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SUTARY

The development of a tunable CO2 lasar employing an integrated
optics approach to its construction is delineated herein. Current
progress toward the demonstration ¢f operation, technical problems en-
countered, and the app}oach proposed to incorporate the tunable feature
are included. The apposite laser design parameters for application as
a local oscillator for a tunable optical heterodyne receiver are
f emphasized. Tunability is required to accommodate the large doppler
| shifts encountered with high velocity targets or in active sensor systems
| on high velocity vehicles.

The integrated optics approach employs a nonuniform distributed
| iterative passive waveguide in close proximity to a planar active gas
waveguide to form the resonant circuit. Backward wave Bragg diffraction
coupling is employved between the active gas waveguide and the passive
feadback waveguide. Transverse gas flow and transverse excitation are
considered as opposed to the longitudinal configuration of a capillary
waveguide laser. Collinear Bragg diffraction by surface elastic (Rayleigh)
waves in the passive feedback wavequide is proposed to achieve the wide
tuning range.
L The characteristics of nonuniform distributed feedback laser ring
resonant circuits are analyzed employing a coupled mode approach. One
important virtue of the distributed hetero-feedback laser structure
analyzed is the provision for design-control of the laser longitudinal
l; mode spectrum to accommodate requirements for a wide tunirg range. Produc-
tion of the required backward wave Bragg diffraction couplers and the
passive feedback waveguide by photolithographic techniques and demonstra-
L tion of their operaticn has been successful.

Because tue active gas waveguide is thin (100 microns) it was deemed
necessary to expe,imentally verify increased gain due to the close proximity
of the waveguide walls. This was done by extending the capillary waveguide
laser art, using a 0.6 mm diameter bore.
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The production of a continuous uniform plasma discharge at the
required high pressures to accommodate tuning in the thin planar active
gas waveguide is the most serious problem encountered. Both DC and
RF-excitation had been employed yielding concentrated arcs in the thin
waveguide section. Various means to produce a continuous uniform plasma
discharge in the thin waveguide cross section are continuing to receive
attention. The thin plasma discharge chamber investigated differs
drastically from that of the large chambers employed for transverse
excited atmospheric 002 laser designs which employ fast-flow and only
operate in a pulsed mode.

Recormmendations altering the design to alleviate problems en-
countered with the concentrated arcs are proposed in exchange far pro-
blems due to the increase of the active wavegquide thickness and its
coupling to the passive feedback waveguide via the contra-directional
couplers.

iv




r TABLE OF COVTENTS
r PACE |
SUMMARY . . . .. ..o v vt v . et e e e e e e TR iii
I INTRODUCTION ¢ oo e e e R R R . 1

A. PROGRAM OBJECTIVE . . . . . .. dEEREMEEE aIE G B 1
B. CAPILLARY WAVEGUINE LASER ART &« v ¢ v v v ¢ o o ¢ o o o o & 3
C. DISTRIBUTED FEEDBACK LASERS (DFB) . . . . . e B A AR 5
II.  TECHNICAL DISCUSSION . . . & & ¢ v v v v v v e e e o o v o o 9

A. AN INTEGRATED OPTICS APPROACH FOR A TUNABLE CO, LASER . . . S
B. PRINCIPLES OF DISTRIBUTED FEEDBACK COUPLING IN WAVEGUIDES . 17
1. The Concept of Mode Coupling on Periodic Structures . . 17 i
2. Waveguide Eigenfunctions . .. ... .. ... smw g 20
3. Coupled Mode Solutions for the Bifurcated Cavity . . . 23
4, Complex Reflection Coefficients of DFB Structures . . . 29

C. DISTRIBUTED FEEDBACK 002 LASERS s s s o ol b6 o @ 6 6 = 35
1. The Concept of Laser Miniaturization . .. .. . e oo 35
2. Resonance Modes in Periodic Active Media . .. .. .. 36
3. Laser Spectra Approximations . . .. ¢« ¢« ¢ v ¢ o . . . 41 1
D. EXPERIMENTAL EFFORT . . . & & v v @ v v 0 v 0 0 v 0 v o o s 49 |
1. Capillary Waveguide CO2 Laser « « ¢« v v e h e e e e 49 i
2. CO2 Planar Plasma Discharge . . . .« « ¢« ¢« ¢ ¢ ¢ ¢ o « & 51 :
3. Backward Wave Bragg Diffracticn Coupler . . . . . . e . 55
III. REVIEW ........ P saNpesfandd 63 1
A. CONCLUSIONS AND RECOMMENDATIONS . . . . . . .. »u s 03
B. REFERENCES . . ... .. .. .. T R R 65 :




- g pess pese e

A. PROGRAM OBJECTIVE

Our defense establishment continues to require from technology
an ever-increasing sensitivity and resolution improvement from active
sensor systems. The emission from a C02 laser is regarded by system
engineers as an excellent source for active sensors because (1) it is
capable of enormous power outputs realized efficiently, (2) its wave-
length is in a superior atmospheric "window" which is least affected
meteorologically, and (3) the associated tolerances required are
commensurate with high gain apertures.

The superheterodyne receiver provides the ultimate sensitivity in
the IR spectral region. Wideband performance is required for high-
range resolution while frequency stability is required for high-spatial
resolution derived from transverse Doppler signal processing. Many
targets of interest to our defense move &t high velocity and, thus,
introduce a Doppler shift in the received signal. The received base-
band signal with Doppler extends into the microwave region. The
photodetector response is severely limited in the microwave region;

"therefore, for a superheterodyne system, a local oscillator is required

which can be tuned sufficiently to accommodate the Doppler offset such
that the available detector response bandwidth can be fully utilized to
achieve resolution without degradation from noise due to excess band-
width.

Typical laboratory CO2 lasers produce tens of watts power output
whereas a heterodyne receiver local oscillator only requires a few
tenths of watts. These typical laboratory CO2 lasers employ comparatively
long Fabry-Perot resonators to achieve the higher power output. However,
the close proximity of the longitudinal Fabry-Perot modes severely limits
the tuning range. Current engineering practice to increase the tuning
range by reducing the Fabry-Perot length generally lowers the power output
to a level insufficient for a tracking (monopulse) heterodyne receiving
system. Further, these laboratory C02 lasers operate at a pressure of a




few tens of Torr which produces a collision-broadened linewidth
comparable to the longitudinal Fabry-Perot mode period, thus pro-
ducing a single emission lire. A substantial increase of pressure
approaching 1/2 an atmosphere is essential to collision-broaden the
emission linewidth sufficiently to accommodate a tuning range com-
mensurate with the Doppler offset. However, the Fabry-Perot length
must be severely limited to achieve a wide tuning range and single
mode output. High pressure operation also leads to an increased
power generation per unit volume. The scaling properties of tube-
confined gas discharge p1asmas] suggest the possibility of operating
at high pressures.

An effort to develop a tunable 10 micron laser for application
as a local oscillator and to provide a sufficiently wide unambiguous
tuning range to accommodate a large Doppler offset is delineated in
this report. The approach being developed has its roots in the capiilary
waveguide laser art. However, it is unique because it employs a planar
configuration compatible with the processing techniques for integrated
circuits. The integrated optics approach to far infrared gas lasers
and the supporting theoretical effort together with experiments to
demonstrate the concept using CO2 is documented herein. The basic
approach to achieve wide unambiguous tuning is included. However, the
experimental development is relegated to a later phase.

The integrated optics approach employs a distributed iterative
waveguide in close proximity to the active gas to form the resonant circuit.
Bragg backward wave diffraction coupling is employed between the active gas
waveguide and the passive feedback waveguide. Transverse gas flow and
transverse discharge excitation are considered as opposed to the longi-
tudinal configuration of a capillary waveguide laser. Collinear Bragg
diffraction by surface elastic (Rayleigh) waves in the passive feedback
waveguide is proposed to achieve the wide tuning range.




B, CAPILLARY WAVEGUIDE LASER ART 6-7

Use of the hollow dielectric waveguide (capillary) in lasers
was first suggested by Marcatili and Schmeltzer2 as a confinement
structure for the gas discharge and the emitted 1light. It was first
demonstrated by Smith3 using He/Ne in the far red. In the 1 u region,
a hollow glass capillary tube with bore diameter of 2 mm exhibits a
propagation Yoss of 2 dB/Km for the EH]] mode. Stimilarly, for an
aluminum tube at the same wavelength with a 0.5 mm diameter, the
transmission loss is also 2 dB/Km for the TEO] mode. Although these
Tow losses are attractive, stringent requirements are imposed upon
the bend radius of these guides. If the propagation loss is allowed
to increase by a factor of two by the bend, the minimum radius for
the hollow glass capillary is 10 Km! Therefore, use of a capillary
waveguide, together with Fabry-Perot reflectors for field confinement
in a laser resonator, imposes stringent mechanical alinement requirements.

Interest in the capillary waveguide configuration arises from the
desirable effect of the waveguide walls upon the active gas, with the
result that (1) a significant increase in gain is realizedﬁ (2) an
increased emission linewidth, (3) an increased volumetric power

generated and (4) an increased saturation parameter.5 These desirable
characteristics evolve from a favorable de-excitation of the CO2 by the

walls,operation at an increased optimum pressure and reduced plasma

temperature because of improved thermal conductivity to the walls.

A comparison of published C0, laser parameters inciuding gain, pcwer density and
saturation parancter is summarized in Table I. Results for a capillary
configuration at two temperatures, a high flow rate configuration, and

the conventional approach are indicated with the corresponding plasma

tube bore diameter and the plasma tube material, The effect of using

the capillary waveguide approach upon the capillary gas dynamics and thus

the gain 1s startling. The power density and saturation parameters are '
Aramatically increased by the capillary configuration because of the pressure

scaling inversely with the diameter. The effect of temperature and the sub-
stitution of a high thermal conductive capillary (Be0) is dramatic. In the
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capillary waveguide tubes, the optimum current density is approximately
100 times larger than in conventional tubes, resulting in a larger power
input per unit length (300 W/m) and in available volumetric power output.
In general, the small diameter plasma tube has led to an increased opti-
mum pressure with a corresponding increase of the emission linewidth and
required electric field to excite the plasma. The gradient of pressure
throughout the capillary is such as to inhomogeneously collision-broaden
the emission 1ine through the capillary length.

TABLE 1
CO2 LASER PARAMETERS

Saturation Tube
Gain Power Density Param;ﬁer Dia.
Type dB/M W/ cmd W/c mm
Capillary
* 5102 230°K 21 0.6
%8e0 230°K 28 30 6300 1
300°K 19 18 3400 1
75102 230°K 37 15 3600 ]
300°K 24 9 2100 1
* SiO2 240°K 32 3 1
300°K 19 1
85102 300°K 12 4400 2
%510, 300°K 9 ~ 100 3.3
High Flow 4 9 500 13
Conventional 1" .25 100 13
20 1.4 5

* Data derived as a part of this program.

As a part of this effort, several 5102 capillary lasers were con-
structed, characterized and their operation demonstrated. The smallest
plasma tube of 0.6mm dia. yielded a measured gain of 21dB/M at

230°K. Another plasma tube of 1.0mm dia. yielded a measured gain of 32dB/M
at 240°K and 19db/M at 300°K. For the 0.6mm dia., the capillary wall was

po e
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1.0mm. The effect of the large pressure drop (100 Torr) in the

0.6mm capillary 1s, presumably, the cause for this reduceu measured
gain, Further, no clear optimur pressure was observed. For the
1,0mm bore, the capillary wall thickness was 4mm. These gain measure-
ments are approximately 5dB less than comparable results of Bridges’
presumably due to increased gas temperature due to the larger
capillary wall thickness and due to the use of standard capillary
instead of precision bore capillary tubing.

Our experience derived from using the circular capillary con-
figuration has emphasized the critical requirement for cooling the
COZ:NZ:He mixture. The confined plasma discharge requires an
effective thermal sink as demonstrated by Burkhardt, et a1.6 using
Be0 ceramic. Further, the problems associated with the high-voltage
gradients, the high-pressure gradients and the high-temperature
gradients which arise as & result of the confinement in the capillary
configuration all emphasize the desirability to develop an alternate
approach. Further, the requirement for a wide tuning range emphasizes
that the collision-broadened 1inewidth must be uniform throughout the
gain region. Therefore, a waveguide approach is followed which pro-
vides for a transverse flow of gases and a transverse excitation of

the plasma,
C. DISTRIBUTED FEEDBACK LASERS (DFB

Concurrent with the development of capillary waveguide lasers has
been the development of distributed waveguide periodic structures in-
corporated in the active lasing material as a feedback mechanism. Con-
ventional lasers employ a Fabry-Perot reflector system with a portion
of the resonant volume containing the active lasing medium as the feed-
back mechanism. The distributed feedback concept depends upon the
constructive, cumulative reflection from a periodic structure or grating
which extends throughout an active planar laser medium or immediately
adjacent to the active medium. A distrihuted feedback is an attractive
means to realize a resonant structure in the plane of an integrated
optical circuit. The distributed feedback provides important advantages
which include high spectral purity, design controllable, longitudinal
mode and several means to effect tuning of the laser emission output.

]0-19
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Thus far, the demonstration of distributed feedback lasers has
been confined to high-gain laser media (dye)]0-13 The validity of the
DFB concept has been adequately demonstrated and its emission spectrum
characterized under pulse conditions. However, it has as yet not been
demonstrated with an active material in a continuous operating mode.
Most experimenters have employed a blazed diffraction grating or a
grating produced in a photographic emulsion adjacent to the active
laser material. They have also employed the interference of two pump
beams to produce a grating of excitation in the active laser material.
Two methods of tuning of these structures have been demonstrated. The
first by changing the angular orientation of the interfering pump
beams has changed the active grating period and, thus, the emission
wavelength.  The other approach has employed an anisotropic substrate
confining the active laser medium such that the evanescent field
penetrating the substrate is affected by the orientm:ion.]8
[ The theory for distributed feedback dielectric waveguides, backward
wave scattering from periodic structures and the spectral characteristics
is an important analytical conception which has evolved from this effort.
The analyses are an extension of the current literature to include |
structures wherein the active and passive feedback waveguide and the
backward wave diffraction couplers are separate design-controllable
functions. Results of this analysis are employed in a later section
to describe apposite characteristics of our approach to a tunable
integrated C02 laser.,

After a heuristic description of our integrated optics approach to
a tupable c02 laser in Section 1I, an analysis of the distributed feed-
back structure contained therein is presented. The backward wave Bragg !
diffraction coupling of guided modes in a bifurcated waveguide structure
with periodic perturbation on the waveguide dimensions and the spectral
characteristics of this planar resonant structure are presented. Marcuse
presents an analytical treatment of backward Bragg scattering in hollow
dielectric waveguide lasers using a planar geometry. However, he has .
considered only symmetrical waveguide structures. The type of geometry
discussed in this report, however, requires the knowledge of the
characteristics of backward wave coupling on asymmetrical structures of

b

13




.- | m——.}
t '

-

the type considered by Shubert.20 Kogelniklghas performed a coupled mode
analysis of DFB lasers and derived both threshold gain parameters and
lasing frequencies for the case when the feedback grating is continuecus
over the entire length of the active region. The distributed heters-
feedback (DHFB) structure wherein the feedback is a discontinuous function
along the laser structure is considered as a design-controllable means
to alter the gain and spectral characteristics. The specific case con-
sidered of non-uniform feedback is that of a central gap in the grating.
Section II-B considers the basic principles of DFB coupling between
modes of the bifurcated guide region composed of both the active gas
cavity and the feedback waveguide. Coupling constants between oppositely

travelling modes are derived as a function of waveguide parameters.
Spectral characteristics of the periodic perturbations are examined in

detail and complex reflection coefficients derived. Section 1I-C presents
the coupled mode analysis for a general DFB structure where a control gap is
1ncluded into a continuous-feedback grating. Approximate eigenvalue
equations are presented which illustrate the variation of the laser
frequency spectrum with the grating parameters for the low gain CO2 case.
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1. TECHNICAL DISCUSSION

A. AN INTEGRATED OPTICS APPROACH FOR A TUNABLE CO, LASER

The design approach currently being implemented and {nvestigated
differs radically from that of current practice relating to the CO2
capillary laser. The design has emphasized a planar active waveguide
structure arranged to provide transverse flow and excitation of the
COZ:NZ:He gas mixture instead of the collinear confinement by the
capillary. Another design feature {ncorporates an active waveguide containing
the co2 plasma discharge, paralleled with a passive feedback waveguide
wherein both waveguides are coupled via backward wave Bragg diffraction
couplers to form a ring resonant circuit (no area). Characterization of
our active/passive waveguide ring with contradirectional couplers is de-
1{neated 1n detail in a following section.

The transverse and longitudinal cross-sections of the tunable inte-
grated CO2 laser as conceived are 1llustrated in Figures jand2. The
full structure in its entirety is delineated. However, at this point
in the program only certain facets have been developed and others are
contingent upon further investigation. These include techniques to
achieve a uniform plasma discharge and later the incorporation of
techniques to tune the laser. It employs entirely a planar processin;
technology. Referring to the transverse cross-section, the active
waveguide contributing to the gain 1s a rectangular section 100 y in
height and 3000 u 1n width. The length of the active waveguide indicated
in Figure 2 is 9 cm,

The thin f11m feedback waveguide to be formed by evaporation of a
11-V1 semiconductor such as ZnSe will be approximately 3 u thick and 3000 u
wide. Two techniques are employed to create the backward wave Bragg
diffraction couplers. They include either direct ion milling on the sur-
face or fon m114ng of a gold superstrate film on the ZnSe film to produce
transverse conductive bars as a grating. The grating and control of its
period are formed by a holographic technique)®i.e., the interference of
two krypton laser beams.

The transverse cross-section i{s composed of two parallel, adjacent
planar substrates. The upper section contains the COZ:NZ:He gas ports
connected to two parallel chemically-etched channels serving as 2 gas
distribution manifold on each side of the active waveguide. The direction
of gas flow 1s {1lustrated in Figure 2. The upper superstrate forms the gas

Preceding page blank 9
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— COZ:NZ:He Gas Port

;51ﬂ2 or Be0

Grating

Direction Feedback
Gas Flow Waveguide

Substrate

Discharge Electrode

Figure 1. Transverse cross-section of the integrated optics
approach to a tunabie CO, laser indicating the active
hollow and dielectric feedback waveguide.

manifold and one wall of the active hollow waveguide. It has been
fabricated from either fused silica or, more preferably, from poly-
crystalline Be0. A ring is incorporated for bonding of the super

and substrates.

It is the intent that either DC or RF-excitation be employed.
If DC-excitation is emplcved, the inner walls of the gas manifold
are metalized to produce high surface resistivity and a uniform
field between cathode and anode. For RF-excitation, the bonding
ring is intended as the RF coupling loop. Thus far, the excita-
tion method and electrode design approach are not defined, be-

10
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cause attempts to achieve a continuous-uniform discharge throughout
the active hollow waveguide region have not been successful. In
general, concentrated arcs are usually observed at the necessary
high pressure. At reduced pressure, and with increased nollow
waveguide height, reasonably uniform discharges are obtained.

Referring to the longitudinal cross-section, the hollow
active waveguide containing the transverse flow and discharge is
bounded by a passive dielectric feedback waveguide. Each end of
the assembly incorporates a backwa: ' wave Bragg diffraction
coupler. One end of the assembly incorporates a change of
grating period, and us such, {s used as a grating output coupler.
The other end incorporates a sml1 pad of a piezoelectric either Zn0
or AIN. A gold surface elastic interdigital transducer is photo-
1ithographically transferred to piezoelectric surface. This
transudcer as yet not implemented {v intended to provide the
means to tuning the laser.

Backward Wave 3ragg Diffraction Couplers

— N
IR M\/\m

Grating Output Coupler

Interdigital Surface
Elastic Wave Transducer

Figure 2. Plan View of pho.clithographically defined patterns
on the substrate forming one wall of the CO, laser.

Figure 3 {llustrates the plan view of the surface elastic
wave interdigital transducer, the backward Bragg diffraction
coupler, the output grating coupler, the piezoelectric island
and feedback waveguide are deposited upon the substrate to form the
opposite wall of the active hollow waveguide confining the plasma
discharge.

12
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The planar structure serving as a substrate for the piezo-

electric interdigital transducer, the feedback waveguide, and

the contradirectional coupler must employ a material transparent

at 10 microns 1f the output {s taken via a grating through the
substrate. Several choices are available. They include single
crystal NaF, polycrystalline InS, NaCl, and CdTe. The feedback
waveguide deposition is a polycrystalline film. The piezoelectric
film 1ncorporates orientation in a single plane via the deposition
technique. NaCl {s an unsatisfactory substrate from the point of view
of propagating a surface elastic wave in the dielectric feedback
waveguide because of {ts extremely high acoustic attenuation. Reali-
zation of the backward wave Bragg diffraction couplers is pre-

ferred in an undulated surface configuration, but may in-

fact be more easily procuced as a gold bar grating. Comparative
measurements of the loss and scattering of the diffraction

efficiency will determine the appropriate approach.

The design of the active C02 wavequide cross-section is
currently set as 100 x 3000 y with a length of 10 cm. The optical
field containment within the active waveguide is achieved in
height by the walls and in width by the grating. Field contain-
ment {n the passive feedback waveguide is achieved by the dielec-
tric interface. The feedback waveguide thickness and its
refractive index has important e’fect upon the longitudinal mode
spectra. Using a conservative estimate of the volumetric power
density of 10 H/ca3 (see Table 1), the expected laser power ou’put
should be apprcximately 300 mi. If additional power is required,
the waveguide width can be increased. The waveguide length could
a1s0 be increased to achieve additonal gain and power output;
however,at the expense of 1imiting the longitudinal mode spectrus
perfod and the maximum tuning range.

Use of transverse flow throuyh the restricted channel 3 m
Tong with a cross-section of 100 » x 10 cm should provide a more
homogeneous excitation method in cosparison to the capillary

13
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approach. The collision-broadened 1inewidth should be uniform
throughout the active waveguide region. The excitation field should
be uniform throughout the active waveguide region. The excitation
field should be substantially reduced. Operation at approximately
300 Torr will be required to obtai'i the necessary collision-
broadened 1inewicdth. One serioud problem {s being encountered; {.e.,
obtaining a uniform discharge throughout the active waveguide.

A cructal feat're in the design for wide range tunin; {s the
anpropriate control of the longitudinal mode spectrum, in order that
a single unambiguous emission line is generated for use in
optical heterodyning. The longitudinal mode spectrum of this inte-
grated COZ laser design containing an active waveguide coupled with
a passive feedback waveguide differs from that of conventional
Fabry-Perot resonators. The longitudinal mode period is ¢/, To
provide for tuning out to 1.5 GHz requires the length to be reduced
such that marginal power output may be available. For a continu-
ous distributed feedback waveguide extending throughout the active
region wherein prOpagation in both directions is contained within
the same wavcguidc.] The continuous grating throughout the length,
or limited to regions at the extremities, provides continuous cir-
culation. The grating period becomes a dominant frequency
determining parameter. The grating, however, also couples the
varfous propagating transverse mode orders togcthcr.z4 When a separate
dielectric feedback waveguide is provided, and & discontinuous grating
is e ployed, as in this program, the longitudinal pode period may be
increased beyond C/2L. In this case, the spectral width is
critically dependent upon the active gain and the magnitude of the
perturbing feedback circuit., The backward wave Brayg diffraction
coupler location in the ring perimeter is offset. This 1s due to
the use of a dielectric feeddack waveguide over the longer portion
of the ring. The asy-ntryzs thus introduced and the dispersion
of the waveguide end the frequency selectivity of the contradirectional
couplers all enter into control of the longitudinal mode spectrum.
specific details delineating this frequency selectivity, the
contradirectional coupler design efficiency »-e summarized in Sections
118 eud 1IC,
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The {nteraction of a travelling or standing surface elastic
wave within and collinear with an optical waveguide produces similar
phenomena to that in a distributed feedback waveguide or a forward/
backward wave Bragg diffraction coupler. Surface elastic waves are
of interest because the field containment, 1ike that of dielectric
optical waveguide, can produce strong, efficient interactions.
Further, changing of the surface elasti¢ wavelength will alter the
waveguide dispersfon and radiation fields. Bragg diffraction has
been produced dielectric waveguide by surface elastic NIV!SZI and
has been used in a collinear form for mode conversio-n.22 It has
been prOposed2°’23 fn a collinear configuration to produce a radi-
ation beam which may be scanned by altering the surface elastic
wave frequency.

Tuning of the integrated laser can be achieved by employing a
travelling or standing surface elastic wave propagating through the
feedback waveguide. The dispersion of planar dielectric waveguide
used in the feedback circuit containing the surface elastic
wave as a perfiodic perturbatfon {s {1lustrated in Figure 4. It
shows a Brillouin diagram for planar dielectric waveguide. The
rmodes not {dentified are TEoﬂbTE]TH]TE e+ + o+ The dispersion
of the planar dielectric waveguide 1s confined between free-space (c)
and the phase velocity within the bulk dielectric (refractive index).
The effect of the periodic perturbation as the Bragg frequency is
noted as a stop band., This is the condition for the backward wave
or contradirectional couvpler. At this frequency, the waveguide {is
cutoff, reflecting the radiation.?® At frequencies removed from the
stop band, the waveguide {s transparent and may be used to phase-
match nonlinear interactions?’-28 The region «herein the travelling
surface elastic wave perturbs the dielectric waveguide dispersion
{s indicated in Figure 4. Changes of the surface elastic wave-
tcagth and 1ts amplitude will control the dispersion of the feed-
back waveguide and in tum the integrated €0, laser emission
wavelenth, The frequency shift 1s the integrated effect of all phase
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Figure 4. Dispersion of planar dielectric waveguide containing
a perfodic perturbation,

shifts introduced throught the entire feedback waveguide. Rapid tuning
of the integrated CO2 laser is limited by the tire required for the
elastic wave to propagate through the delay 1ine and be replaced by

2 second different frequency.

Features for the above CO2 laser design include the full use
of planar processing fabrication techniques and use of transverse
excitution and gas flow relative to the optical path. Particular
attention has been given to continuous operation at relatively high
pressure for its eventual use as a tunable local oscillator for
optical heterodyne. A detailed analysis of the distributed feed-
back waveguide, the backward wave Bragg diffraction coupler and
their spectral characteristics follows in the next section:

16




B. PRINCIPLES OF DISTRIBUTED FEEDBACK COUPLING IN WAVEGUIDES

1. The Concept of Mode Coupling on Perfodic Structures

Marcuse®?has extensively investigated the scattering of optical
guided waves from slab-type waveguides using an orthogonal modal
expansion of the characteristic modes of the unperturbed wave-
guide. His technique was applied primarily to determine the
scattering losses from random perturbations on the waveguide
walls of a symmetrical slab structure., This technique serves as
the basis for the theoretical discussion here and is considered
briefly to establish the notation.

|
|
|
[
[

—

We consider the 002 laser cavity exemplified in Figure §
containing both the plasma region and a thin-film feedback wave- %
guide through shich energy passes during part of the round-trip
cycle. The structure under consideration here differs from DFB
laser geometries considered by Kogelniﬂgin that we include a
bifurcated cavity and a semi-continuous distributed feedback
grating both to be used for tuning and control of the laser out-
put. The semi-continuous grating is that shown in Figure 5 4 1

I

where the central portion of length / has been removed from a
total grating length L. !

Basic operation of the structure 1s similar to that of the DFB
coupling process discussed by Kogelnik, Bjorkholm and Shank16+18:19 and
lory 7 except that backward Bragg diffraction couples a wave {
travelling towards the grating from the gas cavity to a wave {
travelling away from the grating in the thin-film waveguide and
vice-versa. The cavity shown in the figure may support trapped
waves of low loss 1f grazing incidence rays are involved. In J
add{tion, guided modes may exist on the thin film structure con-
sisting, for example, of GaAs on NaF.

The following >nalysis {llustrates the basic characteristics of
coupling between guided modes travelling in opposite directions when
the waveguide regfon is perturbed periodically. If only TE waves are

4
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Figure 5. Geometry of the distributed feedback resonator with
bifurcated guide and semi-continuous feedback grating

considered for which the electric field vector will be parallel to
the perturbations in the waveguide, then the wave equation for
fields propagating in the active guide becomes

[vzxz + kz(n + An(x.z))z]Et(x.z) =.0 (1)

where an(x,z) represents the functional form of the perturbation on
the waveguide in either its local thickness or refractive index and
Et is the total electric field.

The total y-directed electric field may be represented by a
summation over all discrete modes En of the thin-film waveguide and
the discrete modes E of the cavity according to

£L(xi2) = gy o (2) By (x02) (2

where the subscripts n and v are here written together in condensed
form. The individual modes propagate along the z-direction according

18




to exp{ipz-ut) and have magnetic field components expressed by

§
']

(a4

Hx =

e
(Y

z
E

H = —

Z wy X

wde
-t
(a4

The coupled mode equations

(3)
(4)

involving the amplitude coefficients a,

and a y™) e derived by substituting (2) into (1) to obtain an 1nhomo-

geneous equation which when

integrated over the transverse x-dimension

yields the desired equations.

aa = kny 2, (5)
a; s Kvn an’ (6)
where the coupling constants are given by
2
-{¢..2
nv = T'Z(q <.’ul>nv e Ty (7)
2 1¢ .2z
- K vn
vn ‘28" <An>\me j (8)
The phase constant ¢ 10 (7) and (8) is
tny * Bp * By - K (9)

where 3 1s the longftudinal

propagation constant in the z-direction,

k 1s the free space wavenumber, and the wavelength of the perturbation

is given by A = 2x/K.

The dominant characteristic of the modal coupling constant

x {s the spatial overlap in

<Am>py 'f Eq (

tegral <an> defined as

X) 2nan(x) Ev(x) dx (10)
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which requires a specification of the modal fields entering into

the backward coupling process. It is evident, for example, that

ifE =E in (10), then by the imposed orthogenality conuition
v \Y

f:E; (x) E, {x) dx =5, (1)

(an) 1s maximized so that the coupling can be strongest for
backward diffraction between two identical modes. For coupling
between different transverse modes (10) is generally much smaller
so that larger perturbations need be applied to obtain reasonabie
coupling constants.

2. Waveguide Eigenfunctions

Before carrying out some coupled mode solutions, we review
the characteristics of the propagating modes in thin-films. Appen-
dix B reviews the oropagation characteristics of asymmetrical thin-
f11m waveguides. However, for the purposes of simplification of. the
mathematics for the real case where dielectrics are used for the
substrates we replace the substrates by perfect conductors so that
the resulting bifurcated guide is simply 2 thin dielectric layer
on one wall of a parallel conducting-plate transmission line as
shown in Figure 6.

Electromagnetically, this geometry closely resembles the

actual cavity and feedback waveguide configuration illustrated in
Figure 5. The cavity modes are |

JAs sin ug (x-t,) O<x<t, 4J
where the u's are transverse propagation constants satisfying the j
relation /
2 2 2 ) i
w2+ 6l =i, ne2,3. (13) | 1
20 )
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Figure 6. The Bifurcated Parallel Plate Waveguide Cavity Showing
Lowest Order Cavity and Film Modes Ev. En.

The cavity modes comprise a discrete set for which the longi-
tudinal propagation constants satisfy

0 -~ B = k3o (]4)

The modes primarily confined to the thin-film waveguide have the
form ‘

B sinh ug (x - t;)  O<x<t,

E, = (15)
B, sin u2n(x + t]) -t1ix5_0
where
ky <8, <k, (16)
and
up + K5 =6
uzﬁ + eﬁ = kg (17)
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Typical examples of field amplitude distributions of the modes are
i1lustrated in Figure 6. As required, the tangential electric
fields go to zero at the metal boundaries. The psuedo-guided
modes En have most of their encrgy confined to the waveguided

and decay quickly in amplitude into the cavity region. Eigen-
value equations derived by matching the tangential field components

at x = 0 are

"Zv tan usvt2 = -u3v tan “thl (18)
Uop, tanh "3nt2 = -Ug, tan “Zntl‘ (19)

If t, is allowed to increase without limit tz + e« in (19), we
obtain

Uy, = =Ug tanuy ty (20)

which is the eigenvalue equation for the dielectric slab whose
solutions are well known.

Normalization of the modes in (12) and (15) with respect to
the relation

t

-/;E; (x)Eu(x)dx = Gvu (21)
|

where cvuis the Kronecker delta, gives the relations between
the coefficients

sinuzvt1

Ay = -A, sTnu, £, (22)
v
)2

1
1 (Sinu Vt] = .2..
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sinu2nt]
B3 = B2 STohu, X, (24)
3u™2
.y (sinu2nt]) (sinh2u3nt2 - t,) sin2u, t, ) (25)
ar, +t, -
2 sinhug t, g 1 Uy
3. Coupled Mode Solutions for the Bifwrcated Cavity
In this section we describe backward-Bragg-diffraction coupling
between the modes En and Ev on structure fn Figure 6 wusing
coupled mode theory. For simplicity, the waveguide perturbation
is a periodic varfation of the refractive index in the region z 20
according to
an(x,z) -%A (26)
< <
0 0 - X = t2 .
If a mdulation of the film thickness, at, 1s being considered,
the effective perturbation may be obtained to a rough approxi-
mation by
] dan
e Tl T (27)

although more exact derivations have been carried out by Marcuse.

We recall that (2) expresses coupling over all modes of the
spectrum. Generally we wish to compute the interchange of energy
if only two modes enter into the coupling process. However,
because of the small mode spacing in B,, mode competition effects
occur. It may be shown, however, that as long as the coupling
length required to transfer most of the power from a film mode to
a cavity mode {s much longer than the transverse cavity dimension,
a two-mode coupling process may be used to accurately describe the
fields in the cavity region.

23
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Figure 7. Mode diagram showing spectrum of discrete film and
cavity modes of the bifurcated cavity.

Figure 7  {llustrates the total spectrum of modes on the
structure having two discrete sets of propagation constants |

corresponding to (14) and (16). The grating couples those modes
for which

By * 8, = K. . (28)

Using the bounding relations (14) and (16) and the approxima-
tions g = kn, e,xkny (23) requires that the grating period be '

A 2?{%’? (29)

where ny and ny are the refractive indices of the film and plasma
region. For A = 10.6y and a ZnSe fiIm (29) shows that A » 3.1y.
As may be observed from the diagram, the number of cavity modes fs
generally large brcause the dimensions of the cavity are large
compared to the optical wavelength . Since coupling between

only one guided mode and one cavity mode is desired to avoid mode }
competition effects, the film should be a single mode waveguide.

In addition, the grating periodicity must be small enough so that no '
coupling between forward and backward cavity modes can occur.

o om——
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To derive the coupling constants between forward going
guided modes and backward going cavity modes, we assume that a
guided mode ., is incident from the left onto the semi-infinite
periodically loduhtcd waveguide filling the half space 220, The
cavity mode 2, {s cumulatively generated in the interaction region
0= z%| and then travels back in the negative z-dfrection.
Writing the solution to (5) and (6) in the general form

¢ § ]

, (@) = A "Paal ] B, e <2 (30)

Nyv Nyv

,&A

'_ and using the boundary conditions on the mode ampl{itudes at z=0
and L
[ an(o) = av(L) =0 (31)
1] we find the complete solution to be
' sash g(z-L)
F . cash glz-
. 'n(z) cash « (32)
Lo
8
' / n sinh x(z-L)

2 (2) 1\% ) — N (33)

. where L {s the length of the interaction region and the coupling

constant is given by

L
l - k2<6n>m/2(an Bv)llz . (34)
|




It {s worthwhile to note that puwer is conserved as required since
the sum of the reflected and transmitted powers

b o W02 2 (35)
L » v

equals the power incident on the grating. Since tiie ratio of re-
flected to incident power at z=0 {s

s [ (0)]2

. unhz L (36)
8 By (OF

the interaction length required for 99% coupling to the backward
travelling mode results when « L ¥ 3,

The quantity <an> . in (34) commonly referred to &8s the over-
lap integral may be compuisd from (26) and (11) and the expression
for the efgenfunctions in (12) and (15), where the perturbation {s
assumed to be sinusoidal. This results in

nytn, (UZnsi nuzvt‘ cosu,. t -uzvsinu.‘,nt‘cosuzvt' )

<> L]
v 2 2
(g U2n) 2453,
(37)
which may be simplified by utilizing several assumptions to give an

approximate value of <w@n>, . Using the approximations

03v(t“t2) = vt v'e ‘. 2. 3. ceene (38)
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we may derive

]
)'[

2 2 27,2 2% (%)
(s, = 8,)t5 (03 - n3)
The approximations in (38) are justified {f the film thickness {s

such less than the cavity dimension ty «t, and {f the TE‘ guided mode
{s near its cutoff, respectively.

The coupling expressed in (34) and (39) is plotted in Figure 8
as 2 function of the normalfzed propagation constant of the film-
guided mode :, for a particular geometry. The curves indicate the
relative coupling constant between the TE‘ sode of the grounded slab
and vth order cavity mode, and dotted 1ines connect points of con-
stant grating perfodicity a. The general characteristics of the
curves indicate that coupling is strongest for the conditicr when the
quided sode appro2ches cutoff e, * kna as s expected, since the
evanescent portion of the film mode then extends deeply into the gas
cavity. Although the approximations (35) used to derive the curves
becomes progressively less accurate for high values of v we may
nevertheless use the curves in this region to observe the behavior
of the coupling. It may be noted that higher order v-modes couple
more efficiently to the lowest order n-modes. In practice, film
thicknesses t‘ for which the 3, mode is reasonably far from cutoff
will in general optimize the backward coupling and propagation
losses in the feeddack waveguide.

An exasple of the grating length required to reflect 99% of the
power from the TE‘ sode to the oppo: iely travelling cavity mode v = 2
at 8./k = 1.6 may be obtained from the curves and (3 ) and (36) to
be L = 5.6 mm for an = .01 and A = 10.6 . In order to reduce losses
resulting from scattering due to imperfect grating edges, it may
be desirable to lengthen the grating to 2.24cm and use an = .0025.
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Figure 8. Normalized coupling constant betwen the TE, mode of
the grounded dielectric slad 8, and the vth cavity !
mode a8 for n.=3.5, n,*1.0 and tz-lm.. Dotted l{nes t
indicale curvis of cobstant a/A.
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l Figure 9 {llustrates nictorielly the coupling process between the
incident guided mode 3, and the reflected cavity mode ., in the
bifurcated guide of Figure 6. It may be observed that both of
the mode amplfitudes decay into the interection region, but that the
incident rode {s never completely reflected unless the interaction
length s very long.

Feedback Maveguide
Plasma Waveguide

il . e — T

Figure 9. I1lustretion of the tangentiel electric field intensity
in the intersction region due to backward coupling of
sodes e and 2,

4. Complex Reflection Coefficients of DFB Structures

For the purposes of describing the phase and ampl{itude rela- {
tionships between incident and reflected waves due to distributed (
feedback coupling when the Bragg condition s not satisfied we
return to the generel solution of the coupled mode equations (5) and J
(6) when the coupling constants in (7) and (8) vary in phase along with |
the z-direction. A knowledge of these charactaristics will be ‘
helpful 1n analyzing distributed feedback iaser properties in a !
later saction. Therefore, 1f phase matching it not setisfied; 1.e., {

4]
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e ! 0, then decoupling the coupled mode equations (5) and
(6) results fn the second order differential equations

-

'y}

: o e

LR T =
. . (40) i

.;. "vﬂ .:) - ‘vn .v e

}
’ having the general solution

e v -y3 i w
F |n'v(z) (An.v. + Bn. e )"_2"" (1) )

where the characteristic roots are given by

o

2 \1
» 1 - ‘l’\v Z (42) -
Y " %av F;: '

Again, we assume a mode 8 incident onto a perfodically perturbed
region of length L between 2°0 and zeL,and that there are no
varfations in efther the x or y axes of the mode amplitudes. The
boundary conditions that the incident mode smplitude be unity at
20, and the reflected mode amplitude be zero at z=L (no reflected
waves generated for 2>L) give the solutions

1¢_ 2
Lin) _'z‘!_ [Zv coshy(z-l.)-ionvsinhy(z-l.) ] (43)
ni%e Ty coshyL + 1¢__sTah 1L
, |
anl ] r sinh v(z-t) ] {
(l)'c ("" 2: cosh vy - N slnhyl. : (44) . |
i ‘
At the edge of the interaction region z=0, the incident and re- 1
flcc:&d modes are related by the complex refiection coefficient U
repe'? where the amplitude is |
o ‘- {
[‘ ] n v s 1nh? b 2.]2 (1 1
F O "By cosn? ot - (4, /2%, ) (45) 8|
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and the Jifference in phase given by
0= tan'](."v tanh yL) + /2 (46)
o o

We may consider three simplifying cases of (45) and (46) which
differ in the value of the “detuning parameter” QMIZ‘HV.

Case (1) ’nv“z‘nv . This corresponds to the region near the
Bragg condition for the incident wave and the complex reflection
coefficient has the form

R
retanh « L exp(1 tan”! (—j2 tanh kg L) + 1/2) (47)
where Ba" B, has been assumed.

Case (i1) ¥y ° 2q,c At this point, the two waves are
"critically” coupled, and the mode amplitudes have the simple
forms

1¢n“z
2 - 10nv(l-|.) 0—2— (48)
T T4y L
]

1o, 2 + 1x/2
S Bn )2' 2(2-L) °_n2L ’
2 (% A T )

and the reflection coefficient 1s

‘nvL 1 ¢ L
re T exp(i tan -+ ix/2). (50)
(1 + 21237

Case (111) 0y 225, In this region, very weak coupling
occurs and the reflection coefficient has the well known sin x/x

behavior 30 according to
L
i *nv x
< L ¢ L e( + )
re 2= sinc -y ? : (51)
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Typical longitudinal behaviors of the coupled-mode amplitudes with
distance into the interaction region are illustrated in Figure

10 for the three ranges of the detuning parameter in cases (1) -
(111).

(b)

ol $/2¢>1
Piid

Distance ——=e 2

Figure 10,  Typical longftudinal mode amplitude variations with
distance into the interaction region of length L for
(a) strong reflection near the Bragg condition, (b)
critical coupling, (c) weak coupling far away firom
the Bragg condition. -
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It may be observed from (47), (50), and (51) that the phase
of the reflected wave varies ncnlinearly with the length of the
interaction region unless the detuning is sufficiently far awas
from the Bragg condition. Figure 11 illustrates the magnitude and
phase of reflection coefficients for several values of the coupling
parameter ”nvL' Since the curves are symmetrical about the Bragg
frequency *ny = 0, only half of the spectrum is shown, For kL = 3,
the peak reflectivity at the Bragg condition is 99% and remains
relatively constant up to a detuning parameter of ¢/2¢x =1 and
then begins to decrease more rapidly. For low gain active media
such as CCZ gas relatively high reflection coefficients would be
required so that operation must usually be restricted to a de-
tuning of less than this value. The bandwidth Bc between half-power
points may be derived from (9) by noting that

(ny+ng) 2 g 4k (52)

where the mode propagation constants have been approximated by the
refractive indices of the cavity and feedbackwaveguide as in (29).
Hence, to a good approximation
2c(¢/2:)c (3

B, = Z(fc - fo) = m (53)
where (¢/2x)c is the value of the detuning parameter at the half-
power points. Figure 12 1illustrates both the peak reflectivity
of a grating structure at the Bragg frequency and the normalized
bandwidth (53) as a function of the coupling parameter «L. It
may be-observed that for small coupling where «L 31, the bandwidth
changes dramatically with L if x is kept constant, whereas for
large coupling value xL > 3, only a small change in bandwidth
occurs with increasing L. An example of the bandwidth for a
grating structure in a thin film of GaAs n, = 3.3 at ) = 1C.6y
for which coupling of strength xL = 3 occurs between a thin film
mode and a c02 gas cavity ng = 1.0 as in Section II- Bmay be
obtained from Figure 12 and (53) to be

B, = .57 f: (54)

or about 3.4 GHz if L = 5 cm,
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Figure 12, Peak power reflectivity p at the Bragg condition

2
and normalized bandwidth ?0/2:) as a function of the
coupling parameter i for backwird-wave coupling.

c. DISTRIBUTED FEEDBACK CO, LASERS

1. The Concept of Laser Minfatur{ization

Recent advances in 002 waveguide gas lasers?’s"8 providing

greatly increased volumetric power outputs by virtue of plasme con-
finement to an optical waveguide has led to an interest in

L= 35
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implementing a waveguide CO2 laser into a planar structure having
a transverse gas flow. This type of CO2 laser has a potentially
high efficiency as well as being compact. Of interest here, how-
ever, is the implementation of the distributed feedback mechanism
as well as a dielectric-waveguide into the active cavity. As

has been {liustrated in previous sections, the DFB mechanism is
inherently highly frequency-sensitive and can provide extremely
rarrow lasing linewidths as well as high longitudinal mode dis-
crimination. In addition, a thin-film feedback waveguide in the
active cavity offers the potential of precise tunable centrol of
the frequency spectrum of the laser at low electrical power levels.

Section II-B considered the DFB process in terms of coupled
modes of both the cavity region and the feedback waveguide. This
section presents an analysis of the backward coupling process :n
active media where no power is supplied externally but is generated
within the periodic structure by stimulated emission. The coupled
mode description of the fields in the active region extends the
results of Kogelnik]% et.al. who considered only a continuous
periodic structure to the case where a central gap is introduced
into the active region as 11lustrated in Figure 5. It is
important that some optimization of laser characteristics with
respect to threshold gain and lasing spectrum can be achieved in
distributed hetero-feedback DHFB lasers with longitudinally-
varying feedback.

2. Resonance Modes in Periodic Active Media

For simplicity, we consider the one-dimensional periodic
structure shown in Figure 13(a) on which the fields may be
described by coupled modes. The natural modes of oscillation are

36




2=a m * zsb l

P S—

Amp11tude

(b)

Figure 13(a). The configuration of the semi-continuous distributed
feedback laser for which an integral number of central
fingers have been removed.

(b). A typical longitudinal-mode amplitude distribution at
threshold for symmetric and anti-symmetric (shown
dotted) field distributions.

determined from the field solutions which satisfy the wave equation
and boundary conditions in each of the regions of the cavity. This
theory can only predict the lasing mudes at threshold and is

not valid if the net gain is non-zero. Figure 13(b) 1llustrates
the typical mode amplitudes in the active region, where because

no external energy is being applied, the modes carrying power
toward the center of the active region must go to zero at the
boundarfes z = ¢ L/2 as shown.
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The solutions tc the waves in the entire laser cavity
l satisfy the wave equation

2

? 2 .2
E+k_n

a2 =

E =0 (55)

where the total TE wave vector Ey may be represented by the
coupied mcde pair

E(z) = a (2)¢'®n? + a (2) ¢ ' Pn? (56)

where a  and a_ represent amplitudes of fields travelling in the
positive and negative z-direction respectively.

Assuming a distribution of gain and dielectric constant
according to the complex refractive inaex in (55)

n(z) = ("r + 1n1) . (Anr + 1An1)cos Kz (57)

where ny {s the gain and N, is the refractive index, we may show
that the complex wavenumber k = kon may be approximated using the
conditions

4o 8N, << (58)
to qive

2 2,.2 2
k¢ = ko(nr + 12nrn1) + 2k° nr(Anr + 1An1) cos Kz. (59)

In the present analysis, no gain modulation is considered so that

ang = 0. Substituting (56) and (59) into (55) gives the coupled |
equations
[] {

L + kc 2, " 161”

(60)

(]
-2, * kc a, " 1€ln
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j where
i S k. ko[n1 - 101 - -:;9-)] (61) 1
1 23 ko an,
< (62)

)
and (1- -uL) represents the detuning from the Bragg frequency w,.

The solutions to+(60) for fields in the periodically varying
regions have the form ¢~ Ya% where

gy Preummem s

’ o ks e, (63)
In the region without perturbation -f/2 1’2 <2, (55), €= 0 in
(55) and (60) has solutions of the form e-bZ  where

leading to exponentially growing waves which are uncoupled,

The subscript notation (1,2) 1s used to refer to solutions
in the periodic and homogeneous regicns of the DFB laser respectively.
Since the structure is symmetrical only the righthand portion
2 0 need be considered to obtain the mode amplitudes over the
entire cavity. Furthermore, the odd and even field symmetry
E(z) = : E(-z), leads to corresponding mode symmetry conditions
an(z) - ? l.(-l). Noting the boundary condition

[ aﬁ (V2) =0 (65)

we take
4 (2) = Atz - 5-) M2 fziue. (66) 1

The other mode solution is determined by substituting (66) into |=
; the second differential equation of (60) to give |
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1y, (2) = = = A[-vycomh, (2 - Bk stoh, (2 - b e

fre £z 20/

In the region where there {s no coupling, the mode asplitudes may
be within

0 <z Y. (68)

At the boundary z = £/2, the mode functions of (66) - (68) are
continuous so that

z -~ J2. (69)

A division of the two equations in (69) yields the complex
characteristic equation

-kc 4 1(9“’!' Y, coth 7.([.-!)/2 (70)

which must be solved to determine the complex longitudinal sode
propagation constant T, The ¢+ and - signs in the wigenvalue
equation hold for anti-symmetric and symmetric modes, respectively,
In the 1imit f+0 where the grating is continuous over the entire
cavity (70) reduces to the eigenvalue equatiun derived by Kogclnik‘.g

1
This may be shown from (70) by using the {dentity coth x = sinh 2x ¢

coth 2x, and the dispersion relation (63) to derive the equivalent
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characteristic equations valid at [« 0 to be {
1
1

kc " e cothy'L

(n)
= 2ty /sinhy L,

The eigenvalue equations (70) and (71) have roots which are
dependent upon parameters such as gain, frequency, and coupling
l constant as well as the gap length / and yield the resonant fre-
quencies for oscillations at threshold and the corresponding
threshold gains. In general, the solutfons sust be determined
by numerical techaiques which are difficult because of the mult{i-
r dimensionality. In the case of low gain, such as the CO2 system,
however, (70) may be simplified to obtain some approximate
s.lutions for the laser oscillation spectrum,

3. Laser Spectra Approximations

g At very low values of gain n, << an_, a separation of (70)
into its real and imaginary parts and an expansion of the right
side give the equation

o kn/ - + .
e ® 'cos k(- .—‘-’)t--b-i:(l. 2, (72)

|
1 whose solution gives the location of the first resonance above and |
’ below the Bragg frequency w,. Successive resonances which appear {
due to the multiple branches of the complex hyperbelic function in ‘
(70) are difficult to approximate but are also less important than
the primary sodes because they require considerably higher thres- J
hold gains. It may be observed from (72) that the DHFB laser does

A Boaaa o




not oscillate exactly at the Bragg frequency, since no solution

exists at v = w,. This is a result of the fact that the periodic
structure has a frequency stop-band whose width {s directly pro-
portional to the magnitude of the coupling An‘,,!9 This topic will

be discussed further in a later section.

When the gap length [ spproaches zero (72) has the first
resonances spaced by

an

N (73) .
2 el
|
where the corresponding threshold gain is approximately g
A 42 B
nrl.

Taking the gain to be about 2db for which Kohy Le .23, (74) and
(73) indicate that the laser will oscillate in two primary modes
sysmetrically located about the Bragg frequency and separated by

af = 2(f - 1) s 2¢/L (75)

vhere ¢ is the speed of 1ight in vacuo. This freqiency difference
my e compared to af = ¢/2L for a conventional cavity of the same
length. It may be observed that oscillation may be achieved at
even very low gains by increasing the refractive index parturbation
to a sufficiently high value which simultaneously widens the fre-
quency difference batween the first order modes, Figure 14
{1lustrates the mode spacing and required threshold gain o3 2
function of the coupling strength for the Yow gain case. As

s . e &
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Figure 14, Approximate frequency separation between primary
modes and the required threshold gain as a function
of coupling in the continuous DFB laser (/= 0).

expected the threshold gein decreases as the coupling is increased,
s0 that 1t {s important to note that the laser power output will

in principle be 1{mited not by the distributed feedback but by
scattering and absorption losses in the active cavity.

As the width of the gap [/ is increased while maintaining the
total length L constant equation (72) indicates that the first-order
resonances move closer together. In particular, it {s intaresting
l to note that in the 1imit for which the length of the grating (L-£)/2 1
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becomes small, the resulting structure resembles a conventional
laser cavity with dielectric multilayer mirrors. Although the
coupled mode approach looses its validity 1f tie grating length

becomes excessively small, 1t may be observed from (72) that for [+ L

and an_ large as required to maintain high reflectivity (see
Section 11-C-4) , the mode resonances are given by

“, -
cos k(1- =) L= 0 (76)

from which we have

~C ]
f'fo';f(n.-r) n-o,tl.tZ... (77)

Figure 15 {1llustrates the frequency *pulling" of first order
resonances when the gap length [ fncreases in the direction of the
arrows. Varying [ by some fraction of the total cavity length will
move the resonances between the curves indicated by solid and
dashed 1ines. Not shown on the diagram are higher-order modes .
As has been illustrated in Figure 14 this frequency-pulling
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effect also occurs for a continuous gap where £ = 0 when the
refractive index coupiing an, is varied. These phenomena reveal
interesting possible approaches to selective tuning of DHFB
lasers by electro-optic control of the coupling strength or its
Tongitudinal distribution in the laser.

Figure 16 shows the variation 1n the frequency spacing
between first order modes as functions of the gap length ratio //L
for several values of coupling. For zero gap length, the
primary mode spacing 1s maximum and decreases towards c/2L as
the gap lenth becomes larger. It is evident that when / approaches
half of the total laser length, the mode spacing is close to c/2L
and does notl vary appreciably with the coupling at threshold. This
behavior results from the fact that as the feedback gratings
become progressively shorter, very little power results from
stimulated emission within the periodic structure and the gratings
become passive reflectors within the cavity. It may be observed
that a tuning range ¥s possible of several times the conventional
cavity mode spacing frequency or about 7 GHz for a laser length L = 10 cm
having a gain ko"iL =~ 2db. The use of electro-optic structures
to generate the periodicities in DHFB lasers are attractive for use
in electronic tuning of the laser since the frequency may be tuned
without introducing a simultaneous modulation on the threshold gain,
and therefore the laser power output. It was shown that the latter
effect occurs for continucus DFB structures when the coupling con-
stant &, is varied.

The DFB laser of the continuous or semicontinuous type discussed
here has the characteristic of not lasing exactly at the Bragg fre-
quency in a single mode but instead lasing in two primary modes of
equal strength symmetrically located about the Bragg frequency.

For some applications, single mode outputs may be desired, but we
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Figure 16, Frequency spacing between primary resonances of §

the distributed hetero-feedback laser at threshold.

first discuss these characteristics in more detail. It is well known
that periodic structures have frequency stopbands in the dis- t
persion diagram for which no unattenuated propagation through the -
material is possible. In the case of the DFB laser, however, the )
fact that oscillation does not occur at the Bragg frequency may be
simply viewed as a result of a phase mismatch for any round-trip
path in the periodic structure. Section 11-B-4 discusses the phase j
characteristics of backward Bragg coupling noting that at the
Bragg condition, the reflected wave is »/2 radians out of phase with .5
the incident wave. Furthermore, this phase relationship is pre- r

|

served throughout the periodic structure if the phase is measured

at the boundaries such as "A" or "B" in Figure 13 between identical cells -
of the grating. Viewing the planes 2=a, 2=b as idealized reflection

points for a cavity of length b - a, it is clear that the lasing '}
condition is specified by
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0, + 0, + 2m;‘ + A;.])(b-a) =2 n=0,1,2 . . . (78)

—_

_

where o is the relative phase of the reflected wave at the respective
points, and Ac and A¢ are the wavelengths in the cavity and feedback
waveguide. At the Bragg frequency, 6 is #/2; and since we may take
(b-a) =mA, m=0,1, 2. .. (78) requires

SASVEE S a2

which 1s not satisfied because the integer expression in narentheses
cannot be made constant. For frequencies not equal to the Bragg 3
frequency, the phase-matching condition in (78) can be satisfied if
the combined phase shift (ea + eb) changes in a negatively linear
fashion with (b-a) (x;] + x;l). This variation in the phase at
reflection with grating length may be observed from Figure 10

and it is interesting to note that oscillation will occur at only
a number of discrete wavelengths.
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D. EXPERIMENTAL EFFORT

1. Capillary Waveguide CO, Laser

During the initial effort, a series of CO2 cap111ary7gas lasers
was constructed based upon the design of Bridges, et al’. This effort
rrovides data relative to the gas discharge characteristics, optimum
gas composition, operating characteristics at moderate gas pressures
(100 Torr), gain and thermal characteristics. From these data and
comparison with the literature, a new capillary was constructed and
its operation demonstrated which employed a reduced capillary bore
diameter of 0.6mm. The results of this latter extension confirms an
enhanced gain due to the further confinement of the discharge. It
also indicates the 1imitation imposed by the inhomogeneous pressure
distribution due to the high pressure drop through the capillary.

The photograph of Figure 17 shows one of these lasers in operation.
Standard Pyrex capillary tubing with bore diameter of 1.0mm with wall
thickness of S5mm was initially employed. The thermal impedance for
this large wall proved too high as evidenced by electrical punch-through.
Further undulations during the drawing of the capillary proved to cause
excessive losses. Two capillary plasma discharge tubes employing a 1.0mm
diameter bore and a 0.6mm diameter bore were constructed using a precision-
ground tubing with a wall thickness of 1.0mm for both cases. The reduced
wall thickness provided a substantial improvement of the thermal stability.
Precision bore capillary with flared ends always operated in the TEM00
mode. Data from this hardware has been included in Table 1.

The Fabry-Perot reflectors were fabricated from NaCl using a radius
‘of 8cm positioned at 7.4cm from the capillary throat. For the Imm bore
diameter, these parameters minimize the losses. Semi-transparent gold
films were employed for the output coupling. Measurements of the trans-
mission, reflection and absorption were derived from insertion in a CO,
laser beam. Fabry-Perot reflectors of 90% exhibited 8% absorption while
reflectors in the 80% regime exhibited absorption of approximately 15%.
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The arithmetic average collision-broadened emission line width for these
experiments is approximately 300MHz whereas the longitudinal Fabry-Perot mode
period is 625MHz. Under these conditions, slight changes of mechanical
dimensions and discharge parameters cause the capillary laser to mode-hop
over a variety of initial lines in both the R and P branches.

2. CO, Planar Plasma Discharge

A major fraction of the experimental effort has been devoted to in-
vestigation of various means to create a continuous uniform CO2 plasma
discharge in the holluw active planar waveguide. Thus far, this effort
has been unsuccessful, however, not all approaches have been adequately
investigated. Several recent experiments show promise that require further
effort to realize a continuous uniform plasma discharge "in progress."

The transverse excitation and transverse flow art 34-41 applied

to the CO2 laser has been developed to alleviate the problems associated
with the coincident longitudinal configurations. These developments have
emphasized approaches to achieve high energy, high power and high volumetric
efficiency. Some experiments have employed gas pressure in excess of

an atmosphere and flow rates approaching the sonic level. In all cases,
the volumes are of multi-centimeter dimensicns. With one exception

(Ref. 42), a1l the plasma discharges have been pulsed with a variety of
techniques to ionize the gas. The effort reported herein has been con-
fined to the continuous discharge and to chambers of submillimeter wall
separation. The following exposition delineates the various experiments
performed.

In all cases, the plasma discharge chamber 1nve§tigated conforms.to
the structure illustrated in Figure 1 and 2. The waveguide regioﬁ'in
which it is essential to produce a uniform continuous plasma has dimensions
of 100 micrcns thickness, 3-5 mm width and 10 cm length. Transverse flow
of the gas mixture and transverse excitation occurs across the 3-5 mm
dimension. Two channels approximately 6 x 6 mm have been provided parallel
and adjacent to the active hollow waveguide as low impedance gas channels
to produce a uniform pressure in the active waveguide region.
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The initial experiments employing hollow anode and cathode electrodes
at the input and output ports of the substrate typically produce a
diffused plasma extending throughout the side channels with a concentrated
arc across the active waveguide. The location of the concentrated arc
along the length is unstable. Changes of the ballast resistance in series
with the power supply over a wide range does not alter the concentrated
arc discharge characteristics. The concentrated arc is observed at
pressures of the few Torr up to several hundred. Fractional Torr pressure
produces a diffused plasma in the waveguide region having a width of a
few mm, whereas the width should extend over 10 cm. Including an addi-
tive such as Xe does not alter the spatial distribution.

One of the more successful quasi-uniform discharges is illustrated
in the photograph of Figure 18. A DC-excitation was employed. The dis-
tributed discharge was created by introducing surface resistance along
the adjacent channels (via a pencil mark). The discharge at 30 Torr could
be sustained for only a few hours before relaxing into a concentrated
arc as above. This effort has been traced to sputtering in the waveguide
chamber.

A series of experiments had been performed using RF-excitation at
27 MHz with a kilowatt being available. A uaiform continuous discharge
is formed in the adjacent channels with a concentrated arc appearing in
the waveguide chamber using the anode and cathode electrodes above. Use
of capacitive electrodes above the superstrate also produces a uniform
continuous plasma in the adjacent chambers. However, without penetration
into the waveguide chamber.

Experiments have been performed using RF-excitation drive from a Ku
band-pulsed magnetron of 250 KW peak. In the high power density region
and pressures of a few tens of Torr, a discharge could be produced in the
waveguide chamber, however, with considerable sputtering of the glass sur-
faces. Increasing pressure creates a filamentary structure and eventu-
ally arcing.

Another approach investigated employs a comb cathode or anode struc-
ture composed of 25 or 50 pin electrodes, using ballast resistors in the
meg-ohm range. The ballast resistors have been connected to a common bus
and encapsulated in a silastic. A plan view through the substrate showing
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Figure 18. Plan view through substrate
showing a quasi-uniform discharge
100 microns thick, 5 mm wide,
5 centimeters long at 30 Torr.

the waveguide chamber adjacent channels containing a tungsten anode wire
and a comb resistor array cathode is illustrated in Figure 19. The gas
flow occurs from the anode to cathode through the input and output ports
at the end of the channels. Figure 20 is identical to Figure 19 using
only the plasma discharge for illumination. The glow discharge is evident
in the cathode chamber. Concentrated arcs sporadically occur throughout
the waveguide chamber which i1 the figure is 9 centimeters long.

The COZ-NZ—He gas mixture prescure is approximately 30 Torr. The arcs
exhibit a higher degree of concentration at pressures greater than 100
Torr. Considerable sputtering of the cathode material (Cu) occurs in

a comparative short time.
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Figure 19. Plan view through substrate showing
concentrated arcs between tungsten
anode and comb ballast resistor
cathode structure.

Figure 20. Same as Figure 19 showing glow discharge
in the vicinity of cathode comb together
with concentrated arcs.
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Several approaches are being investigated to obtain a continuous
uniform plasma discharge. Two strip-ribbon electrodes are deposited
adjacent to the feedback waveguide grating structure positioned over the
adjacent channels., RF-excitation is to be applied in this structure.

In this structure the electric field {is concentrated and oriented in the
“-wweveguite piane. Another approach being investigated employs one of
these aluminum strips as the anode and a comb array of tungsten field
emitters as the cathode in a DC excited discharge. This will permit
adjustment of the ballast resistors external to the chamber to optimize
the discharge uniformity. The array of field emitters will be aligned
and terminate the edge of the waveguide chamber. The laser superstrate
containing the gas manifold is being formed from polycrystalline Be0
to assure a homogeneous thermal wall as one face of the hollow active wave-
{ guide. Further, it is intended that the transverse flow velocity he
substantially increased such that the transit time of the gas through
the discharge is made significantly less than the diffusion time of
positive fons to the walls of the waveguide chamber 35. Thus, the current
and temperature distributions should depend more on the way in which the
discharge {s established at the upstream electrode, rather than on the
transverse diffusion processes 39, 4]. This should reduce
- the tendency of discharge to contract into narrow arcs and should ve some-
what independent of pressure. If this approach does not reduce the
dominant effect cf transverse diffusion processes to the walls, 1t will
be necessary to increase the waveguide thickness which will in turn have
a significant impact upon the backward wave Bragg defraction coupler design.

3. Backward Wave Bragq Diffraction Coupler

The experimental effort devoted to the production of the passive feed-
back waveguide and the backward wave Bragg diffracticn couplers, together
with techniques to produce same, are delineated in this section.

A variety of thin film passive waveguides have been produced by
evaporation and RF-sputtering. Major attention has been given to ZnSe, InS,
on glass substrates and T1Br/! on NaCl, Ban. and NaF substrates. Metallic
mask had been used to form the passive waveguide width (3-5 mm). The di-
electric waveguide thus formed is a rectangular dielectric image line struc-
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ture. However, the optical field confinement is not produced by the wave-
guide but instead by the backward wave Bragg diffraction coupler grating.
No difficulty has been encountered with the zinc compound deposits on glass
substrates. The T1Br/l deposits on materials transparent at 10 microns
has exhibited a deterioration with time and exposure tn the atmosphere,
presumably due to the fact that TiBr/I sublimes at low deposition tempera-
tures. The use of a dielectric feedback waveguide requires the alteration
of the grating period by both the film thickness and refractive index. Most
of the experiments pertaining to the development of the backward wave
grating coupler have not been performed on a passive feedback waveguide
film, but instead have been implemented on the surface of the active gas
waveguide walls (glass). This temporary expedient procedure allows the
investigation of the contra-directional coupler with a grating using @
fixed grating period equal to one half the CO2 emission line wavelength.
Most of the effort has been devoted to the development of the
backward wave diffraction coupler using a grating as an iterative structure.
Various techniques are available to produce the iterative structure. They
include (1) the periodic alteration of the dielectric waveguide cross section,
(2) the periodic alteration of the dielectric refractive index by changes
of the material composition and (3) by the creation of a traveling surface
elastic (Rayleigh) wave. The latter is intended for tuning of the feedback
waveguide. The second technique may be implemented by diffusion, ion
implantation, fon exchange, alloying, etc. These techniques in general
create a comparatively small perturbation, thus requiring ¢ long iterative
structure to affect efficient coupling.

The first technique altering the passive waveguide cross section has
been the approach followed herein, because photolithographic processes can
be applied to all of the waveguide cross sections independent of {ts
composition and substrate. Both chemical etching and fonic milling have
been employed. Experience has shown that the iterative structure defini-
tion by fon milling produces a smoother undulated surface than by chemical
etching, thus reducing scattering losses.

The photolithographic requirements to produce the contra-directional
couplers are much more severe than employed to produce an electronic
integrated circuit. The iterative period in the active waveguide walls
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is § microns, whereas the period in the passive feedback waveguide {is
approximately 3 microns. Further, the grating must extend over dimensions
of 10 cm preserving parallelism of the grating perturbation to a smll
fraction of the COZ wavelength., Further, the grating requirements must
have optically smooth edges to prevent Rayleigh scattering. The average
straightness or curvature requirements are identical to those of Fabry-
Perot resonators of comparable dimensions. Conventional photolithographic
practice, that is, production of the art work, its reduction and transfer
to the final device, is capable of producing the required smooth lines.
However, 1t has been considered impractical to follow this procedure and
ineet the requirements for parallelism of grating over the 10 cm length.
yherefore, an interferometric (holographic), procedure has been pursued.43-44

Several technigues to produce gratings across a 10cm aperture
have been investigated using both argon and krypton lasers {n the
visible region and photographic emulsions. A cadmium and krypton
laser using the ultraviolet emission 1ines together with photo-
resist have also been investigated. The {nterferometer employed
a beam expansion telescope and Twyman-Green interferometer con-
figuration to produce gratings of 5.0 and 3.2 micron periods. The
beam splitters are 10cm SiO2 cubes split on the hypotenuse. Using
the cadmium laser, {insufficient power was available to expose the
photoresist in a period less than one hour. The krypton laser
provided sufficient power to expose the photoresist; however, the
fluorescence due to the telescope aperture and the two beam
splitters was sufficient to obscure the visibility of the fringes.
The total path lengthincluding the varfous glasses was 22cm, There-
fore, the further work in the ultraviolet and projection of fringes .
{n the photoresist was discontinued. A krypton laser using the 5682A
emission 1ine has been employed to produce the gratings in high
resolution photographic plates followed by transfer to photoresist.
Typical results of this operation are {llustrated in the collage in
Figure 21. Section A indicates the average density and shows eviderce
of Moire' pattern. The grating lines in Section A are vertical whereas
the dominent Moire' pattern is horizontal. (The individual grating
11nes are probably not visible after the halftone printing.) An
enlargement of the photographic emulsion is shown in Section B of
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Figure 22, First Order Diffraction Holographic Reconstruction
From Grating Shown in Figure 19

Figure 21. The transfer of this emulsion is photoresist on gold on
chromium on a glass substrate is illustrated in Figure 21, Section C.
The grating has been intentionally overexposed to reduce the white line
width and providing sufficient density for the subsequent transfer to
the photoresist. Inspection of Figure 21, Section B, indicates a gradual
change of white 1ine width (fringe null). Further, a fine structure
modulation of the black lines is also apparent which transfers to the

metallic grating in Section C.

As a means to qualitatively assess the grating efficiency, the
grating shown in Figure 21 has been employed as a hologram to re-
construct the source in the first order as shown in Figure 22. The
reconstructed image of Figure 22 shows a systematic pattern of wide
angle sources which arise from defects in the cubic beam splitters
Further, the vertical fringes arise from interference in the polari-
zation attenuator employed to balance the two beams. The other
characteristic diffraction patterns can be traced to defects in the
interferometer. The presence of the systematic sidelobes, the fringes
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and wide angle scatter represent defects in the grating which contribute
to the degradation of the efficiency.

The metallic grating i1lustrated in Figure 21C has been employed
as one wall of a hollow planar waveguide. The other wall employed a
glass sheet. The thickness of the waveguide was set at 100 microns.
The transmission characteristics of a CO2 laser beam through this

waveguide with a grating on one surface is iilustrated in Figure 23.
Tne four dominant emission bands of the CO2 laser are evident. The

laser parameters are such that scanning from one rotational-vibrational
line to the next does not entirely suppress its operation. Further,

the experimental configuration and the scanning process excites modes

in the waveguide as TE3, TE2, TE], TE0 and TE], TE2, TE3. The effect
of the grating is indicated at approximately 10.2 microns as a reduction
in the transmission of the waveguide. A thermal detector was employed |
and its time constant is evident in the figure. The effect of the

individual mode orders is not evident in this recording. Total reflection ‘
backward wave grating in this experiment is not possible because the

hollow waveguide will simultaneously support many mode orders while only \
a single order is reflected by the grating. Because the scanning CO2

emits discrete lines and because the grating reflectivity applies for

a specific wavelength, phase matching to produce the backward reflection

occurs at a selected unidentified mode order. Changes of the mode order
represent changes of the angle of incidence.

A dominant portion of the effort has concentrated upon use
of the metallic grating. This experience (absorption) strongly {
suggests that the grating should be an undulated surface changing
the waveguide cross section. The depth of the undulated surface
to produce the desired coupling coefficient is a factor requiring
further investigation. The depth of modulation is determined by { f
the preferential characteristics of the chemicail etch or ion milling '
process. Thus far the modulation depths have been less than one n
micron whereas it is believed that they should be several times !..
larger.,
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i . 1T, REVIEW

P A. CONCLUSIONS AND RECOMMENDATIONS

The effort thus far to develop and demonstrate a C02 gas laser em- -
ploying an integrated optics approach continues to suggest its feasibility,
[ merits , and pctentia. for inciuding means for wide range electronic tun{ng.
The first objective demonstrating this operation has thus far not been
achieved, because the initial design parameters selected within which it
is necessary to create a continuous uniform plasma discharge at relatively
high pressure, has resulted in the production of a2 multiplicity of con-

[ centrated arcs. Thus, the necessary excited 002 plasma within the planar
hollow active waveguide coupled with the feedback waveguide, has not been
[ available for demonstration of laser operation.

A11 the techniques and concepts with the potential to produce a uniform
plasma discharge in a thin waveguide at relatively high pressure have not
been explored. Various means to produce a continuous uniform plasma dis-
charge in the thin waveguide cross section is continuing to receive atten-
i tion. At this juncture, it may be wise to perform a design tradeoff,
relaxing the active waveguide thickness to obtain the necessary discharge
while simultaneously accepting the aggravation of a more severe constraint
upon the backward wave Bragg diffraction coupler efficiency and possible
compromise of the wide tuning range capability. Because the plasma dis-
charge chamber with its constriction by the thin active waveguide is not
amenable to analysis, but instead requires an experimental investigation,
estimates of the laser characteristics based upon the preceding analysis
is not practical until the active waveguide configuration can be defined.
Pursuit of a design to produce a uniform plasma. discharge in a thin
planar waveguide is merited because:

1. the structure provides for continuous high velocity transverse
flow of the gas mixture.

the planar waveguide configuration allows a high thermal con-
ductive wall (Be0) to be in intimate contact with the plasma.

32 transverse flow and transverse excitation provides for a homo-
geneous préssure and temperature profile and thus a uniform laser
collision-broadened emission line.
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4, transverse excitation reducing the gap minimizes the require-
ment for high electric fields.
These features are not conveniently available in a waveguide capillary
structure using a longitudinal flow excitation and coincident with the
optical axis.
The characteristics of distributed-feedback lasers have been studied
with regard toward their application to CO2 planar-cavity-waveguide lasers.
A coupled mode approach has been used to derive the coupling constants
between contra-directional waves propagating in both the aqtive gas wave-
guide and the passive feedback waveguide. It shows that the desired
coupling may be readily achieved with small perturbations in either the
refractive index of the dielectric feedback waveguide or by changes of H
, its cross section. In addition, the complex reflection coefficients for
distributed periodic structures have been computed which provide added
insight into the behavior of DFB lasers. Production of the contra-
directional couplers by interferometric techniques is satisfactory,
however, requires ultraviolet fringe generation directly in the photo-
resist with an absolute minimum of optical elements.

A "longitudinal resonance" analysis using the coupled modes was used
to derive complex eigenvalue equations giving threshold values of the laser
oscillation frequency for distributed hetero-feedback DHFB lasers. It
was shown that a DHFB structure having a central gap in a continuous feed-
back grating gives added control over the lasing spectrum by virtue of
the fact that the frequency spacing of the primary lasing modes away from
the Bragg frequency is strongly dependent upon the length of the central
gap. For very small gap lengths and low gain, the 1ongifud1na1 mode
spacing can be several times larger than the spacing in a conventional
Fabry-Perot of the same length. Thus, the nonuniform distributed feedback
and the frequency selectivity of the contra-directional couplers provides
an independent means to control the longitudinal mode period which can be {
employed to advantage in a high pressure CO2 laser to affect a wider un-
ambiguous tuning range.

The use of an integrated optics approach to construction is merited
because of the attendant economies from batch and planar processing techniques. ]
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the substrate and superstrate surfaces provides an inherent stability.
Further, the planar configuration coupled with traveling surface elastic w
waves provides a convenient alternative means for tuning the laser with

a minimum of control power, because of the interaction throughout the

entire active/passive waveguide region.

l Further, the planar construction with all circuit elements embedded in
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