter so that it barely
covers the threat wavelength, one can either increase the angular protection by 50% or decrease the
bandwidth, AA, by a factor of two to obtain a given angular protection. In performing work for
major programs sponsored by DARPA and SDI over the past year, POC has been able to develop
repeatable volume holographic filters in which the bandwidth characteristics can be adjusted to
witnin 2 nm.

3.3 me{ry-De Filter
Many authers (6.7.8] have noted that for recording holographic notch filters on curved substrates

(either singly or doubly curved), a geometry-dependent wavefront is needed to optimize the
resulting performance of the filter and to minimize optical aberrations.
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In order to prevent laser rays from entering the pupil of an eye situated behind a flat substrate, an
angular protection of 20° (35 nm bandwidth) suffices for that portion of the substrate directly in
front of the eye. However, as one moves cuiward from this positior, even the red-shift tuning
method previously discussed can supply only a 30° angular coverage when, in actuality, greater
than 40° is required.

The single most important difference between holographic technology and dielectric stack
multilayer coatings is that the reflective layers for holographic mirrors do not have to follow the
same geometry as the substrate upon which they are placed. On the other hand, dielectric stacks
must have the same geometry as the substrate upon which they are deposited. We will now show
that this single attribute of holographic technology is absolutely crucial for meeting Army
requirements for full angular protection of the eye.

The optical characteristics of holographic mirrors do not need to be the same as the geometry of
their substrate. Plane, spheric, or aspheric holographic mirrors can be produced on a plane or any
other substraie. In recording the hologram, all that is required is that the wavefronts reaching the
substrate (on which the recording material is placed) converge or diverge from spatial points
coincident with the foci of the corresponding conic section. These geomertric foci will become the
foci of the optical holographic mirror (6],

Consider the particular case of a holographic notch filter used on a spectacle lens. If the
holographic notch filter is recorded from a spherical wavefront (pinhole) with its center of
curvature coincident with the center of rotation of the eye, then all of the rays incident to the center
of the ey2 will be normal to the holographic mirrer and will have a constant 0° angle of incidence
The size of the pupil of the eye and the rotation of the eye make it necessary to allow for small
angles of incidence (Figure 3-10) that can be accepted for this finite geometry. Still, these small
angles, £9° at the center and approximately +16° at the edges, will not significantly reduce the

photopic or scotopic transmission.

Approaches similar to the spectacle-eye geometry can be applied to the Army visor. A holographic
elliptical mirror with each of its foci at the center of an eye (Figure 3-11) will achieve total field
coverage for the Army visor. Analogous to the spectacle case above, the size of the effective pupil
will require small angles of incidence tolerances (12.3° to give total protection for the Army visor
geometry).
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Figure 3-10
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3.4 Near IR Bandwidth

A broadband near IR rejection filter which cuts on at 690 nm, has a bandwidth of 450 nm and cuts
off around 1140 nm was modeled by POC. The results showed a photopic efficiency of 84.68%
and a scotopic efficiency of 84.99%. This assumes an out-of-band transmission in the visible
spectrum of 85% (a number consisiently achieved experimentally). We have projected a
photopic/scotapic efficiency of 75% because the filters do not cut on instantaneously (i.e., there is
some slope to them, but it is very steep).

The characteristics of POC's broadband near IR filters are shown in Figures 3-12(a) and (b), and
3-13. Their present OD is typically greater than three over a large portion of the IR spectrum.

The factors involved in achieving a very broad bandwidth in the IR region include:

@) thickness

(ii) optimum sensitizer, dye, and electron dorior concentration
(i)  optimum exposure

(iv)  recording angle

(v) processing

These parameters are more or iess interconnected, therefore, optimal thickness (50-100 pim), dye-
sensitizer concentration (0.1-1%), exposure of 200 to 400 mJ/cm? and optimal processing
conditions are required to achieve broadband, high optical density, and high photopic/scotopic
efficiency filters. Becausc the filter operates in the IR region and the material is transparent in the
visible range, photopic/scowopic efficiencies are natcrally high. An approximate angular formula
for such a non-urdform Lippmann holographic fiiter is given by Jannson et al. i% where reference
is made to Figure 3-14,

A_}f- = .Al + AA
Ap Ap A ' (3-18)
where
AL’ = bardwidth ¢of the non-unifonia Liolog.ar
}‘b = Bragg wavelengtn
AA = bandwidih for the fully-uniform case
AA = grating constan; renge

A = evetuge Bragg grating copstant
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The Bragg bandwidth for Kogelnik's fully uniform case (high efficiency) is given by 110}

A 1 An

A cos 2¢ n

For normal incidence (¢ = 0), Eq.(3-18) becornes

AN An
—_ +
n

A

(3-19)

(3-20)
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Figure 3-12(a) Experimental spectrophotometer plot of POC's existing solar control filter.
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Figure 3-12(b) llustraiion of POC's broadband transmission plot. The filter was recently
fabricated in POC's Optics Laboratory.
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Figure 3-14  Non-uniform Bragg planes in DCG Lippmann holograms.

3.4 Chemistry of Red-Light Sensitive (RLS) Holographic Recording
Material

The chemical mechanism of the crosslinking reaction that takes place inside the coating in red-
sensitive material is very similar to that of a DCG holographic coating. Because whether
ammonium dichromate [(NH4),Cr207] or potassium chromate (K2CrOy) is used as sensitizer, the
valeney of chromium remains 6 which is reduced to Cr*3 during exposure and processing. Cr+3
ions form coordination complex with C06 hydroxy and amino groups of DPX-1 and IRT-6
polymcrs These coordmauon cornplf'xcs develop crosslinks between chalns, thus enhancing the

dumar nnAd mnlbinag it lace calinhla jnto
4 Ak U nuuul b 111853 STLuUsT i YallT

The polar groups that are present in the gelatin or graft polymer may be linked to polar-uncharged
side chains by a hydiogen bond or to polar-charged sites by a bipolar interaction thereby
establishing chemical bridges between amino acids, peptides or gelatin polymer molecules as
illustrated in Figure 3-15. During processing, the crosslinking process is strengthened creating a
hardness differential between highly-crosslinked and lightly-crosslinked regions. This hardness
differential that creates the density differential is further enhanced by the chemical nature and size
of the chemical groups of DPX-1 and IRT-6 polymeric materials. This hardness differential is
responsible for the high refractive index modulation nccessary for the formation of high-efficiency
broadband IR filters. The physical phenomenop of refractive index modulation can be confirmed
by taking cross-scctions of BLEP filters, metallizing them with extremely thin silver or gold layers
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and then observing them with a scanning electron microscope. This is shown in Figure 3-16
where the theoretically calculated grating spacing, AA = 167 nm, corresponds to the

experimentally observed AA (Bragg spacing).
— — d=1-1.5%
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Figure 3-15  Schematic of cross-sections of a photopolymer in which UV volume
holographic gratings are being created by: (a) exposure to light, (b) dark
reaction/partial fixing, and (¢) fixing and processing. The final material
density modulation (resylting in refractive index modulation) is caused by
grafts and/or highly crosslinked macromolecular webs that reside in separate

Bragg planes.
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3.5 jgshtweiph i 1bstr i

A flat glass plate would be an ideal substrate for POC's BLEP filters but it is too heavy, expensive,
and does not withstand the ballistic requirements. Therefore, POC investigated a number of plastic
substrates that are transparent in the visible to near IR spectrum including polycarbonate (PC),
polymethyl methacrylate (PMMA), polystyrene (PS), polyvinyl-chloride (PVC), Aclar and

stvrene-acrvlic conolvmers (NAS)Y and TPX . All of thee
Sty acry polvmers (NAJ) and TPX, All of th

e nlactice have nuer QNY%, vicihle lioht
Co m €se plast: CS have over 181D1¢ f1ght

transmission which make them comparable to glass. PMMA, PC, Aclar, and TPX are superior to
glass in terms of ultraviolet light transmission. In addition, most of these plastic substrates are
over 90% transparent up to 1120 nm as illustrated in Figure 3-17, The physical properties of these
optical plastics are listed in Table 3-6. The data from Table 3-6 indicate that PC, Aclar and TPX
are the best substrate materials because they have excellent transparency, impact strength, and low

moisture absorptivity.
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Table 3-6 Physical Properties of Transparent Plastic Substrates Suitable for BLEP Filters
Propartias puMA | Pc | Aciar | TPX| PS5 | PvC| NAS
Relractiv. f:dex 1491 | 1586 | 1.43 | 1.46 | 159
Luminous Tiansmission ' 92% 92% 92% 92% | 92% | 82% 90
MaximumVConzinuéus ;remperature °F
, o 175 740 230 | >270} 175 175
Water AL so:ption (Immersed 24 hr at 73 “F)
i 0.3% 0.15% 0.03 0.10 | 0.2
impact Strength (#-1b/in) 0.5 15 >100 40 1035
Dielectric Stiungth (v/mil) 500 | 400 »>500 | >500 | 500
Coeflicient of Thermal Expansion (Linear) 3¢ 3.8 33-36| 34 | 35

42




v

Final 10.3080M ARMY-IR
DAMD17-90-C-0086

3.6 Coating Fabrication Technology

Unlike dielectric multilayer technology, POC's holographic recording material does not require the
use of expensive coating equipment. In fact, a simple overhead spinner is sufficient to fabricate the
smooth, continuous and uniform film needed for the holographic BLEP filters. Other coating
methods found to be successful include spin, web, dip, doctor's blade, and casting. Details of
these methods are summarized in Table 3-7. In the spinning method, the thickness of the coating
depends on the solution temperature, the viscosity of the solution, and the spin rate whereas in the
other methods (i.e., web, dip, doctor's blade, casting) the thickness depends on the movement of
the blade or the thickness of the spacer. The methods described in Table 3-7 can be used for many
of the substrates listed in Table 3-6.

Table 3-7 POC's Coating Methods That Use Glass or Plastic Substrates

Method Size Range Coating Thickness Range
Spin Coating - <1 m? i - 100 pm
Web Coating 15 mm2to 1.5 m2 2-40um
Casting - 0.5 m?2 5-500 um
Doctor's Blade 1 m? 1-100 pm
Dip Coating 05me 1-50 um
3.7 Enviropmental Stugies of BLEP Filters

Gelatin, DCG and gelatin-based graft polymers RTX-2 and IRT-6 are soluble in water, therefore,
the holographic elements made from these materials need to be protected against humidity.
Otherwise, a decrease in efficiency apparently results because as the gelatin swells, the refractive
index modulation is reduced. Although grafted-gelatin-polymer-based holograms are less sensitive
10 humidity at room temperature and around 50% humidity, they require effective protection
against moisture at higher temperature, high humidity conditions, It was imperative that the
environmental studies be divided into several subtests because the tests could not be conducted
simultaneously. To the author's knowledge, this is the first attempt to evaluate holographic visible
and IR filters from such a broad spectrum.
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3.7.1 High Temperature Test -- No Encapsulation

High temperature stability tests were performed on selected filters with no
lamination/encapsulation. The selected samples (A-F) were first conditioned at 80°C for 3 hours to
remove any trace amounts of solvent and/or moisture. After conditioning, the samples were cooled
1o room temperature and their optical properties were determined using a spectrophotometer. All of
the samples were returned to the oven and the temperature was raised according to the information
in Table 3-8. For example, after 10 minutes at 100°C, Sample B was removed from the oven.
After cooling to room temperature, its optical density, peak wavelength and bandwidth were
measured. The procedure was repeated with an incremental increase of 20°C for each subsequent
sample. A plot of the samples' spectral characteristics is shown in Figure 3-18. It can be seen
from this data that an increase in temperature of up to 200°C had no significant effect on the optical
density and the bandwidth of the samples. Another indication of the holographic filters' ability to
survive temperature variations of up to 200°C is that there are no changes in peak height
comresponding to an optical density of 4,

The high temperature stability of POC's holographic coating and/or holograms can be best
explained from the chemical crosslinking and polymerization process point of view. In general,
polymeric materials withstand higher temperatures compared to their corresponding monomers or
oligomers. As the degree of polymerization (i.e., molecular weight) is increased, the stability is
also further increased. Moreover, if the crosslinking occurs or if the number of crosslinks are
intentionally increased by a chemical agent and/or processing, the temperature and other

i improved since the molecular packing density is enhanced. In the

holographic process involving laser exposure, wet chemical processing and subsequent heating,

polymerization and crosslinking occur simultaneously. As a result, holograms demonstrate
extremely high temperature stability as i)lustrated in Figure 3-18 and Table 3-8,
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Table 3-8 High Temperature Stability Study of POC's Holograms

Gample Temperature Time Optich Peak Wavelength | Bandwidth h
Code < Density Anm Alnm
A 80 3hr 4 590 52
B 100 10 min. 4 590 50
o 120 10 min. 4 590 49
D 140 10 min. 4 588 47
E 160 16 hr. 4 577 46
\ F 200 10 min. 4 577 6 )
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Figure 3-18  Optical density (OD) versus wavelength as a function of temperature. OD
spectra were recorded on a Varian 2300 Spectrophotometer after the sample
was subiected to the temperature conditions listed in Table 3-8.
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3.7.2 Lamination and Encapsulation of BLEP Filters

Although RTX-2- and IRT-6-based holographic BLEP filters demonstrate temperature stability at
least up to 130°C, these BLEP filters need to be protected when used in high humidity
environments and/or underwater. To protect the holographic BLEP filters from moisture, POC
investigated lamination and/or encapsulation of the fully-processed IR holograms. For
encapsulation, an adhesive that adheres to both the recording material and the protective plate is
necessary. Thus far, POC has conducted tests on several adhesives, laminating glass plates and
plastics to test for the survivability of adhesives and plastic films. It was also important to
determine whether the adhesive used for lamination adversely affects the IR hologram's
performance. To test for this, we conducted three tests. The samples were selected from many IR
filters based on their optical quality and uniformity. The samples were laminated in duplicate as

described below.
1. Underwater 52°C Temperature Test--With Encapsulation
Tomms mmmmmcralntlc o e el ¥ A o 3™ A o ART- V.3 £0 Opaeelacd A oA A
101 ClHeapsilallvll, odllipicd 1-A 4l L~A UdCU l\uuauu VO, VAIIPICd o-MA alld 4‘1"\

used Master Bond UV-15-7, Samples 5-A and 6-A used Master Bond UV-15-
7SP4, and Samples 7-A and 8-A used Master Bond EP-30. All samples were
edge-coated with Master Bond EP-30 epoxy and baked at 52°C (125°F) for two
hours prior to being immersed in water. The lamination sequence is shown in
Figure 3-19. Samples were initially ¢valuated by UV-VIS spectroscopy, then
immersed in 52°C water for 2 hours. Upon removal from the water bath, the
samples were allowed to cool at room temperature for half an hour and evaluated
for their change in optical characteristics (i.e., optical density, peak wavelength,
and bandwidth). Bandwidth was determined as the full width at one half the
maximum optical density. The water immersion cycle and the optical testing were
cach repeated once.

The optical performance of the samples before and after cycles #1 and #2 is
summarized in Table 3-9. The data indicate that at 52°C in underwater conditions,
both the BLEP filters and the adhesives used for lamination are stable, with the
exception of sample 3-A which had a 10% decrease in optical density. The rest of
the samples demonstrated excellent stability and optical performance in terms of
peak wavelength, bandwidth, and optical density.
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Clear Adhesive

Figure 3-19  Construction of laminated DCG test samples. Aclar filri was laminated
with the Corona-treated surface towards the aghesive.

Table 3-9 Results of Water Immersion Tests of IR Filiers
INITIAL 1st WATER CYCLE _ 204 CYCLE
Sample # | Optical | Peak A Ar Optical | Peakd Ak Optical | Peak a AA
Sensitivit Density Density _

1:A | 343 | 612 | 55 | 264 | 675 | 55 | 352 | e75 | e0
2-A | 348 | 680 | 47 | 364 | 678 | 45 | 274 | €15 ' 45
3A | 348 | 708 | 73 | 340 | 713 | 72 | 240 | 708 | &2
aA | 340 | 683 | 45 | 356 | 683 | 48 | 232 | 693 | s2
sA |1 272 | 690 | 97 | 240 | 708 | 102 | 364 | 708 | 88
6A | 3.56 | 710 | 72 | 360 | 710 | 75 | 3.40 | 708 | 80
7A | 255 | 735 | 8 | 236 | 735 | 95 | 248 | 733 | 85
8A | 364 | 675 | 60 | 332 | 675 | 62 | 3.04 | 675 | 58

AA = Bandwidth

2. Boiling Water Test--With Encapsulation
Samples for the boiling water test were prepared using the method described above.
The adhesives used were Norland 61 and Master Bond UV-15. Both adhesives
cure at UV radiation (A = 365 nm). Before lamination, the holographic filiers
were conditioned and the peak wavelength was stabilized. The laminated
holographic filters were then subjected to the boiling water test illustrated in
Figure 3-20. The boiling water test results indicate that when Norland 61 or
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Master Bond UV-15 adhesives are used, ihere is litide or no shife in peav

wavelength.
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Figare 3-20  Time Schedule for the Boiling Water Test.
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The lamination procedure for the BLEP filters was the same as described in (1)
above. After lamination and before subjecting individual samples to a 130° test
cycle, the filters were tested for optical density, peak wavelength and bandwidth.
These parameters were measured again after the samples were subjected to the test
cycles shown in Figure 3-21. Points A, B, and C represeat when the optical
measurements were taken, Subjecting the samples to the bake cycles also had no
significant effects on its optical characteristics.
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When accelerated aging tests at temperatures above 150°C were performed on the laminated
samples (Norland 61 and Master Bond UV-15), both types of samples failed to maintain their
optical density. This failure may be atiributed to several factors. They are:

1) There may have been trace amounts of moisture trapped between the holographic
coating and the adhesive layer. At higher temperatures, these trapped water
molecules aggressively penetrate the hydrophilic gelatin or graft polymer layer.

i) Somie of the reactive groups of undercured adhesive may react with the gelatin or
polymer groups, thus disturbing the crosslinks that help increase material as well as
refractive index modulation. Once the index modulation is disturbed, a drop in
optical performance is expected.

1ii) There is a chance that the curing of the adhesive may be insufficient because of a
thick adhesive layer and low-power UV radiation or short curing time.

1v) The hologram processing may not be optimum.
In future experiments, we will systematically address each of the above issues by testing adhesives

containing several chemical moieties which react differently with the gelatin and graft polymers
used for the fabrication of the BLEP filter.
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Figure 3-21  Time schedule for the high temperature cycling test.

5.0 CONCLUSIONS AND RECOMMENDATIONS

The analytical and experimental results reported in the above Sections have validated the concept of
Broadband Laser Eye FProicciion (BLEP) filiers, and demonsiraied ihe poieniial efieciiveness of
such filters for use in protecting ground troops from eye damage by frequency agile near infrared
lasers. In order to further develop the BLEP filter technology to the point in which field deployed
BLEP devices can be mass produced, POC makes the following recommendations for Phase I1

rescarch and development:

1. Further investigate the most critical issues related to the red sensitive material development
so that a uniform broad bandwidth can be achieved. These issues will include
photosensitive recording material composition involving gelatin-polymer dye and their
concentration ratio.
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Optimize exposure and processing parameters of RTX-2 and IRT-6 recording materials in
order to obtain high optical density, low noise, high photopic/scotopic efficiency, and good
optical uniformity in the BLEP filters.

Evaluate the encapsulation and lainination techniques of for protecting ELEP filters from
abraison and environmental concerns so that the required ballistic protection can be
accomplished. An extensive study into the compatibility of optical adhesives with the
recording material and the laminating layer is necessary in order to laminate BLEP filters in
a mass production environment.

BLEP filters need to be tested after lamination according to MIL-STD 810 for encapsulation
and abrasion resistance.

Evaluate the optical performance of BLEP filters in harsh environmental conditions
including desert temperatures for a prolonged duration. This will offer information about
BLERP filter survivability. In addition, BLEP filters must be tested under other conditions
including laser damage threshoid, temperature recycle, long sunlight exposure, vibration,
salt spray, and rain.

BLEP filters appear to be mass producibie, however, the mass production techniques need
to be further evaluated in order to make the production as cost effective as possible.

Mass production techniques also need to be investigated to include single und double
curved substrates.
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