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EXECUTIVE SUMMARY

This is the final report for the U. S. Navy Contract, No. N00014-95-C-2011, entitled "Extremely
Narrowband Cascaded Holographic Adjustable Range Tunable (ENCHART) Filter." The initial
period of performance was from 11/08/94 to 05/08/95. This was extended three months to
08/08/95 for the performance of Option Task 7. This Phase I SBIR project successfully
demonstrated a technology enabling extremely narrow band tunable filters based on cascaded
Fabry-Perot interferometers with holographic mirrors and liquid crystal tuning elements.

1.0 INTRODUCTION

The use of tunable narrowband optical filters is critical for many advanced systems. For example,
optical sensors are used in solar and terrestrial observatories, laboratory diagnostics, and other
spectrometry applications. These systems require tunable optical filters with a bandwidth on the
order of a tenth of an Angstrom operating over the full optical range (from UV to IR), with high
out-of-band rejection. In addition, these filters must be relatively small, lightweight, and sturdy,
and constructed of materials that can withstand long exposure to the space environment.

In the course of this Phase I project, Physical Optics Corporation's R&D Division (POC) designed
and developed a new Extremely Narrowband Cascaded Holographic Adjustable Range Tunable
(ENCHART) filter using two holographic Fabry-Perot filters (HFPFs): a coarse filter to select the
desired portion of the optical range, and an extremely narrow (0.1 A) bandwidth fine filter
operating within this selected range at any arbitrary wavelength. The fine filter was an electrically
tuned liquid-crystal cell.

Three existing POC techniques were applied to the ENCHART filter design and prototype
fabrication. These are illustrated in Figure 1-1:

. Coherently coupled HFPF recording
. High order, controlled bandwidth, harmonic holographic mirror recording
. Tunable liquid crystal cell preparation.
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Figure 1-1
Three existing POC technologies combine to produce the Extremely Narrowband
Cascaded Holographic Adjustable Tunable (ENCHART) filter design.

The following objectives were established for the Phase I project:

Objective 1. Design the proposed cascaded holographic Fabry-Perot filter to demonstrate
a concept which is feasible within currently available technologies;

determine design parameters.

Objective 2.  Experimentally demonstrate the basic functions of the proposed filter by
empbhasizing:

« external coating for the liquid crystal cell holographic mirrors in the fine
tunable filter

+ high order harmonic technology using externally coated holographic mirrors
that operate in the UV, visible, and IR range

+ holographic notch filter processing technology for controlled narrow
bandwidth Lippmann mirror HFPF applications, and

+ cascaded filter approach.
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Objective 3.  Fabricate a proof-of-concept filter by integrating all component technologies
and evaluating their performance. (Performance goals: pass bandwidth of
0.1t00.2 A, range of operation between 600 and 700 nm, tunability of *1
A around the central wavelength, peak transmission at least 10%, out-of-
band rejection OD = 2.0.)

In addition, the objective of the option task was to extend the technology into the violet-blue region
of the spectrum.

As documented below in Sections 2.0 through 7.0, POC met or exceeded all these

objectives.

The Phase I effort consisted of seven tasks: 1) ENCHART Filter Design; 2) Coating Technology
Development; 3) High-Order Harmonic Recording; 4) Process Optimization; 5) Proof-of-Concept
Red Filter Demonstration; 6) Final Report and 7) Proof-of-Concept Violet-Blue Filter
Demonstration. The results obtained during the execution of Tasks 1 through 5 and (Option) Task
7 will now be described in detail.

2.0 ENCHART FILTER DESIGN

The cross section of the ENCHART filter as designed is shown in Figure 2-1. Figure 2-2
llustrates the operation of the ENCHART filter.
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The ENCHART filter design parameters are:

+ Coarse Filter: Free spectral range: Ac =23 nm
Finesse: F. > 20
Full width at half maximum (FWHM): §;<1.5 A
Bandwidth of the holographic mirrors: AN <6 nm

* Fine Tunable Filter: Free spectral range: Af> 1.5A
Finesse: Fr> 15
FWHM: 3r<0.14
Tunability range: At >3A

These parameters reflect currently available technologies. The liquid crystal cell was coated with
an external photopolymer coating.

3.0 CELL COATING TECHNOLOGY

A technology for coating the exterior of the liquid crystal cell with photopolymer was developed.
This technology consists of two steps: preparing the liquid crystal cell using conventional

technology and casting photopolymer onto the assembled cell.

DuPont photopolymer film HRF-352 was used in this application. The recording geometry is
shown in Figure 3-1 and the recording setup in Figure 3-2.
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Figure 3-1
Geometry for holographic recording.

Figure 3-2
Experimental setup for recording the holographic filter using a 514 nm argon laser.

Plots of the performance of the HRF-352 DuPont photopolymer film are shown in Figure 3-3.
The holographic mirrors were recorded using a 514 nm argon laser in a prism setup (6 = 16°) for
exposures of 20 mJ, 40 mJ, 60 mJ, 80 mJ, and 100 mJ. Processing included a 60 second UV
cure and a two hour bake at 115°C.
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4.0

Transmission (%)

Wavelength (nm)

Figure 3-3

Transmission vs. wavelength for HRF-352 DuPont photopolymer film for
exposures of (1) 20 mJ, (2) 40 mJ, (3) 60 mJ, (4) 80 md, and (5) 100 mJ.

HIGHER ORDER HARMONIC RECORDING

The technology to record high-order harmonics in the DuPont photopolymer exterior coating of the
cell was investigated and developed in this Phase I effort. The experimental data is summarized in
Figures 4-1 and 4-2 and Tables 4-1 and 4-2.

Transmission (%)

100

80

60

40

20

1 1 L 1 }-/

400

1 i ] ] | I
500 600 700 800 900 1000

Wavelength (nm)

Figure 4-1

Holographic mirror at a primary wavelength of 920 nm and a second harmonic of 460 nm.
Recorded using a prism setup. Exposure was made on HRF-352 DuPont photopolymer film at 8 =

16° with an argon laser, A =514 nm.
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Figure 4-2
Transmission vs. exposure energy for a second harmonic holographic mirror recorded on
DuPont HRF-352 using a prism setup. lllumination angle 6 = 16°, argon laser at 514 nm,
beam intensity 4 mW/cm2.

Table 4-1 Performance of Second Harmonic Holographic Mirror as a Function of Exposure and
Processing
No. 8 Exp 115°C 60 hr Bake 115°C 72 hr Bake
(deg) (mJ) Peak A (nm) | % Transmittance | peak A (nm) | % Transmittance
1 16 1000 442.4 14.8 4432 14.7
2 18 2000 442.2 18.8 442.8 14.8
3 16 3000 441.6 14.9 442.0 15.1
4 16 4000 443.0 13.8 443.8 141
5 16 5000 443.4 17.6 444.0 17.2
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Table 4-2  Holographic Mirror Spectral Adjustment as a Function of Prism Recording Geometry
and Processing

Peak Wavelength, Ag (nm)
No. Angle of Incidence, Before Bake 12 hr Bake | 24 hr Bake
0 (deg)
1 5 387.2 384.8 383.0
2 10 414.0 411.6 411.0
3 15 4448 442.0 443.0
4 20 483.0 481.2 481.8
5 25 523.2 520.2 520.8
6 30 - 583.6 584.0
7 35 == 644.4 645.2
8 40 - 739.8 739.4

Note: All samples were exposed at 1000 mJ.

5.0 PROCESS OPTIMIZATION

The technology for recording photopolymer holographic notch filters was modified to control the
mirror's characteristics. Table 5-1 summarizes the experimental data.

Table 5-1  Playback Wavelength and Transmittance as a Function of Processing

Processing Step Playback Wavelength % Transmittance at

A (nm) Playback Wavelength
Sample 1 Sample 2 Sample 1 Sample 2

Overall UV cure, 90 sec. 467.8 467.6 72.8 74.7
Heat, 115°C 15 min. 465.2 465.4 72.5 70.9
30 min. 465.4 465.0 75.1 72.6
60 min. 464.6 465.2 77.9 75.6
12 hr 463.8 463.8 41.8 37.5

48 hr 463.4 462.6 298.0 27.1

Note: Sample 1 was exposed at 1000 mdJ

Sample 2 was exposed at 200 mJ.
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In order to obtain a single-peak instrumental profile with the adjustable range coarse filter (see
Figure 2-2) the bandwidth AX of the holographically recorded mirrors must be less than the
free spectral range A of the adjustable range coarse filter, i.e., AL < Ac.

A plot of the instrumental profile (transmission vs. wavelength) of an adjustable range coarse filter
with single-peak transmission is shown in Figure 5-1. This filter was recorded on DuPont

photopolymer.

031595-1 5 min exp., HRF700-20 film, 6 microns spacer, after UV exposure
80.0

. ~ ., J ‘-‘ 4
64.8 — ’M\/’\/\/\ ol i

S
S 496 \
[/;]
@
E 344
o)
c
8 _
= 192 /
NYARW
4.0 1 | ] | | 1
500 505 510 515 520 525 530

Wavelength (nm)

Figure 5-1
Transmission vs. wavelength of an adjustable range coarse filter with a single transmission peak
across the holographic mirror bandwidth of 7 nm (8% Fresnel correction should be added to the
transmission peak value).

Figure 5-2 shows the single Fabry-Perot fringe corresponding to the single transmission peak.

10
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Figure 5-2
Single Fabry-Perot fringe, corresponding to the single transmission peak shown in Figure 5-1.

6.0 PROOF-OF-CONCEPT RED FILTER

To demonstrate the feasibility of the proposed approach, holographic adjustable range coarse filters
(ARCFs) in the infrared, red, green, and violet ranges of the optical spectrum were recorded using
the prism setup, an argon laser (A = 514 nm) as the light source, and HRF-352 DuPont
photopolymer film as the recording medium. Experimental results are summarized in Figures 6-1
through 6-4.

11
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Figure 6-1

1200 1250 1300

Transmission vs. wavelength of coarse filter adjusted to work in the
near infrared (1164 nm). Recorded at 514 nm, primary harmonic.

12
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Transmission (%)

100 T
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60T |

40
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0 ] f {

e i i e A NS S N O T
T

550 600 650 700
Wavelength (nm)

(@) Transmission vs. wavelength.

(b) Fabry-Perot rings on the screen. Measured FSR = 14 A,
estimated finesse is approximately 20; resolution is 0.7 A.

Figure 6-2

Coarse filter adjusted to the red range (639.6 nm) of the spectrum.

Recorded at 514 nm, primary harmonic.
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(b) Transmission vs. wavelength.

(c) Fabry-Perot rings on the screen. Measured FSR = 4 A, estimated finesse is approximately 10;
resoiution is 0.4 A.

Figure 6-3

Extremely narrowband coarse filter adjusted to the green (520 nm) range of the spectrum.
Recorded at 514 nm, primary harmonic.
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10

i ]

400

(@ Transmission vs. wavelength in the blue-violet range.
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410

|
i | 1

420 430 440
Wavelength (nm)

450

(b) Fabry-Perot rings on the screen. Estimated finesse on the order of 5
causes high losses in the material in the blue-violet range.

Figure 6-4

Coarse filter adjusted to the biue-violet range (415 nm) of the spectrum.
Recorded at 514 nm, secondary harmonic.
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Two methods were used to measure ENCHART filter parameters: instrumental measurement
using a spectrophotometer, and physical measurement based on an optical setup. Neither is
complete because of the limited resolution of the spectrophotometers and the difficulty of obtaining
highly accurate measurements with the optical setup. Nevertheless, these methods are acceptable
for determining basic parameters. A Perkin Elmer Lambda-9 spectrophotometer was used for
measuring ENCHART filter parameters. Unfortunately, even in its highest resolution mode, this
device is limited by its imperfect beam collimation. Figure 6-5 shows the instrumental profile
(transmission vs. wavelength) of the fine holographic filter operating at 514 nm.

107

ATATATAN

0
514.4 514.5 514.6 514.7 514.8 514.9 515.0
Wavelength (nm)

Transmission (%)

Figure 6-5
Transmission vs. wavelength of the fine holographic filter operating at 514 nm. (8% Fresnel
correction should be added to the transmission peak value.)

It can be seen from Figure 6-5 that the free spectral range (FSR) A = 1.5 A, and the full width at
half maximum (FWHM), which determines the filter's resolution, is 8 = 0.7 nm. The physical
measurement, presented in Figure 6-6, demonstrated an actual resolution for the same samples of

S=AF=15A/15=0.14 . (6-1)

The estimated value of finesse F = 15 was based on the measurement of the ratio A/d from the
photo in Figure 6-6.

16




F 1294.3303 Navy-Enchart

© #N00014-95-C-2011

Figure 6-6
Fabry-Perot fringes of the same fine holographic filter used to generate the data plotted in
Figure 6-5. The FSR (distance between rings) is around 15 times greater than the FWHM
(thickness of a ring). Thus the actual resoiution is 0.1 A

For an etalon with a tunable spacer, the overall etalon phase change, A¢, is (for normal incidence):
Ad=(47/A)d- An (6-2)

where d is the spacer thickness, An is the index change, and A is the optical wavelength. The

distance between etalon maxima is determined by A(Ad) = 2x; thus,
An = (A/2d) . (6-3)

The refractive index change An can be expressed in terms of the electro-optic (EO) coefficient ago
as An = o ¢ E, where the electrical field E can be written in terms of voltage as E = V/d.

Therefore, we obtain
V = (\W200E) . (6-4)

17
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The EO coefficient value for LINbO3 and other ferroelectric crystals is too small (~100 pm/V) to
achieve the required etalon tunability. By contrast, for nematic liquid crystals (LC) this coefficient
is much higher, on the order of 0.2 pm/V. The required voltage is:

V=05um/2x02um/V)=125V (6-5)
for A = 0.5 pm.

The experimental evaluation of the ENCHART filter was initiated by measuring its voltage-
dependent transmission characteristic. A schematic of the measurement setup is shown in

Figure 6-7.
Lens Polarizer ENCHART Lens Analyzer
s t ‘I Photodetector
—_—
—_— et
—_—
— | ]
A A

1 R { |

0O 0 © O o O O

Function Generator Power Meter
Figure 6-7

Experimental setup for measuring ENCHART characteristics.

The incident beam (from an Ar laser at A = 514 nm) is focused to produce a 1 mm diameter spot

on the ENCHART filter. Liquid crystal BDH E70 was used as the tunable medium in the

ENCHART filter. The filter was driven with a 0.8 kHz square wave that was ramped from 0 V

to 5 V, using a function generator. Transmitted light was collected and focused by a lens through

an optical analyzer, onto a photodetector. The measured transmitted intensity I versus voltage is
- shown in Figure 6-8.

Figure 6-9 is a detail of Figure 6-8, illustrating the tunability of the ENCHART filter.

18




¥ 1294.3303 Navy-Encharn

> #N00014-95-C-2011

The photos in Figure 6-10 illustrate the Fabry-Perot fringes for four selected values of applied

voltage: 0.5V,1V,1.5V,and2 V.
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Figure 6-8

Measured transmitted intensity of the ENCHART filter vs. voltage.

1

0.75—

Relative Intensity
o
(8,
|

0.25—

I [ [
0.5 1 1.5 2

Applied Voltage (V)

Figure 6-9

Detail of the transmitted intensity vs. applied voltage curve shown in Figure 6-8.
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Figure 6-10 (a) 0.5V

Figure 6-10 (b) 1.0V
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Figure 6-10 (¢) 1.5V

Figure 6-10 (d) 2.0V

Figure 6-10
Experimental demonstration of the tunability of the fine tunable holographic filter. Holographic
coherently coupled mirrors were recorded on a liquid crystal cell coated with DuPont
photopolymer film. Fabry-Perot fringes at four voltages ((a) 0.5V, (b) 1.0V, (¢) 1.5V, and (d) 2.0
V) were applied to the liquid crystal cell. The phase of the trace in (a) differs by = from the phase in

(d).
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7.0 PROOF OF CONCEPT BLUE FILTER

Using the high order harmonic technique, the coherently coupled Fabry-Perot etalon was recorded
on DuPont photopolymer on the external surfaces of the liquid crystal cell. The results of tuning
the filter are shown in Figure 7-1, and the transmitted intensity vs. applied voltage is plotted in

Figure 7-2.

Figure 7-1(a) 6.5 V.
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Figure 7-1(b) 7 V.

Figure 7-1(c) 7.5 V.

Figure 7-1
Experimental demonstration of the tunability of the fine tunable holographic filter in the blue
spectral range. Fabry-Perot fringes at three voitages: (a) 6.5V, (b) 7V, and (¢) 7.5 V were
applied to the liquid crystal cell. The phase in (a) differs by © from the phase in (c).
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Figure 7-2
Transmitted intensity vs. applied voltage for fine tunable holographic filter operating at 413 nm.

8.0 CONCLUSION

In Phase I, Physical Optics Corporation's R&D Division (POC) designed and developed a new
Extremely Narrowband Cascaded Holographic Adjustable Range Tunable (ENCHART) filter
using two holographic Fabry-Perot filters (HFPFs): a coarse filter to select the desired portion of
the optical range, and an extremely narrow (0.1 A) bandwidth fine filter operating within this
selected range at any arbitrary wavelength. The fine filter is an electrically tuned liquid-crystal cell.
All established objectives were exceeded and a proof-of-concept ENCHART prototype was
fabricated. This technology was extended to and demonstrated in the violet-blue region of the

spectrum.
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