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ABSTRACT

’I';heoretical and experimental studies on (1) mode filters for single-
frequency Nd:YAG lasers and (2) wide-bandwidth optical modulators
are reported. Stable single-frequency output power of 0.8 W was
obtained from a Nd:YAG laser pumped by a 1-kW tungsten lamp.

The mode filter consisted of a tilted etalon and a thin metallic film

in the laser cavity. Detailed analyses have been made to reduce the
insertion loss of mode filters to an absolute minimum so that effi-
ciency can be increased. The electrooptic modulator uses a micro-
wave interdigital filter structure and hasa 1. 4—GHz bandwidth,

A new circuit design aimed at increasing modulation depth for a
given rf power has been obtained and tested.~ The results show 74%
depth of modulation of 0.51 um light over thé 1- 2 GHz band using 5-W
rf input. For 1.06 um radiation, modulation depth of 52% can be
achieved using 10-W rf input power.>No optical damage or beam dis-
tortion of LiNbO" was observed under continuous radiation of

14 kW/cm green light when the crystal was at 180°/ C.
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Section 1
INTRODUCTION

1.1 GENERAL COMMENTS

The research effort reported here has the broad objective of contributing to the develop-
ment of wide-bandwidth, high-data-rate laser communication systems. Specifically,

the investigation has followed three major tasks:

(1) Design, fabrication, test, and operation of mode filters for Nd:YAG solid
state lasers so as to obtain at least 1-W cutput power in a single mode
(single frequency) at 1.06 ym

(2) Analysis, design, fabrication, and test of a 1-GHz bandwidth optical modu-
lator for 1.06-um radiation

(3) Study and evaluation of laser communication system configurations and com-
ponents that will lead to the formulation of realistic and appropriate objec-

tives for component development

4

The selection of these tasks has been based on the concept that a realistic approach to
the development of ultra-wideband laser communication systems must include develop-
ing a sufficiently stable and efficient laser source in the visible or near-infrared (a
spectral region where fast, sensitive detectors are becoming available) and developing

g a broad-bandwidth efficient optical modulator.

The progress and results achieved during the first year of the contract are presented in
: depth in this report. The efforts have been primarily spent on the first two tasks, the
é single-frequency laser and the optical modulator. The work done on the communication
. system theoretical studies, Task 3, is included in a separate report.
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The contract for this research has been extended in time and scope to specifically in-
clude optimization of the efficiency of the Nd:YAG laser and extending the bandwidth
of the optical modulator to 2 GHz. Experimental and theoretical work to accomplish
these extended objectives has started, and results will be reported in the Fifth
Quarterly Report.

1.2 SINGLE-FREQUENCY Nd:YAG LASER

The solid-state laser using neodymium in yttrium aluminum garnet (Nd:YAG) has the
greatest promise at present as an efficient modest-power source of coherent radiation
and deserves development into a long-life, reliable space-qualified cw transmitter
gource. However, the output of the free-running cw laser is too noisy for use in a
communication source; it exhibits both low-frequency perturbations and rf noise from
the uncorrelated oscillation of many axial cavity modes within the broad frequency band
(up to 50 GHz) where excess laser gain exists. Stable single-frequency operation is
required to allow use of the laser as the source in a cw broadband communication
system using a microwave subcarrier. One method of achieving single frequency
operation is by the use of mode filters within the laser cavity.

Theoretical and experimental investigations have been conducted on mode filters of
three types: Fabry-Perot etalons, thin metallic films, and metallic gratings. These
are placed within the laser cavity to provide frequency selectivity while having low
insertion loss for one axial mode, and thus allow single-frequency operation of the
Nd:YAG laser. A detailed theoretical analysis of the frequency spectrum and loss
characteristics of these filters, both singly and in combination, indicates that a good
solution to the problem of efficiently providing 1-W output power in a single mode is the
combination of a tilted Fabry-Perot etalon and a thin (50 to 100 A) metallic film mode
gelector. The advantage of this combination is that the best properties of each are
utilized to obtain the required selectivity for the single -frequency operation of the

* Nd:YAG laser at the 1-W level of cutput power, and with the requisite low insertion

loss. Experiments with this two-component mode filter in our present Nd:YAG laser
gave 0.8-W single-frequency output.

1-2
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The 0.8-W single-frequency output power of the Nd:YAG laser was obtained using a
tungsten lamp to pump the 5-mm-diam and 30-mm-long Nd:YAG rod in a spherical
pumping enclosure. The rod was water-cooled using a flow rate and hydrodynamic
design which gave minimum thermal and vibrational noise. The resonant cavity con-
sisted of an etalon end mirror coated with a metal film (Ni-Cr) of avout 50- A thickness
on one side and a high reflectance dielectric coating on the other, a tilted Fabry-
Perot etalon, the Nd:YAG rod with a 26-cm curvature on one end, and a 5-cm-radius,
3.5-%-transmission end mirror. With this arrangement the TEM,, spot radius in the
rod was 1.1 mm. The major experimental difficulty observed was the optical damage
occurring on the 5-cm-radius mirror. More highly damage resistant mirrors are

being procured to solve this problem.

A complete descriptionof the work on single-frequency Nd:YAG lasers performed dur-
ing the past year is given in Section 2. It includes the theoretical studies on losses

and selectivity of the single longitudinal mode filters, the laser cavity designs for
maximizing output power, the experimental results that have been obtained, and a com-
parison of the mode filter technique with other techniques for obtaining single-mode
operation,

1.3 WIDE-BANDWIDTH OPTICAL MODULATOR

The optical modulator design that has been studied employs an electrooptic crystal in
a 1.2-GHz bandwidth bandpass microwave interdigital filter structure, as shown in
Fig. 1-1. Excellent results have been obtained at LMSC using this device, with
LiNbO as the modulating crystal, for the modulation of 0.6328- and 0.5145-um

laser radiation. Since the efficiency of the device drops at longer wavelengths, as is
true of all electrooptic modulators, new techniques have been developed for increasing
the efficiency for modulation of the 1.06-um radiation from a Nd:YAG laser.

The approach that has been pursued is the investigation of rf filter designs having
interna! or terminal impedance characteristics different from conventional designs
so that, for a given rf power-flow through the circuit, high rf voltage across the

1-3
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Fig. 1-1 1- to 2-HGz Modulator, Showing Details of Electrooptic Crystal
Assembly for Automatic Electrooptical Bias

14

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHEED MISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION

s, g



e

modulating crystal may be obtained. Unfortunately, conventional filter theory has been
concerned primarily with terminal characteristics rather than internal characteristics.
Therefore, for the internal characteristics to be varied as independent design parame-
ters, new theoretical formulations had to be developed. We found that only a moderate
change in conventional theory was required to achieve a design suitable for our purpose
if the terminal characteristics were allowed to vary. A detailed discussion with our
consultant, Professor George Matthaei, aided us in the theoretical reformulation.
Basically, this approach allows the attenuation characteristics within the passband to
be relaxed slightly so as to give more flexibility to the output-section design nccessary
to arrive at the desired higher rf voltage per unit power-flow. A computer design pro-
gram was set up to obtain numerical designs for the modulator. From these designs,
two modulators were fabricated and tested, yielding the following results.

For 0.5145-um radiation, modulator Model 1showed greater than 60% of modulation
depth over a large portion of the band (3-dB bandwidth 865 MHz) for 3.6-W of rf power
flowing through the circuit. Modulator Model 2, an improved design, showed 70%
modulation depth folr 3.6-W of rf power flowing through the circuit, and 87% modulation
depth for 6.7-W power flow, with a 3-dB bandwidth of greater than 1 GHz. From these
results, greater than 50% modulation depth at 1.06 um can be attained using 7.5-W
power-flow through the modulator.

Another approach that has been investigated for improving modulator efficiency is to
use an interferometric mode of operation rather than the usual birefringence mode,
the latter of which requires a polarizer to obtain intensity modulation. In the inter-
ferometric rhode, the crystal, driven in the same interdigital filter structure, is part
of a high-transmission Fabry-Perot etalon. Theoretical studies have indicated that
increased efficiency is possible using this mode of operation. Uncoated LiNb()3
crystals which had a reflectivity of 14% were first used for these experiment:;. The

. results showed good agreement with theory. Later, LiNbO3 crystals of 30 to 35% end
reflectivities were obtained for this use; such reflectivities appeared to represent the
practical optimum for the currently obtainable crystals. Unfo:tunately, because of
the imperfect parallelism of the end faces and internal beam digtortion problems,
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the results obtained were not significantly better than those for the 147% reflectivity
case. Thus, the successful testing of this approach will have to await the availability
of better quality crystals and cutting techniques.

For the interferometric mode, the optical bias point is determined by the optical length
of the crystal and cannot be controlled by an external compensator as in the case of the
birefringence mode. Therefore, a controller device must be used; such a device is
also useful for birefringence modulation. Two controllers, of different control sen-
sitivity, were designed, tested, and found to work well.

Some studies of more efficient electrooptic crystals for the modulator than LiNbO3
were conducted. Small samples of barium sodium niobate (BANANA) and strontium
barium niobate (SBN 50-50) suitable for the modulator were obtained from crystal
growers. Static birefringence tests and preliminary modulation tests indicated that
the optical quality of these materials was questionable. Mevertheless, because they
were the only materials currently available, additional tests were made after these
crystals had been antireflection (AR) coated for bot', 1.06- and 0.53-um wavelengths.
The strong rf absorption and dc conduction associated with the BANANA sample re-
ceived rendered it unsuitable for our purposes; and the large capacitance associated
with the SBN crystal made it impossible to match it to the present modulator circuit.

The problems of crystal optical damage and stability in vacuum also have been care-
fully examined. No optically induced damage occurred in LiNbO3 when it was main-
tained at 170 to 180°Cat optical power densities of 14 kW/cmZ (0,4880- and 0.5145.-
pm radiation). Also, no measurable beam deviation from Gaussian was observed at
these densities. The stability of LiNbO3 in vacuum was good; no discoloration oc-
curred. One sample of Sro. 6Ba0. 4(Nb03)2 was found to discolor slightly at an optical
intensity of 9 kW/ cm2. However, not enough data were gathered to determine whether
this discoloration was an intrinsic property of SBN. Damage threshold for LiTaO

" was also tested, and was found to be of the same order as LiNb03.

3
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1.4 LIST OF PUBLICATIONS
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S. E. Patterson, D. G. Peterson, R. B, Ward, and R. F. Whitmer, "A 1-Gbit/
sec CW Laser Communication Experiment," Paper 13-B.8, IEEE/OSA Conference
on Laser Engineering and Applications, Washington, D.C., 2—4 Jun 1971

(2) W. Culshaw and J. Kannelaud, "Two-Component Mode Filters for Optimum
Single-Frequency Operation of Nd:YAG Lasers," IEEE JQE, Vol. QE-7, pp.
381—-387, Aug 1971

(3) H. V. Hance, K. K. Chow, R. C. Ohlmann, D. G. Peterson, and R. B. Ward,
"Modulation/Demodulation Techniques for an Optical 1-Gigabit/Second Inter-
satellite Data Transmission System, ' presented at International Telemetry
Conference, Washington, D.C., 27-29 Sep 1971
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Section 2
SINGLE-FREQUENCY Nd:YAG STUDIES

2.1 INTRODUCTION AND SUMMARY OF SINGLE-FREQUENCY LASER STUDIES

These contractual efforts are /lirected to the development of an efficient, single-
frequency Nd:YAG laser capable of 1 W output at 1.06 um with relatively low values
of unsaturated single~pass gains (= 5%). The initial investigations have been made
using a Nd:YAG rod pumped in a spherical pump cavity with a tungsten lamp at 1-kW
input power. This pumping technique gives laser gains of 5% and also allows suitable

structures, mode filters, and laser cavities to be designed for efficient operation,

The first quarterly report deals with the elimination of laser rod vibrations and with
providing an adequate rate of cooling water flow along the laser rod for quiet stable
operation. The importance of precise alignment of the rod with respect to the cavity
mode was also emphasized. The application of single- and two-component mode filters
to produce a single oscillation in the resonant laser cavity was also considered.

Initial designs of a double-nichrome-iilm mode filter and of the tilted Fabry-Perot

etalon-nichrome film mode filters were esgablished.

The semiannual report deals with the optimization of these designs and with the possible
use of a single, highly reflective (~ 75 to 85%) Fabry- Perot etalon for single-frequency
operation in some instances. Here the idea of an angular spectrum of plane waves
constituting the particular cavity mode was applied to deduce the intracavity tilt loss

of such etalons as a function of beam waist size, etalon reflectivity, etalon thickness
and tilt angle. Experimental results agreed with such computations and the work
allowed the optimization of such etalon designs. Further work on the double-nichrome-
film mode selector indicated its limitations and showed that the tilted F-P etalon-
nichrome film construction represented a good practical solution for producing single-

frequency operation of Nd:YAG lasers with low insertion lose.

2-1

LLOCKHEED PALO ALTO RESEARCH LABORATORY
LOCKMHEED MISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION

s S P



The third quarterly report dealt with measuremerts on the threshold of the Nd:YAG
lasers using the high reflectivity etalons for single-frequency operation. This showed
that 85% reflectivity was too high due to the high insertion loss of the etalon, resulting
in a considerable increase in the threshold of the laser. Furthermore, it was difficult
to prevent the laser from using such a highly reflective etalon as the laser end mirror,
in which case the etalon did not act as a single-frequency mode filter. Optimum designs
for a 5-mm-thick, 60% reflective, tilted etalon in combination with a 64-;\ nichrome
film placed on a 2-mm thick quartz etalon were established. In addition, thicker F-P
etalons of lower reflectivity were shown to be advantageous in some instances. Further
experimental studies were performed on the double-nichrome-film mode filter which
indicated its sensitivity to cavity perturbations and the difficulties in naintaining single-
frequency operation with such a device.

It was also shown that the optimization of the single-frequency power output requires

an adequate TEMoo mode volume within the laser rod to reduce the effects of saturation
and to use efficiently the total population inversion within the laser rod, Optimum
cavity designs were thus established using intracavity focussing elements and a short
radius laser mirror. With cavity designs using one 10-cm-radius mirror and a plane
mirror and with the rod end given a convex curvature to act as a focussing element,

a TEM o Power output of 1.1 W at 1.06 um was obtained using 1-kW input to a tungsten
lams as the pump source in the spherical cavity. On inserting the tilted F-P etalon-
nichrome film mode selecter, a single-frequency output of 0,5 W was obtained,

Since the calculated mode radius in the rod is only 6.75 mm, the mode uses only a small
portion of the 5~-mm-diameter rod. Theory showed that this may be increased by using
a 5-cm-radius mirror. When the mode radius in the rod inci‘eases to 1,056 mm, it

was predicted that the TEMoo power would increase to 2 W and permit 1 W of single-
frequency output to be attained.

To facilitiate reaching this objective, complete design curves for efficient sing.o-
frequency Nd:YAG lasers were deduced and werc given in the third quarterly report.
These showed that the two-component tilted Fabry- Perot etalon-nichrome film mode
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filter developed at LMSC has a very small insertion loss {(~ 0.1%) and will allow
single-frequency outputs of 1 W to be obtained from low gain (~ 5%) Nd:YAG lasers.
This is in contrast to some other ‘schemes to be discussed later which make use of
intracavity polarizers or Faraday rotators and which, in general, produc~ higher
ingertion losses. Other topics dealt with in the earlier reports included computerized
solutions of the beam modes in cavities with internal focussing elements, and with the
use of a laser output mirror with a continuously variable power transmission to
measure the basic design parameters such as laser gain, insertion loss, and tho
saturation parameter of operating Nd:YAG lasers. The stabilization of the single-
frequency laser using a Fabry-Perot etalon has also been considered, and the initial
work done on incorporating the more efficient potassium-rubidium lamp pumping was
also reported.

In what follows we shall elaborate ou the basic ideas given here and report on the work
done in the fourth quarter. First, we shall compare the two-mode filters developed
and point out their respective advantages and limitations. giving the experimental
results obtained on single-frequency operation. This will be followed with the results
obtained with the more efficient 5-cm-radius mirror and with the difficulties encountered.
With this mirror curvature a single-frequency power output of 0.8 W has been
observed using tungsten lamp pumping, a result achieved because the laser rod was
more adequately filled with the TEMoo mode. Some difficulties have been encountered
with such short-radius mirrors and the rod radius (25 cm) used, especially when the
F-P etalon is inserted and tilted. These are associated with the increased sensitivity
of such laser cavities, and with the slight modification of the electric field of the mode
due to tilted etalons. Such effects, which occur only in the more sensitive cavity
desigrs, are presently under investigation.

Finally, some comparison is given of the LMSC mode filter approach with other known
methods for single-frequency operation of the Nd:YAG lasers. This includes the use
of a ring type, or traveling wave mode, of laser operation which might be beneficial
because of its more efficient use of the population inversion, since spatial hole
burning would then be eliminated.

2-3

LOCKHEED PALO ALTO RESEARCH LABORATORY
LOCKHEED MISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKHEED AIRCRAFY ~ORPORATION

g foastm i
2 i ., T PR

i



2.2 TILTED FABRY-PEROT ETALON AND METALLIC FILM MODE SELECTOR
2.2.1 Frequency Responses of Suitable Mode Filter Designs

Figures 2-1a and 2-1b show the overall power reflection coefficient of the two component
tilted F-P etalon-nichrome film, mirror etalon as a function of the frequency deviation

. from resonance. It is cléar that the transmission curve of the tilted etalon may be
made selective enough to suppress adjacent axial modes while the metallic film-laser
mirror etalon falls off in reflectivity sufficiently so that oscillations at other resonances
of the F-P etalon are suppressed. These additional resonances are spaced more
closely for the thicker 11-mm F-P quartz etalon as shown in Fig. 2-1, but the lower
reflectivity required with a thicker etalon for a given etalon selectivity is advantageous

in some instances.

The power transmission curves and the selectivity @ for such F-P etalons may be
deduced from the usual formulas (Ref. 2-1).

2
_ (1-R)
T = )

1- ZRCUSZ(kzd+ y) + R

@ - B @1

where

¥ 2rn/A
the refrective index
the reflectivity of the etalon surfaces

the phase shift in reflection

=
|

e« w B
oo

These formulas allow one to compare the transmission and selectivity of various
etalons, as well as to deduce the overall power reflection coefficient of the etalon

’ﬂ
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designs for frequencies well away from resonance. A more complete formulation
dealing with the multilayer problem has been derived which gives the phases of the
transmission and reflection coefficients.

Such mode filters for single-frequency operation of Nd:YAG lasers are adequate for the
low-gain lasers (~ 5%) pertinent to the present development. The insertion losses are

'small and selectivity sufficient for suitable designs. The laser output may be taken

through the nichrome film with very small losses at the desired operating frequency.
Designs may be optimized for any desired cavity configuration.

For high gain lasers (20 to 30%), the etalon reflectivity and the axial mode spacing of
the laser should be adjusted to avoid the possibility of the tilted etalon itself acting as
the laser mirror. In this connection it may be shown that the 68% reflective etalon
has an overall power reflection coefficient of 96.5% at minimum transmission, while
the corresponding figure for the 38% reflective etalon is 80%. Such a possibility can
be eliminated by tilting the F-P etalon so that reflections from it are outside the cavity
mode. The additional tilt-loss introduced for the desired transmission mode of the
etalon may not be too serious for such high gain lasers, but should be reduced as far
as possible by using the largest possible axial mode spacing of the cavity resonances
to reduce the selectivity required.

In general, such difficulties do not arise with the low gain lasers of primary interest.
Etalon coating reflectivities of 35 to 60% with appropriate thicknesses of the quartz
substrate give adequate selectivity for typical cavity configurations. Single-
frequency operation has been achieved with relative ease for all but the more sensi-
tive cavity configurations that have been used to boost up the TEM - mode volume

in the rod. These are under further investigation.

2.2.2 Tilt Loss of the Intracavity Fabry-Perot Etalon

Some discussion of the tilt loss was given in the semiannual report, where the use of
the etalon as in transverse mode filter for modes TEMoo through TEM7 o Was indicated.
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In that r« nort the concept of the angular spectrum of plane waves, corresponding to
the various modal distributions of the electric field in thé cavity, was developed. For
the desired 'I‘EMoo mode of operation, the electric field distribution and its associated
angular spectrum at the waist position in the cavity are given by

2,2
E(x) = ¢* /a

2 2
(2 wf1r)_1 ae Kxa /4

Bk )

’ (2.2)

where a is the radius of the beam waist, and kx is the x component of the wave

vector k corresponding to the direction of propagation of the given plane wave,
The power reflection and transmission coefficients of the tilted etalon have been

deduced and are given by

PI'

- m f ,B(kx)lz 4 R sin2 [(k'z + kz) d/(2 cos ¢t)] )
1- 2Recos [(k, +k,) d/cos ¢,] + RZ *

2 2
[Bex)|” @ - R) i

P, =m :
t OJ 1~ 2R cos [(k'z + kz) d/cos ¢t] + R? x

(2.3)

n_ = the admittance of free space

w
N‘
|}

k, cos (2 ¢,) - k, sin (2 ¢,)

k, =(k%n® - kf()l/z
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n = the refractive index of the etalon

R = reflectivity

¢ = the tiit angle
The integrals may be normalized such that Pt =1 when R = 0. Normalized values
which yield Pt =1 and Pr = 0 when R # 0 then represent zero tilt loss in the ’
etalon. Finite values of Pt <1, and Pr > 0 correspond to insertion losses in the
intracavity etalon and may te calculated as functions of the etalon parameters (re-
flectivity or selectivity, thickness, refractive index, and tilt angle) for various beam
waist radii and modes of the cavity.

Figure 2-2a shows computed values of the tilt loss for a quartz etalon 1 cm thick as a
function of its reflectivity for various TEM00 mode waist radii, and for a typical tilt
angle of 3 min. The importance of an adequate size of beam waist at the etalon is
clearly emphasized by the curves. LMEC cavity designs produce beam waist radii

of 0.8 to 1.0 mm at the etalon and use reflectivities of 30 to 60%. The requirement
to use large beam waists to reduce losses is consistent with the requirement of an

adequate beam spot size in the laser for efficient operation.

Curves of power reflection loss of the tilted etalon versus etalon length are shown in
Fig. 2-2b for different waist sizes, an etalon reflectivity of 50%, and a tilt angle of

3 min. These results show that the power reflection loss is approximately propor-
tional to L2 , where L is the thickness of the etalon. The designs being experimented
with at LMSC will have relatively low insertion loss ~0.1% or better.

Figure 2-2c shows the tilt loss versus tilt angle for various waist sizes, an etalon
thickness of 1 cm, and an etalon reflectivity of 50%. It is seen that for the smaller
waist radii ~0.2 mm, some loss occurs even at normal incidence or zero tilt angle.
The insertion losses are small for the nominal values of tilt angle ~ 3 min used in
practice with our 5%-gain Nd:YAG lasers. Finally,. Fig. 2-2d shows the tilt loss as
2 function of the refractive index of the etalon substrate for a reflectivity of 50%, an
etalon thickness of 1 cm, and a tilt angle of 3 min. It is clear from these curves and
Eq. (2.1) that the tilt loss of the etalon can be reduced, for a given selectivity and
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reflectivity, by increasing its refractive index, thus allowing a decrease in the etalon
thickness.

Summing up these theoretical results show that intracavity tilted Fabry-Perot etalons
can be used for efficient mode selection in low gain (~ 5%) Nd:YAG lasers, and that
the insertion losses may be kept small (~0.1%) for appropriate cavity designs produc-
ing beam waist radii in the etalon of ~1 mm. Such low-loss etalons may be designed
for lasers of most nominal axial mode separations (300 MHz or greater), and this,
together with the relative case in their practical use (discussed in subsection 2. 5),
makes them very satisfactory as a component part of mode selectors for single-
frequency operation. Some experimental verification of these results was given in

the Third Quarterly Report.

2.2.3 Insertion Loss of the Metallic Film — Reflector Etalon

Figure 2-3 shows the thin nichrome film - reflector etalon which is used to eliminate
possible additional laser oscillations at other frequencies within the gain curve of
Nd:YAG. These could occur at frequencies corresponding to other resonances spaced
at the free spectral range of the tilted etalon (~ 20 GHz apart for a 5-mm-thick fused
quartz etalon). Such additional oscillations will not have a node of the electric field
at the nichrome film, when the film-mirror etalon is tuned to the desired frequency,
and hence will suffer loss. It is important to deduce the magnitude of such losses as
a function of tiie frequency deviation from resonance of the mirror etalon for various
thicknesses of the nichrome film. Such computations also allow the deduction of the
loss introduced by such films for the desired mode of operation.

Referring to Fig. 2-4, which represents the transmission or characteristic matrix

- of a single layer (Refs. 2-2 and 2-3), and its amplitude reflection and transmission

coefficients, we may deduce from impedance considerations that

[2A - B+C))r +B-C
ntl ~ 2A+B +C - B+C)r,

r (2.4)
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Fig. 2-4 Diagram Showing the Parameters Used for Computations
on a Single Layer of the Reflecting System

2-13

LOCKHEED PALO ALTO RESEARCH LABORATORY i

LOCKHEED MISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKMHEED AIRCRAFT CORPORATION

—




This is the recurrence relation between the reflection coefficients for the cascaded
layers, where the reflection coefficients at the indicated planes are with reference to
incidence in free space. Similarly, the transmission coefficient through the layer is
given by

2

thh A FTBrC-B-OT,

(2.5)

and the overall transmission through a number of such layers is then the product of

the transmission coefficients of the individual layers.

For a dielectric layer, the transmission matrix is given by

En+1 cos kzd Z sin k d E
= . 6)
Hn+1 sin k, d/Z cos k. d

d = the thickness of the layer

where

kz = 2m d/)t
ng = the refractive index
zZ g = 1/n g = the normalized characteristic impedance of the dielectric for

normal incidence

For the metallic film ny is equal to n - ik, where k is the extinction coefficient.
The tranmission matrix for this then becomes

En+ ;l cosh 'ylm Z . sinh 'y!m En

2.7)

H sinh 'ylm/ z, coshyt H

n+l n
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where

y = 2x(k+in)/A
Zm = 1/(n - ik)
!m = the thickness of the metallic film

Thus, by inserting these matrix elements for each layer into Eqs. (2.4) and (2.5), the
overall reflection and transmission coefficients of the composite nichrome film — multi-
layer reflector shown in Fig. 2-3 can be determined.

The results of such computations are shown in Fig. 2-5 for a 50 A nichrome film on
one side of a 2-mm-thick quartz etalon with various numbers of quartér wave dielec~
tric layers on the other. The values n, = 1.35 and n = 2.30 (Ref. 2-4) for the
low and high refractive indices were used in these computations. Figure 2-6 shows
similar results for the 100 &-thick nichrome film, where the pzrameters used were
n = 2,40, and k = 3.50. These results show that the freque..cy response of the
nichrome film-mirror etalon becomes sharper as the film thickness increases within
limits since the film will eventually become opaque at thicknesses of 500 to 1000;\. at
1.06 um. The shape of these response curves has been verified experimentally, and
the agreement with the theoretical results was very good. It is quite striking that the
reflectivity of the 100 A nichrome film-mirror etalon falls to zero at 20 to 30 GHz
from a resonance - of the etalon, which result has also been experimentally verified.

The response curves showa in Figs. 2-1a and 2-1b represent the overall response or
reflectivity of the composite tilted etalon shown, plus the nichrome film-mirror
etalon, and are thus curves of the effective mirror reflectivity for laser oscillation.
Laser oscillation will occur at reflectivities such that laser threshold is reached.
The mode filters permit threshold to be reached only at the desired single-frequency
corresponding to a single axial mode of the laser, even in the presence of spatial
hole burning.
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Table 2-1 gives the values of the peak-power reflection and transmission coefficients
R and T of the 50 A nichrome film etalon for various numbers N of quarter-wave
dielectric layers. These occur at the indicated frequency deviation Af from resonance
of the quartz substrate.

Table 2-1

POWER REFLECTION AND TRANSMISSION COEFFICIENTS FOR A 50 A
NICHROME FILM AND MULTILAYER REFLECTOR ETALON
FOR VARIOUS NUMBERS N OF QUARTER-WAVE DIELECTRIC LAYERS

Af
N (MHz) _R T 1-@R+T)
17 -300 0.99977 0.00015 0.00008
13 -300 0.99865 0.00126 0.00009
9 -300 0.98936 0.01057 0.00009
-200 0.96057 0.03025 0.00008

These results show that there is very little insertion loss for a 50 A nichrome film,
and that the laser output may be taken from the film end. Table 2-2 gives similar
results for the 100 A nichrome film. The loss in the film is now >0. 1%.

Table 2-2

POWER REFLE CTION AND TRANSMISSION COEFFICIENTS FOR A 1001&
NICHROME FILM ON A MULTILAYER QUARTZ ETALON

Af
N (MHz) _R T 1-@®+T)

13 -700 0,99759 0.00126 0.00115
9 -700 0.98829 0.01054 0.00117

Thus, for nichrome film thicknesses up to around 100:\, there is no serious loss in
the film when the quartz etalon is tuned to the desired frequency, and the laser output
may be taken through the nicrhome film-reflector combination.

In conclusion, the two-component tilted Fabry-Perot etalon-nichrome film mode filter
developed by LMSC under the first hase of this contract may be designed for low
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overall insertion loss and adequate selectivity. Hence it is very suitable for the
efficient, single-frequency operation of low-gain Nd: YAG lasers using standing wave

resonant cavities.
2.3 DOUBLE-NICHROME-FILM QUARTZ ETALON MODE FILTER

This type of mode filter for the single-frequency operation of Nd: YAG lasers was dis-
cussed in the First Quarterly report. An example is illustrated in Figs. 2-7a and
2-Tb, together with curves of the overall reflectivity versus the frequency deviation
from resonance. Sharp changes in the impedance presented to the film by the reflec-
tor occur as the frequency changes from the resonance condition and the insertion loss
increases rapidly for unwanted modes. '

Such a mode filter may be made selective enough to suppress axial modes adjacent to
the desired mode by adjusting the distance between the double-film etalon u:d the
laser mirror. The computed results for such spacings of 22 mm and 11 mm ave shown
in Figs. 2-7a and 2-7b. The larger spacing gives an increased sharpness to ! "e
numerous responses. These are due to the free spectral range of the etalon — mirror
distance and constitute a serious disadvantage for this type of mode selector as
compared with the much cleaner response of the tilted Fabry-Perot etalon — nichrome
film mode selector shown in Fig. 2-1la. The fall-off in the reflection coefficient at
these multiple resonances is due to the double nichrome film etalon and increases with
increased nichrome film thickness. However, the insertion losses also increase with
film thickness and it is difficult to suppress all possible laser oscillations at these
multiple resonances, while still maintaining an adequate selectivity against adjacent
axial modes. This is compounded by the obvious difficulty in avoiding coincidences of
the resonances of the etalon-mirror distance and of the double nichrome film etalon
within the wide gain curve of the Nd:YAG laser transition.

The double-nichrome-film mode selector also requires very good laser stability
gince both films must be positioned at nodes of the electric field of the desired cavity
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( Fig. 2-7 Double-Nichrome-Film Quartz Etalon Mode Filter for Single-Frequency
Nd:YAG Lasers; Total Power Reflection Coefficient Versus Frequency
Deviation From Resonance Condition
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mode. This proves to be difficult to maintain in practice as confirmed by our experi-
ments on such mode filters. In insertion loss, this mode selector is similar to that
obtained earlier for single-metallic films, and our experiments so far indicate that

it is smaller than that of tilted Fabry-Perot etalons of comparable selectivity. How-
ever, its application to the single-frequency operation of Nd:YAG lasers has proved
difficult because of the positioning constraints involved within the laser cavity. As
detailed in the Third Quarterly report, the single-frequency power output obtained
with our present doﬁble—nichrome film etalon mode filters is lower than that obtained
using the tilted Fabry-Perot etalon-nichrome film mode filter. Also, experiments so
far have substantiated the practical advantages of transmission-type mode filters as
compared with double-nichrome-film devices which require precise positioning within
the laser cavity.

2.4 LASER CAVITY DESIGN FOR EfFICIENT SINGLE-FREQUENCY Nd:YAG
LASERS

Design curves for efficient single-frequency Nd:YAG lasers were given in the Third
Quarterly report, where the steady--state operation of the laser was deduced from the
equation (Ref. 2-5)

2 8o
—35p- = L+T (2.8)
where
g = unsaturated single-pass gain
S = saturation parameter of the particular laser
Pc = circulating power flow in the cavity
L = double-pass cavity loss
T = transmission of the output mirror with the other laser mirror being

perfectly reflecting
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From Eq. (2. 8); we obtain the expressions

o 1 (?8,- @
c 28 L+T
Pout » TE;
, 2.9)
_ 1/2

Toptimum - (2 g01> - L

max = 1 (5 2
Poui: - 28 ( 28, - m)

The importance of the saturation parameter S is evident from these results since
both the circulating and output power levels of the laser are proportional to 1/5.
This factor increases with the mode volume in the YAG rod and emphasizes the
importance of optimum cavity designs and of a knowledge of the value of 1/8 for the
particular laser design. As detailed in the Semiannual report, the use of a laser
output mirror with a continuously variable power transmission coefficient allows a
determination of the operating parameters By L, and S of the particular laser
from such experimental curves of power output versus mirror transmission.

An optimum laser resonant cavity design must match the cavity mode into the image
of the pump lamp in the Nd: YAG rod to give the maximum TEM00 mode volume and
thus optimize the efficiency of the laser. This is accomplished at LMSC by using
intracavity focusing elements such ag a lens or, more appropriately, by shaping the
Nd:YAG rod to act as the focusing element. The stability of such resonators and the
mode waists and spot sizes throughout the resonator have been deduced using the
paraxial ray theory and the ray transfer mairices (Ref. 2-6) of the various opti~al
components, '

Consider first the arrangement shown in Fig. 2-8, in which one end of the Nd:YAG
laser rod has a radius of curvature R and acts as its own internal lens. Such a
design is preferred for an efficient low-gain Nd: YAG laser at the 1-W level of output,
where minimal cavity loss is of paramount importance. The overall ray matrix (the
ABCD matrix) for this internal optical system is then deduced ag
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Fig. 2-8 Use of Laser Rod As Intracavity Focusing Lens With
Appropriate Curvatures R on Rod

(d+ nd2) (dd1 + ndldz)
AB I-Td1+d2+d/n-—£§——- i
= (2.10)
1
€D -7 1- dl/f
where
f =R/n-1) (2.11)

is the equivalent focal length of the YAG rod, and n is its refractive index. The three
basic laser resons.tor parameters, the Fresnel number and stability factors, may now

be written in terms of the above ray matrix. The Fresnel number is given by

N = === (2.12)

a a
1 B 2 B)
G, = — - i G, = ={D-= (2.13)
1 9‘2( R) 2 a1< R2
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where 29.1 and 2::12 are the diameters of the respective laser mirrors [Ref. 2-7).

For a stable, low-loss resonator, we must have
0 = GG, =1 (2.14)

These equations, therefore, allow stable laser cavity configurations to be deduced.

The beam radii, or spot sizes, w, and w, on the respective mirrors of the resonator
with the internal focusing element, are then given by (Ref. 2-7)

Ad
_ o -1/2
w1 w, = & -(1 - Gl G2) (2. 15)

w a, [G 1/2
1 _ “1{72

v = a\G. (2.16)
2 2\"1

where the distance d in Eq. (2. 15) is given by the matrix element B in Eq. (2.10),

and

and represents an effectlve distance botween the mirrors as modified by the internal
focusing element. For cases where d is very small, the ray angles of interest
become rather large and such cases are excluded. The formulae (Ref. 2-€)

g
wie) = wh |1+(25 @.17)

™ )

0
and

2

()
R(z) = z|1 + (2.18)
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where Yo is the beam waist radius, may now be used, together with the consequential

relation

2z 2. 19)
™9
to determine the beam radius w(z) and the radius of curvature R(z) of the wave front

throughout the laser cavity. Optimum designs of the laser cavity for given Nd:YAG
rod dimensions and lamp pumping geometries have thus been established.

Figure 2-9 shows the results obtained for the beam spot radius at the YAG rod versus
the curved mirror-rod distance d1 for various mirror radii Rl and focal lengths of
the laser rcd. The Gaussian beam spot radius at the YAG rod and the beam waist

are relatively ihdependent of the distance d2 from the plane mirror near which the
mode filters for single frequency operation are situated. These curves show that an
adequate spot radius R at the laser rod is obtainable in such cavity designs. For
example, a mirror radius Rl of 10 cm and a radius R on the rod of 25 cm will
produce a spot radius at the rod of 0.8 mm, while a radius R1 of 5 cm will give a spot
radius of 1.1 mm. These large spot radii provide adequate TEM00 mode volume in
the rod, and thus reduce the saturation parameter S and make more effective use of the
excited Nd ions. Measurements made on our operating lasers are in good agreement
with these theoretical curves and demonstrate the validity of the ray transfer method
of optimizing cavity design.

Variants of the cavity design shown in Fig. 2-8 are possible. Thus, the mirror R1
may be made convex so as to provide a virtual waist with the same adequate mode
volume in the laser rod and with a shorter overall cavity design.

As another alternative, one might use the arrangement shown in Fig. 2-10, which has
an internal lens of focal length f placed at distances d1 and d2 from the respective

mirrors. The internal optical system then comprises the spacing d, , the lens of

1 ’
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Fig, 2-10 Increasing the TEMg, Mode Volume in the Laser Rod With an
Intracavity Focusing Lens

focal length f, and the spacing d2 , for which the paraxial ray transfer matrix is
given by

A B 1- dz/f dl + d2 - dldz/f

[}

(2. 20)
C D -1/f 1-d./f

The expressions for the complete TEM00 mode parameters within the laser cavity are
deduced as before for appropriate values of f and d1 . From these results, optimum
cavity designs have been determined which adequately fill the laser rod with the TEMoo
mode. The mnde design must be made compatible with the pumping geometry in order
to obtain the best efficiency. Since it avoids introducing additional components into

the laser cavity, the self-focusing laser rod geometry is preferred. This arrange-
ment may also be designed to avoid difficulties due to the thermal self-focusing of the
laser rod by making the geometrical lens affect the dominant one.

2.5 EXPERIMENTAL RESULTS
2.5.1 Laser Design

The Nd:YAG laser developed v LMSC during the initial contract phase uses a 30-mm-
long by 5-mm-diameter rod pumped by a 30-mm-long by 5-mm-diameter filament
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tungsten-iodine quartz lamp in a 8-in. ~diameter spherical, gold-coated, pumping
cavity. This spherical cavity geometry approaches the maximum possible coupling
or pump efficiency for short laser rods and lamps. It represents a suitable standard
of pumping arrangement for the comparison of other pump sources such as elliptical
cylinders or close-coupled methods which az¢ more suitable for longer lamps and
rods, By increasing the TEMoo mode volume in the rod as detailed in subsection 2.4,
a level of single-frequency output of 1W should be obtained in this Nd:YAG laser at
the 1-kW pump power level using the turgsten-iodine lamp, and 0.8-W single-
frequency output has already been achieved.

In conjunction with this effort work has proceeded on improving the overall efficiency
of the single-frequency operation of the Nd:YAG laser by incorporating the new
potassium-rubidium lamps into the laser design. Under the proper conditions of
pressure and temperature, the potassium resonance lines radiate efficiently at the
infrared absorption lines of Nd3+ in YAG. Results show that an approximate threefold
improvement in pumping efficiency over the tungsten filament lamp is possible

(Ref. 2-8).

The first laser cavity arrangement used is shown schematically in Fig. 2-11, where
the distance between the reflectors is some 40 cm giving an axial-mode spacing of

360 MHz. The initial work on the development and testing of the mode filters was

done in the laser cavity shown. This cavity had a TEM00 mode radius of about 0.6 mm.
After the mode filters were developed and the fabrication techniques established,

laser mirrors with radii of 10 cm and finally 5 cm were used (in conjunction with a
curvature on the rod) instead of the 4-m-radius mirror in order to increase the TEMQ0
mode volume in the laser rod and thus to increase the single-frequency power output

of the laser. Mechanical stability was obtained by mounting the laser reflectors in
substantial end plates and using vibration damped Invar rods as spacers. Tie laser
rod holder was designed so that the cooling water is directed to the rcd through three
ports at right angles to each other. This was found to reduce substantially the mech-
anical vibrations encountered in our earlier one-port cooling jacket. An iris was used
{o obtain TEMoo mode operation, although the mode selectors also provided some

rejection of off-axes modes.
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Fig. 2-11 Nd:YAG Laser Configuration Used in Mode Selector Experiments

2.5.2 Tilted Fabry-Perot Etalon and Metallic-Film Mode Selector Experiments

The performance of a number of mode filters for the single-frequency operation of our
Nd:YAG laser has been evaluated and optimum designs have been established. Intra-
cavity 5-mm-thick fused-quartz etalons, both uncoated and with 45 and 60% reflective
coating, and an 11-mm-thick fused-quartz etalon with 35% reflective coatings were
investigated. Single-metallic-film-reflector mode selectors were also fabricated and
their performance ascertained. This type of selector was then used in conjunction

with the 11-mm-thick fused-quartz etalon to suppress laser oscillations at the next
free spectral range (9.35 GHz) of this intracavity etalon as discusser in subsection 2. 2.
In most of these experiments, the laser was operated at a 1-kW pump power level at
which the unsaturated single-pass gain of our laser is about 5 percent,

Figure 2-12a shows a typical frequency spectrum of the lager output without any mode
filter; the spectrum obtained with a confocal scanning interferometer of 8 GHz free
spectral range. Since the free-running Nd:YAG laser has multimode oscillation
widths some 30 GHz wide, the spectrum displayed consists of competing oscillations
on a number of cavity modes. Furthermore, the observed spectrum is not stationary
but shows continuous mode hopping with accompanying fluctuations in the laser output.
A similar spectrum was obtained with the 5-mm-thick fused quartz etalon inserted
normal to the laser beam.
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(a) Typical frequency spectrum of the
free-running laser as displayed by
a scanning interferometer with a
free spectral range of 8 GHz. Fre-
quency scale, 1 GHz/cm

(b) Same as (a) but with a 5-mm-thick
quartz etalon of 60% reflectivity in
the laser cavity. Etalon tilt angle,
3 arcmin. Output power, 200 mW

(c) Same as (a) but with a 5-mm-thick
uncoated quartz etalon inside the
laser cavity. Tilt angle now 2 arcmin.

Output power, 430 mW

Fig. 2-12 Output Frequency Spectra of Operating Nd:YAG Laser
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As the etalon was tilted, the spectrum became increasingly cleaner, With such a 60-%
reflective coated etalon, three axial modes were observed at a tilt angle of 1.5 arcmin,
two modes at 2 arcmin tilt, and finally, at a tilt angle of 3 arcmin, a single stable
axial-mode oscillation with an output power of 0.2 W was obtained as shown in

Fig. 2.12b. However, the free spectral range of the 5-mm-thick quartz etalon (20.5
GHz) was not sufficient to completely eliminate oscillation at its next resonance.

This is apparent in Fig. 2.12b, although the undesired oscillation is quite weak. The
present laser gave a multimode TEMoo output of 0.55W.

Experiments were performed using a uncoated 5-mm-thick quartz etalon which had
its reflectivity determined by the Fresnel reflection at the dielectric-air interface.
As expected, the reflectivity was too low to reduce the laser oscillations to a single
frequency, although when the etalon was tilted by 1 aremin, the spectrum reduced to
3 adjacent axial modes, as shown in Fig., 2-12¢. No mode hopping was observed and
the output was extremely quiet and stable.

As was observed with all the etalons, the 11-mm-thick etalon with 35% reflective
coatings produced no change in laser threshold and output then inserted normal to the
laser beam. In cor‘rast to the 5-mm-thick etalons it did, however, effect some mode
selection even at normal incidence. The reason for this is probably its greater selec-
tivity, as deduced from Eq. (2.1) ; thus, some decoupling from the laser reflector
occurs with this etalon even at normal incidence. A typical spectrum observed for
normal incidence is shown in Fig. 2-13a. Three adjacent modes are oscillating,

and the spatial inhomogeneity of resultant population inversion is sufficiently small

in this case so that no oscillations occur at the next resonance of the etalon, which is
9.35 GHz away.

When the etalon is tilted by 2.6 arcmin, the oscillations on adjacent axial modes are
suppressed, and the new frequency spectrum is shown in Fig. 2-13b. There is now
sufficient residual gain at some portions of the rod to allow two more oscillations at
9.35 GHz away from the main one. The position of their display arises from the
overlapping orders of the scanning interferometer. When a 64~ A-thick nichrome
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(a) Fabry-Perot quartz etalon 11-mm-
thick with 35% reflectivity inside the
laser cavity. Normal incidence.
Output power, 550 mW

(b) Same as (a) but with etalon tilted
2.6 min of arc. The satellite modes
are displayed from overlapping orders
of the scanning interferometer and
occur at 9.35 GHz from the main
mode. Output pewer, 300 mW

(c) Single-frequency, operation with
tilted 11-mm-thick etalon and metal
film reflector combination. Fre-
quency scale as before. Output
power, 200 mW

Fig. 2-13 Output Frequency Spectra of Operating Nd:YAG Lascr
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film-reflector etalon (5 mm thick) was used in conjunction with the 11-mm-thick
Fabry-Perot etalon, these undesired oscillations were completely eliminated and a
stable single-frequency Nd:YAG laser output was obtained, as shown in Fig. 2-13c.

r; These initial investigations were mainly concerned with the dgsign and fabrication of
Fabry-Perot etalons and with developing the thin film techniques required for the
depositions of 50 to 100 A thick nichrome films onto fused quartz etalons. The cavity
configuration shown in Fig. 2-11 with its 4-m-radius mirror gave a beam spot radius
at the YAG rod of only ¢.6 mm. Sucha TEMoo mode volume uses only a small por-
tion of the pumped rod resulting in low efficiency and low TEMoo output nower (0.55
to 0.6 W) in this case. Thus, the efficiency and single-frequency power outputs were
increased in the next phase by increasing the mode volume in the rod.

The cavity configuration was modified to use a Nd:YAG laser rod with a fairly short
radius of curvature (25 to 30 cm) ground in one end in conjunction with short radius
mirrors (5 to 10 cm) instead of the 4-m-radius mir:ror. In agreement with the theory
in s:dsection 2.4, this increased the TEMoo mode volume in the rod and TEMoo power
outputs of 1, 5W were obtained in one such laser cavity with a 1-kW tungsten lamp.
This cavity consisted of a laser rod with a 30-cm radius on one end and a 10-cm-radius
laser reflector.

In another cavity configuration using a radius of 25 cm on one end of the rod in conjunc-
tion with a 10-cm-radius reflector, we have obtained 1.1W TEMoo output power with

a 1 kW tungsten lamp. The calculated TEMoo mode radius at the rod for this config-
uration is 0.75 mm, and hence the mode still uses only a small portion of the pumped ;
rod. With this arrangemoent we have obtained a stable, single-frequency TEMoo out-
put by 0.5W at the 1-kW pump level.

We are presently investigating the use of a 5-cm-radius reflector which would increase
the mode radius at the rod to about 1.05 cm. This should increase the TEMoo output
power to 2W and would then give 1 W of single-frequency output at 1.064 . In initial

i i e e i sonl s iy S

experiments with a 5-cm-radius reflector and a 25-cm-radius on one end of the laser
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rod, we have obtained TEMoo output power of 2 to 2,8 W in agreement with these
predictions. However, because of the increased sensitivity of such short radius mirror
cavities to perturbations, as can be seen from the curves in Fig. 2-9, some difficulty
has been experienced in producing stable single frequency of oscillation with present
mode selection etalons in such a cavity.

A single-frequency output power of about 0.8 W has been observed, and further work
to eliminate the instability is underway. This may require a more flexible cavity
design and larger radii of curvature on the laser rod. The radii would then allow a
larger radius mirror to be used for the same mode volume in the rod, and also
reduce possible aberration effects in the laser rod because of the tilting of mode
selection Fabry-Perot etalon. Also, it may be beneficial to reduce the reflectivity
of the etalon, using a longer etalon to obtain the required selectivity as discussed in
subsection 2. 1.

2.5.3 Double Metallic Film Mode Selector

Some of the experimental results obtained with this mode filter were given in the

Third Quarterly progress report. In general, thes: substantiate the conclusions reached
in subsection 2.3, Both single-metallic-film mode selectors and the double-metallic-
film etalon were investigated. A 64-A nichrome film was deposited on one side of a
5-mm-thick quartz etalon and a high-reflectivity coating on the other. Stable laser
operation was achieved with this, but the selectivity was insufficient for single-
frequency operation in our laser. A frequency spectrum similar to that shown in

Fig. 2-12c was obt~ med for the uncoated 5-mm-thick-intracavity etalon.

A double-metallic-film mode selector with 42-A-thick nichrome films on a 5- mm-
thick quartz etaion was also tested in the Nd: YAG laser. The closest spacing between
the end reflector and the metal film possible in our present laser was 4 cm, and this
together with the 42 A film thickness did not provide sufficient selectivity at other
free spectral ranges for this spacing for single-frequency oper ation at the fuil 1-kW
level of pump power. The experiments, however, did verify the main theoretical
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conclusions reached in subsection 2.3. These mily be summarized as follows:

(1) The mode filter can provide excellent discrimination against adjacent
axial modes.

(2) It is difficult to suppress laser oscillations at the other numerous resonances
corresponding to the etalon-mirror distance.

(3) The practical use of the double-metallic-film mode filter is difficult be-
case of the positioning constraints involved and the high degree of laser
stability required for stable operation.

(4) Indications are that its insertion loss is smaller than that of tilted Fabry-
Perot etalons of comparable selectivity.

Some additional experimental results were given in the Third Quarterly report. The
conclusion reached in the experimental investigation is *hat the tilted Fabry-Perot
etalon and metal film-mirror etalon combination is a good practical two-component
mode filter for the single-frequency operation of Nd:YAG lasers for all nominal values
of unsaturated single-pass gains. The laser output may be taken through the metallic
film-mirror etalon without any additional loss.

2.6 COMPARISON OF KNOWN AND POTENTIAL SINGLE-FREQUENCY
TECHNIQUES

2.6.1 LMSC Two-Component Tilted Fabry-Perot Etalon and Metallic Film Mode
Filter

The properties which make this filter practical for the single-frequency operation of
Nd:YAG or Nd:YALO lasers may be enumerated as follows:

(1) True single-frequency operation is possible for all nominal levels of laser
gain, thus eliminating the possibility of amplitude and phase fluctuations
due to mode competition.

(2) The two-component mode filter is suitable for all cavity designs, and in
particular for the longer cavities required in some applications.
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Its insertion loss as measuved by threshold measurements is low (~ 0. 1%),
which allows efficient lase:r operation.

Because of its low insertion loss, and despite the usual spatial hole burning
in the inverted population, 1 W of single-frequency output at 1.06 um from
a Nd:YAG laser is feasible with a nominal unsaturated single-pass gain of
only 5%. This gain should be achievable with a potassium-rubidium lamp
pump source.

The laser frequency is controlled by the transmission etalon and remains
stable when feed-back controls stabilizing the cavity length are applied.
There is no frequency hopping or erratic changes in the frequency of the
laser.

No external geometrical constraints are imposed in the laser with this mode
filter as would be the case with any mode filter devised using, say, external
magnetic fields.

This two-component mode filter can be engineered into a rugged, stable
design using low-expansion materials such as CER-VIT and represents a
very practical solution for a space-qualifiable single-frequency Nd: YAG
laser.

These conclusions are well substantiated by the LMSC experimental work
performed under this contract. A single-frequency output of 0.8 W at

1.06 um has already been obtained with a 1-kW tungsten lamp. Further
experiments indicate that this can be increaszd to the 1-W level of single-
frequency output.

2.6.2 Uniform Cavity-Field Intensity Longitudinal Mode Technique

This technique (Ref. 2-9) is illustrated in Fig. 2-14 and uses a method (Ref. 2-10) for
avoiding spatial hole burning by the potential elimination of the axial variation of laser

light intensity along the laser rod. A spatially homogeneous population inversion can

be created by placing the rod between two quarter-wave plates suitably oriented and

placing a Brewster's angle plate in front of one end mirror. The quarter-wave plates

transform linearly polarized light at the mirrors into circularly polarized light beams
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Fig. 2-14 Mode Selection Using Uniform Cavity-Field In-
tensity in the Rod

inside the rod. The characteristics of this mode filter may be briefly stated as

follows:

(1) There are six reflecting surfaces inside the cavity which require AR coatings.
With present AR coating techniques, single-pass cavity losses as high as
1.5% are possible. Such high insertion losses are prohibitive in low-gain
Nd:YAG lasers.

(2) True single-frequency operation was not attained with this device, "Satellite
modes' leading to frequency and amplitude instabilities were always present.

(3) For pump powers in excess of 1 kW from a tungsten lamp, the maximum
power output attained was 0.5 W under nearly unstable cavity conditions
which gave the iarger mode volume in the laser rod.

(4) There is no definite element governing the laser frequency in this system
and mode hopping, and other spurious frequency changes are prone to
occur.

i 2.6.3 Spatial Homogeneous Single- Frequency Operation by Translation of the
Nd:YAG Rod

The spatial modulation of the rod inversion can also be smoothed out by translating
the excited ions relative to the cavity standing wave. This can be done by moving the
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rod relative to the mirrors (Ref. 2-11). Comments on this method are as follows:

(1) Practically, this would be an extremely difficult method because of align-
ment'problems and also because of the velocity of the rod which must be

E
1

i
|
reversed at some stage in the process. j
(2) Such movements within the cavity and consequent changes in impedances lead 1
to cavity instabilities and mode changing, and there is again no dominant
frequency-contrclling element.
(3) A single-frequency power output of 0. 065 W was obtained, but no indication
of the potential of the method for higher output powers was given,

2.6.4 Single-Frequency Operation by the Electrocptic Elimination of Spatial Hole
Burning |

In this method, the rod is placed between two intracavity electrooptical phase modu-
lators as shown in Fig. 2-15 Ref, 2-12),

Commients relating to this method are as follows:

(1) The technique is excessively complicated requiring two high-quality lithium
niobate intracavify phase modulators and associated circuitry,

(2) Intracavity losses are again serious and offset any advantages regarding
the efficient use of the inverted population.

(3) To avoid fluctuations due to multiple-reflection effects, the modulator
crystals had to be tilted at 12 deg, which introduced even more serious
insertion losses. At this juncture, the output power was reduced to 0.023W.

Fig. 2-15 Arrangement Used for Demonstrating Electrooptic Elimina-
tion of Spatial Hole Burning. Two lithium niobate crystals
with their c-axes as shown are modulating the phase of the
standing wave pattern in the rod

les
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2.6.5 Other Potential Methods for Single-Frequency Operation

The LMSC two-component mode filter devised for the single-frequency operation of
Nd:YAG or Nd:YALO lasers thus represents a good practical solution for a low-gain,
single-frequency 1.06 um laser. Despite some deficiencies in the efficient use of the
available inverted population due to the standing wave electric field within the laser
rod, this technique is capable of providing 1 W of single-frequency output at 1.06 um
by optimization of the laser design.

However, it would be advantageous to eliminate the spatial hole burning due to the
standing wave cavity field, particularly from the viewpoint of overall efficiency.
Various types of Zeeman lasers have been considered with this in mind, but no
satisfactory solution has been reported which would use a straight Zecman splitting
of the laser transition, This is primarily due to the large linewidths involveda (~ 150
GHz). The elimination of spatial hole burning in a standing wave laser with such
technique appears difficult.

One is therefore led to the consideration of a ring-type laser in which one of the two
oppositely traveling waves is attenuated to allow only a single traveling wave mode

of oscillation to build up. Such an oscillation would use all the inverted population
within the pumped rod giving no spatial hole burning and hence eliminate directly the
possibility of any other oscillation occurring within the gain curve of the laser, This
idea is very attractive and Fig. 2-16 shows one way in which such a single traveling
wave oscillation may be obtained. Here we have a ing-type laser with a Faraday
rotation, a half-wave piate and a polarizer inserted. The direction of rotation of the
polarization of the Faraday rotator is nonreciprocal; it depends only on the direction
of the applied magnetic field and not on the direction of travel of the laser beam. The
direction of rotation of the polaization due to the half-wave plate changes with the di-
rection of travel of the laser beam. Thus, conditions may be arranged so that the
desired polarization as fixed by the polarizer suffers no rotatiz'. on passing through
the Faraday rotator and the half-wave plate, while the oppositely traveling wave has
its polarization rotated by an angle 2 of, where 9f is the rotation produced by the
Faraday rotator.
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Fig. 2-16 Single Traveling Wave Ring Type Laser for Single- Frequency

Operation of the Nd:YAG

Laser Without Spatial Hole-Burning
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The eigenstates of polarization of the system and the eigenvalues are readily deter-
mined. We find that if op is the angle made with the vertical by the fast axis of the
half-wave plate, then when the Faraday rotation 0 is equal to 2 GP » one traveling
wave suffers zero attenuation while the oppositely traveling wave has a power attenua-
tion of cos2 (20f) . It would appear that adequate Faraday rotators of low loss can be
devised to give a sufficient degree of rotation so as to allow a single-traveling-wave
oscillation to build up. The use of a single-traveling-wave laser thus appears quite
possible. Its insertion loss may be greater than that of the two-component intracavity
mode filter in a standing wave laser depending on available materials and components.
However, the more efficient use of the total population inversion in the laser rod could
offset this possible disadvantage. Also its implementation and operation could be
less critical than the tilted Fabry-Perot etalon — metallic film mode filter.
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Section 3
WIDE-BANDWIDTH OPTICAL MODULA'{'OR

In our efforts to improve the ultrawide-bandwidth optical modulator previously devel-
oped, work has proceeded on the theoretical analysis of the interdigital filter structure
containing the electrooptic crystal, the theoretical and experimental tests on the inter-
ferometric mode of modulation, the design and construction of an automatic electro-
optic/thermal controller for maintaining the optical bias of the modulator, and the
evaluation of various crystals for use in the modulator. The basic modulator design
shown in Fig. 1-1, has been demonstrated experimentally to have a modulation band-
width of 1.2 GHz (0.9- to 1.2-GHz band) and a depth of modulation of 60% for 0.5145-um
light with 5-W rf input. However, this basic modulator will give only about a 30% mod-
ulation depth at 1.06 um with 5-W rf drive, so that a means of increasing its efficiency
must be pursued. Such means have been investigated under this contract, as reported
below. However, in the interest of conciseness, only the salient points of the work done
during the first three quarters are reported in subsection 3.1, since the details were
presented in the earlier quarterly and semiannual reports. Work performed in the
fourth quarter is discussed in detail in subsection 3. 2.

3.1 SUMMARY OF WORK PERFORMED DURING THE FIRST THREE QUARTERS
3.1.1 Study of the Modulator Circuit

The modulator circuit is basically an interdigital bandpass filter having the electro-
optic (EO) crystal at the output capacitance gap. The uniform electric field in this gap
induces optical modulation on light focused through the crystal. Therefore, to increase
the modulation index of the optical beam for a given rf drive power, the filter design
must be so modified that either the internal or the terminating characteristics of ihe

output section can be varied independently as design parameters ir vrder to increase
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the rf voltage across the modulating crystal. It has been determined, during this
study, that it is preferable,in arriving at a theoretical design, to vary the terminating
characteristics to maximize the desired rf voltage. Of course, any such variation
must take into account the requirements of bandwidth (BW) and attenuation ripple
within the passband (PB).

Choice of Low-Pass Prototype (LPPT) Filter: The Tchebyscheff Filter. Among the
various standard filter types, the Tchebyscheff (equal ripple) is preferred for the

modulator because of its simplicity and versatility. It s well known that for a
Tchebyscheff filter, the specified maximum attenuation ripple L Ar and the cutoff
characteristics L A determine the number of poles required in the LPPT (Ref. 3-1).
For an optical modulator, because maximizing the rf E-field across the modulating
crystal is the primary concern, the design specification on the value of L Ar need not
be very tight. The value of L Ar has been varied within some reasonable limits to
maximize the rf voltage across the crystal.

It has been shown that for a given value of L o one reaches a state of diminishing re-
turns when n > 4. On the other hani. one requires n = 4 to achieve the required im-
pedance transformation within the filter structure when the LPPT is transformed to the
desired bandpass (BP) configuration. Therefore, for structural simplicity and high rf
voltage at the EO crystal, n = 4 has been chosen for the modulator design. Upon trans-

formation to the BP configuration, this results in four resonating interdigits. After L, .

and n have been chosen, the normalized circuit elements for a LPPT ladder network

to realize such L Ar characteristics can be obtained from tables (Refs. 3-1 and 3-2).

For the modulator design, L Ap = 0.5 dB has been chosen. This corresponds to a
theoretical maximum power trarsmission loss of 11%. In practice, a loss of 15% may
be expected. This amount of loss (reflected toward the generator) is not considered
significant enough to cause concern. However, the phase characteristics within the
PB do deteriorate with increasing LAr and may eventually become a limiting factor
in an actual communication system. With L Ar 0.5dB, n = 4, the LPTT ladder
network is schematically shown in Fig. 3-1.
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Fig. 3-1 A Low-Pass Prototype Tchebyscheff Filter Circuit, Normalized to
w} = 1 rad/sec and Generator Impedance go = 1 Q. Values of g's
are: gop = 19, g1 = 1.6703 F, gg = 1.1926 h, g3 = 2.3661 F,
g4 = 0.8419h, and g5 = 1.9841 Q (Ref. 3-1)

Bandpass Transformation and Physical Realization. Using standard design methods,

the series inductance branches in the LPPT are transformed into series resonant
branches in the BP circuit, while the shunt capacitance branches in the LPPT are
transformed into shunt resonant branches. At microwave frequencies, approxima-
tions must be used to realize the lumped-element BP circuit. Many techniques of
approximation exist resulting in different microwave structures. To simplify our
analysis of the modulator, the capcity-loadec mterd1g1ta1 line (CLIL) circuit using
Matthaei's technique (Refs. 3-3, 3-4, and 3- -5), has been selected because it has the

necessary capacitance gap for the modulating crystal.

It has been shown that an equivalent circuit of the CLIL shown in Fig. 3-2 is as shown
in Fig. 3-3. To determine the values of the various circuit elements in Fig. 3-3, the
image admittances, phases, reactances and susceptances of the various sections of
the CLIL and the LPPT are analytically forced to agree at some key frequencies. By
going through this forced-matching procedure, a set of design equations has been
cbtained (Refs. 3-1 and 3-5).

Once the LPPT circuit elements are obtained by specifying L, . for maximum voltage
across the crystal, a BP-CLIL can be obtained by using the design equations men-

tioned. The result of using the design equations is to relate the CLIL elements C1 .
C2 5 o Z Y2 .o
for the C's and 7's can be related to actual conductor dimensions, spacings, gap width,

etc., by a set of charts published by Getsinger (Ref. 3-6).
3-3

., etc., to the known LPPT elements (the g's). The values obtained
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Fig. 3-2 The Strip-Line Capacity-Loaded Interdigital Line Filter, Together
.With Its Generator and Load
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Fig. 3-3 An Approximate Equivalent Circnit for the Four-Element Capacity-Load
Interdigital Line Filter
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Relationship Beiween Attenuation Ripple and RF Voltage at the EO Crystal. Consider
the output section of the CLIL equivalent circuit shown in Fig. 3-4. At midband fre-
quency, the output section is a series-r. sonant circuit, with the load impedance RL
acting as the damping element of the resonant circuit. It hag been shown that the peak~

rf-voltage across the crystal V¢ 18 related to the power P dissipated in the load Ry by
(Ref. 3-7)

Vrf = V2P Z4 sin 01/1/ RL (3.1)
where Z 4 is the characteristic line impedance and 01 is the electrical length of the
output section. Clearly, to increase V of’ the factor Z 4 sin 01/»/ R. should be

L
increased as much as possible.

For an EO crystal of given size, the resonating capacitance C is fixed. The resonat-
ing condition then fixes the inductance Z 4 tan 01 , l.e., 2 4 tan 01 = constant = woL

©+Z, sin 6, = Z, tan 6, cos 0, = w,L cos 0, = cos ol/wOC 3.2)
or
55 Cos ¢
2P 1
V = m— ) e—— (3.3)
rf JRL w,C

which has its maximum at 01 = 0°. This condition is obviously impractical, since
it demands that Z 4 — ® sothat Z 4 tan 01 remains constant. In practice, one would
therefore strive to make Z 4 28 large as practical (i.e., make the conductor as thin
as practical) to allow a small value of 01 » contingent upon the allowable crystal
size. For 01 < 45°, this optimization may reach the state of diminishing returns.

On the other haud, if RL is decreased, Vrf increases quite rapidly. Again, RL
cannot be arbitrarily decreased since it is related to the circuit matching and band-
width. To understand this, it is instructive to consider, first, the LPPT circuit as
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RESONATING CAPACITANCE C WITH
AN ELECTROOPTIC CRYSTAL AS
THE DIELECTRIC

F[H
OUTPUT FORESHORTENED
@ LINE OF IMPEDANCE Zg4,
1 ELECTRICAL LENGTH 6
AT MIDBAND (RESONANCE)
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Fig. 3-4 Approximate Equivalent Circuits of the Output Section of the Capacity-

Loaded Interdigital Modulator. The electrooptic crystal serves as the ;
resonating capacitance for the inductive length of the line 93
%
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a matching network to the load at terminal plane 22 in Fig. 3-1, consisting of an
inductance By = L4 and a conductance g5 = G5' From Bode's relationship
[Ref, 3-8), it can be deduced that

<0
1
In|=| dw = = - (3.4)
L r Gs Ly 8485

where I is the reflection coefficient looking into terminal plane 11 in Fig. 3-1.

This equation defines the best match that can be obtained over the entire frequency
range; i.e., the area under the In |1/T'| versus w curve is constant. Thus, one
can either spoil the match (large |T'| , small In |1/T'|) to obtain poor power transfer
over a large frequency range, or obtain a good match (small |T'| , large In |1/T|)
over a small frequency range.

From Eq. (3.3), it is clear that the parameter defining the ''goodness" of the match
is 1/g 485 - Therefore, for n-element filters and matching networks, since one is

interested in a "good' match over a frequency range of w' = 0to w' = w'l y @

"goodness parameter' decrement 6, defined as

6 = L = ek 3.5)

= 1 1
“iBnBpn+1  “1B18p

is frequently used as a design parameter. Since the g values are completely specified
by the characteristics of the match (or attenuation ripple) and the number of poles,
choice of any two of the three paramterers, 6, n, and L Ar uniquely determines

the third.

Upon transformation into BP configuration, the decrement transforms to

2
6=_1=i1.‘L_C 36
wQ Aw (3.6)
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where w is the fractional bandwidth (A w/wo) , Q is the Q factor of the output section
and RL and C are as defined in Fig. 3-4. From Eq. (3.1), it is clear that 6 should
be small for high V of That is, the match within the PB should be secrificed some-
what to obtain high modulation efficiency. For this modulator design as a four-element
Tchebyscheff filter, L, has been increased from the usual filter design of 0.01 dB
to 0.5 dB so that & can be reduced from 1.4 to 0.6, This corresponds to a reduction
of RL
by # factor of 1.53 for the same rf drive power.

by a factor of 2.33 for the same crystai capacitance, or an increase of Vrf

Examples of Modulator and Transformer Design. Inan actual modulator design of
given L, .. and n, once given the generator and load admittances Y g and ¥ L® the
variables left to the cheice of the designer are the line length at midband 6, . the
admittance scaling factors h, and hB (see Fig. 3-3), and a splitting factor d in

A
the LPPT circuit. Proper choice of these parameters will result in a physically

realizable structure.

For a generator admittance of 0.02 3 (50 %) and a luad admittance of 0.05255 (192,
as determined by the allowable decrement), calculations have been made for various
combinations of 01, h,, hB’ and d. Unfortunately, with n = 4, the circuit
impedances of the internal digits became too nigh to be physically realizable. On the
other hand, when both the generator and the load impedances as seen by the modulator
circuit are both 192, physical realization can be readily obtained with n = 4. In
the interest of keeping the modulator compact, it was decided touse n = 4 and
external transformers together with a 19-© modulator circuit. The results of com-
puter analysis also showed that for a 7-mm-long LiNbO3 of square cross section
with RL == 199, values of 01 as low as 30° were realizable. However, since.the
increase in V. . for a change from 6, = 40° to 6, = 30° was only 11%, while the
circuit realization became quite cumbersome, 6, = 40° was chosen for the design.

The dimensions arrived at are given in Fig. 3-5.
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Fig. 3-5 Modulator Circuit Design: Effective Generator Impedance,
19Q; Load Impedance, 19 Q

For the transformers between 19 £ and 502, the most desirable kind for the octave-
bandwidth requirement is a short-step Tchebyscheff t1ansformer because of its sim-
plicity and physical dimensions (Ref. 3-9). These were designed to have 100% band-
width to ensure that they would not limit the bandwidth performance of the final
modulator. The dimensioi:s are shown in Fig. 3-6.

RF Tests and Fine Adjustments on Model 1. Since the theory used for the design of
these circuits is approximate because of the distributed nature of the high-frequency
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circuits, certain empirical design allowances must be provided for in defining the
circuit parameters of the numerical analysis. These include bandwidth, band center
frequency, and circuit parasitics. Even with such allowances, much effort had to be
spent on "cold testing," "fine tuning," and modifying the circuits after fabrication.

SMA
FLANGE TEFLON AR
—N } | [ , [ § o0
¥ b d Y2777 b = 0,042
==o 8 " c ec>of g = 8.3‘25-3
L.I 5! ,l :E ?T e = 0,103
L f = 0,161
0.337 0,497 0.337 0.500 0.500
——— ot o =y -

DIMENSIONS IN INCHES

Fig. 3-6 A Four-Section Short-Step Tchebyscheff Transformer for 50:19 @ Impedance
Transformation

At the end of the third quarter, rf performance approximating the design values had
been obtained. Figure 3-7 shows the input VSWR as a function of frequency where the
two transformers were connected back-to-back. That is, the transformers were com-
bined so that the two 19-©2 ends were connected, giving 50-Q input and output imped-
ances for the combination. The reference trace shown in Fig. 3-7 was fora VSWR
of 1.67. Therefore, the VSWR of the transformer combination was less than 1. 67
over the entire 1 — 2 GHz band. Figure 3-8 shows the input VSWR of the modulator/
transformer combination together with a reference VSWR of 2.3. This combination
is referred to as Model 1. From Fig. 3-8, it was clear that despite the allowance
made in the design parameters, the actual bandwidth was still narrower than the de-
sired 1 GHz. During the fourth quarter, the design was further improved so that the
rf bandwidth was extended to greater than 1 GHz.
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Fig. 3-7 Input VSWR of Two 50:19  Transformers Connected Back-to-Back
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Fig. 3-8 Input VSWR of the Modulator/Transformer Combination
Shown in Fig. 3-4
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3.1.2 Interferometric Modulation Studies

In the interferometric mode of modulation, the modulator crystal behaves as a Fabry-
Perot etalon whose effeciive optical length is varying at the modulating signal fre-
quency. By properly selecting and controlling the quiescent optical length of the
crystal (via temperature or dc bias), the modulator can be biased so that an rf

signal applied to the electrooptic crystal will cause intensity modulation of single-mode
laser radiation transmitted through and reflected back from the crystal. In this mode
of operation, the depth of modulation is defined as the peak-to-peak change in the light
intensity (at the fundamental frequency) divided by the cw intensity of the incident
laser light so as to correspond to the conventional "depth of modulation" definition for

the birefringence modulation at quarter-wave optical bias.

As the crystal reflection coefficients are increased in the interferometric modulator,
the number of partial waves having significant amplitudes increases. Because of the
finite propagation time of each partial wave within the modulating crystal, the rf
modulation impressed on each partial wave will be the time average during this propa-
gation time. The modulation will be shifted in phase from that on the previous partial
wave. For higher reflection coefficients, less rf power is required to attain the same
depth of modulation, but at the same time, more distortion and phase delay are pro-
duced in the modulation. Computer analysis s’ere used to show the tradeoffs between

these quantities.

Computer runs for LiNbO3 crystals, of dimensions 0.5 by 0.5 by 5 mm and 0.5 by
0.5 by 7 mm having various reflectivities, were made for the modulation of 0, 6328-um
light at various rf drive levels. Some of the results were included in earlier reports
and will not be repeated here. The reflectivities and crystal dimensions used corre-
sponded to actual experimental conditions. Results indicated that the reflected beam
had a greater depth of modulation but possessed higher harmonic distortion and phase
deviation than the corresponding transmitted beam. Higher reflectivity produced
greater depth of modulation; huwever, harmonic distortion and phase deviation

increased more rapidly than the depth of modulation.
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Theoretically, the choice of crystal surface reflectivity for use in a given communica-
tion system depends critically on the tolerance of the system to harmonic distortion
and phase deviation. In practice, since the crystals obtainable from vendors were

not truly homogeneous and the faces were not exactly flat and parallel, the wavefront
of light is distorted with each pass within the crystal. This distortion was found to

be the limiting factor for interferometric modulation, limiting the maximum useful

reflectivity.

Computer results showed that for a reflectivity of 0.35 the approximation of using
only two round-trip reflections within the crystal yielded a modulation depth that was
only 3. 2% below that for a very large number of reflections. For a reflectivity of 0.5,
four round-trip reflections were required for a result that was within 1. 5% of that for
a very large number of reflections. For this reason, a reflectivity in the range of

0.3 to 0.35 was judged best for currently available crystals.

The high index of refraction of the LiNbO3 crystals (~2.2) causes the uncoated
crystals to have a surface reflectivity of 0.14 in the visible. One round-trip reflec-
tion (two partial waves) within the crystal produces modulation that is within 3.5% of
that for many reflections. Five crystals of dimensions 0.5 by 0.5 by 7 mm were
measured in the laboratory and produced depths of modulation of 20 to 30% with 5W
of drive power. The computer analysis predicted a 35% modulation depth, so there
was reasonable agreement between the analysis and the measured results. Within the
group of five crystals, the static reflection curve varied. Crystals having a lower

reflection ratio produced a smaller depth of modulation.

Two of the above five crystals were selected for coating with 0.3 to 0.35 reflectivity
in the visible for further experimentation. The coating operations, performed simul-
taneously on both crystals, did not produce equal reflectivities on each end: the
measured reflectivity of one surface was 0.26; of the other, 0.32. Experimental
results showed that for a 2-W drive, a modulation depth of 30% was obtainable for the
transmission mode. This compared well with a theoretical value of about 35%.

However, as the drive power was increased, further crystal heating, which resulted
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in greater distortion of the crystal and consequently of the interferometer configura-
tion, caused the interfering wavefronts to distort considerably. No substantial
increase in modulation depth was obtained at drive levels greater than 2W. Thus,
the successful testing of this type of modulation will have to await the availability of

better quality crystals with lower rf loss tangents and improved cutting techniques.
3.1.3 Electrooptic/Thermal Control Circuit

With the interferometric type of modulation, adjustment of the optical bias point can-
not be effected by means of an optical ccmpensator, since the change of the optical
length has to occur inside the reflecting surfaces of the crystal, Control of the crystal
temperature to change the crystal length may be used, but that alone is not fast enough
to respond to the microwave power fluctuations that normally occur. To respond to
such fluctuations, an electronic circuit, which combines the electrooptic effect with
thermal control to provide continuous automatic control of the optical bias point, was
devised. The electrooptic effect is used to provid.: fast, short-term control; the
temperature is used to provide long-term control. Clearly, this type of control is
also useful for the birefringence modulatior when fast response time is required as
would be the case in an actual high~-data-rate communication system. Such a circuit

was designed, built, and tested.

A schematic view of the controller for use with birefringence modulation is shown in
Fig. 3-9. Two photodiodes are used to define the optical bias point by sensing the
optieal power in the two orthogonal polarizations after the modulator. The diodes are
electrically loaded so that, at the desired optical bias point, equal signals are pro-
duced. During operation, the difference between the two signals (representing a
deviation from the desired bias point) is amplified by a differential amplifier followed
by a high-voltage stage. The high-voltage stage is capable of applying a nominal
+300V to the modulator crystal and of following transients with time constants of
several milliseconds to provide good "instantaneous" control of the bias point.
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Since it was observed that a high bias electric field on the crystal caused a certain
amount of beam distortion, the compensating field should always approach zero in its
quiescent state. In the first controller design, this was accomplished by using this
crystal bias voltage to actuate the crystal-oven heater control circuit so as to change
the oven temperature to make the bias veltage approach zero. The crystal tempera-
ture will then vary to the necessary temperature to maintain proper bias. Since the
thermal time constaat of the oven is of the order of several minutes, thermal control
was relatively slow. Under these conditions, if the fluctuation in microwave power
was strong, it was still possible for the oven temperature to become too high or ton low.
For this reason, the oven temperature was monitored while it is being controlled by
the crystal bias voltage, and if the temperature went outside a predetermined range

of operation, the oven control was automatically switched to a thermistor probe for a
period of time. After the temperature had time to center itself in the operating
range, the control was automatically switched back to the crystal bias voltage. This
circuit had successfully kept the over temperature within a reasonable operating runge
for a variety of changing laboratory conditions.

While the oven heater was controlled by the crystal bias voltage, the temperature could
go into slow oscillations, which would prevent stable operation. This was due to the
fact that there was a long time delay before the crystal reacted to any thermal change in
the oven heater. To stabilize the oven temperature, both the first @nd second deriva-
tives of the temperature were combined with the optical bias voitage to provide a:.
error signal for the oven heater. With such an error signal, the heater was electri-
cally damped so that the temperature could not change at a rate too fast for the crystal
to follow. This was satisfactory for acliieving automatic compensation for long
periods of time, although tighter thermal coupling between the heater and the crystal
was still desirable. Modifications of this design were made as described in

subsection 3.2.3.
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3.1.4 Beam Profile Studies in LiNbO3 and Evaluation of Efficient Crysta's

Crystal Damage and Beam Profile Studies. It is well known that shorter wavelength

radiations induce more optical damage in the form of inhomogeneities in refractive
indexes than longer wavelength radiations in crystals such as lithium niobate. There-
fore, tests were made on LiNbO3 crystals, 0.3 by 0.3 by 7.0 mm, in a modulator
using the output of an argon laser consisting of several lines in the 0.4880 — 0.5145-um
range, totaling about 3/4 W of optical power rather than using 1.06 pm radiation.

Since the crystals did not suffer from damage at these wavelengths, there will be no
problem in operating at 1.06 um using the same optical pow=r. At 180°C, up to

700 mW of optical power between 0.4880 and 0.5145 ym was focused to 80-um diam-
eter through the crystal, corresponding to a pocwer density of 14 kW/cmz, without

any observable damage. The far-field pattern of the transmitted beam was scanned
using a pinhole, showing little change from the Gaussian beam. (The details of these
measurements have been reported in the First Quarterly and the Semiannual reports. )
Therefore, it was concluded that there would be no optical damage problem with 1.0W
of 1.06-um radiation focused through this type of crystal, so iong as it was maintained
at 180°C.

Preliminary tests were also run on a sample of strontium barium niobate (60% Sr to
40% Ba). After irradiation using 0.4880 and 0.5145 um at power densities up to

9 kW/cmz, the crystal showed brownish discoloration which faded away slightly after
removal of the radiation. However, annealing at high temperatures did not remove
the discoloration, but rather changed its position. It was suggested by the vendors
that the discoloration was due to slight inclusion of platinum during growth and poling.
No further experiments were made on this sample. No beam profile measurement
was made, since the sample was not optically polished.

It has also been informally reported that LiNbO3 , after being operated ia air at
elevated temperatures (e.g., 180°C) for a period of time, became yellow. It had

been speculated that this discoloration was due to the gradual loss of oxygen atoms,
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under heat, from the crystal structure. The experience in our laboratory, with
LiNbO3 operating in air at 180°C for over a year, did not support this observation.
However, to ascertain that such problem wﬂl pot oceur when LiNbO3 operates in
vacuum, tests were run in the laboratory by heating a 5 by 5 by 5 mm sample of
LiNbO3 in a vacuum bell jar while its transmission is monitored at 0.6328 ym. After
23 hr at about 200°C, and then 3 hr at 350°C, no decrease in transmission was
observed. In addition, the transmission of ik:e crystal from 0.25 to 1.2 um was also
measured in a Cary Model 14 spectrophotometer before and after the vacuum test;

no degradation in transmission, especially near the absorption edge of 0.3 to 0.4 um,
was observed. Since the shift in absorption edge was a very sensitive measure of
yellowing, it was concluded that under our test conditions, no degradation in optical
transmission was observed.

Evaluation of Efficient Crystals. Although it was anticipated that good-quality, effi-

cient crystals such as barium sodium niobate {BANANA) would become availabe for
this study, crystals were not obtained until late in the second quarter; one each of
barium sodium niobate and strontium barium niobate (SBN 50-50). Unfortunately,

the optical quality ol these crystals was rather pocr, and many fringes in the bire rin-
gence extinction pattern were observed. It appeared that these fringes were due
mainly to the strains induced during crystal fabrication, although some intrinsic
problems such as crystal nonuniformity and striations were also present. The details

had been reported in the Semiannual report.

Although the BANANA quality was poor, tests for birefringence modulation were

made. Results obtained were discouraging. At 2-W drive level, 28% modulation
depth, as compared with a theoretical 55%, was the best obtainable. For SBN 50-50,
matching to the present circnii was not possible because of its high dielectric constant.
Also, because of its poor optical quality, it was not deemed advisable to design a
circuit specially for this crystal.
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3.2 WORK PERFORMED DURING THE FOURTH QUARTER
3.2,1 Study of the Modulator Circuit

Modulation Tests on Model 1. Modulation tests were performed on Model 1 containing
a LiNbO3 modulating crystal of dimensions 0.3 by 0.3 by 7 mm, AR coated for mini-

mum reflectivity at both 0.53 and 1.06 um. For convenience, an Argon laser radiating
at 0,5145 um was used as the laser source. A TIXL55 silicon avalanche photodiode
whose frequency response had been calibrated was used as the detector and substitution
method was used to determine the modulation index (Ref. 3-9). Modulation index
versus modulating frequency curves were obtained, as shown in Fig. 3-10, which
varied with the tuning of the modulator.

It can be seen from Fig. 3-10 that for 5-W rf input, the modulation index for

0. 5145-um radiation at the low-frequency end of the rf band was about 78%. The
high-frequency 3-dB point (i.e., the point at which the modulation index is 0.707 times
the peak value) was found to be 1.86 GHz. It is also clear from the figures that the
center frequency of the modulator is down-shifted. This downshifting was due to the
overcompensation allowed in the finger lengths to account for the approximateness of
the design equation. Such a downshift can be corrected for in a new design by allow-
ing less excess length in the finger lengths. Throughout the tests, it was also found
that the combined rf reflection and rf insertion losses of the modulator were high: -
they were about 2 dB over the major portion of the band and about 3-dB in the 1.4 to
1.6 GHz and in the 1.8 to 2.0 GHz region. Nevertheless, the modulation index
obtained over the band was still reasonable across the 1.0 tc 1. 85 band, as evidenced
by the plot.

Theoretically, the modulation index M 4 for birefringence modulation at quarterwave
optical bias is given by (Ref. 3-9)

M, = 2 JI[»/'E k(t/d) (zi/RL)l/zp 1/2 gin 01] 3.7)
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Fig. 3-10 Modulation Index as a Function of Frequency of 5-W of rf .
Drive Power at the Input
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where

Bessel function of the first kind, first order

Sy
[}

=
W

constant containing the appropriate optical coefficients,
3 - n3
(r/A) (ng Tgq =My T1g)

2/d = crystal length-to-thickness (aspect) ratio

and other symbols explained earlier in this report

For LiNbO,, k ~ 1.35 x 10_3 at 0.5145 um, and for this modulator circuit and
crystal, 2/d ~ 7/0.3 = 23.3, Z, = 68.2Q2, R, =19%, ¢, = 40° . As has been
mentioned earlier, the combined reflection and insertion losses of the modulator was
high so that the power transmitted through to the rf load was typically about 2 to 3 dB
below that at the input, i.e., the rf power available for setting up modulation voltage,

P was lower than the 5W at the input to the circuit by 2 to 3 dB. Using these numbers,
one could then arrive at theoretical values for modulation indexes at various frequencies.
These are plotted in Fig. 3-10 as the theoretical curves; it is obvious that good agree-

ment has been obtained.

In a practical modulator, obviously, high reflection and attenuation losses are undesir-
able since one must provide the high input driving power for producing the desired
modulation index. The losses can be attributed in part to the nonplated brass circuit
elements and in part to the high rf losses in the crystal. During tests it was

observed that by switching on the 5-W rf input powar, temperature changes in the
crystal caused a total change of 11 to 28 birefringence fringes. (One fringe corre-
sponds to a temperature change of 1.4°C in LiNbO3.) Clearly, considerable rf

power loss was occurring within thz crystal. For this reason, the power was not

increased beyond 5W at the input for this modulator.

Design of Modulator Model 2. During the fourth quarter, another modulator, having
different design bandwidth and digit lengtl: allowances, was designed and constructed.

The design parameters were:
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STRETEnE

Y, = Y, = 0.05258 (19 Q system)

A B
01 = 40
wo = 21 X 1.65 X 109 rad
Aw = 21 x 1.2 x 10° rad
b = (,6 in,
t = 0,12 in.

These resulted in a design as shown in Fig. 3-11.

CRYSTAL
MOUNT
i | Cq
| o
1 I|.hh"‘-——---""'-l- I|I|'._':":-ll
- Wy I (CRYSTAL)
--Iwa a—
“""3 il w1 = 0.2094 in.
- W, | W, = 0.08166 iz,
[ ] wa - 0.0{}162 l.n-
? / | ‘ [ W, = 0.2084 in.
) C, = 1.8741pF
X - C, = 1.4456 pF
1 -
- 21‘_,'8231‘_.,1 e Cg = 1.4456 pF
C, = 1.4456 pF

S 9 = 0.0666 in.

1
823 = 0.0930 in.
K} 824 = 0.06658in.

Fig. 3-11 Design Values for Modulator Model 2
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The detailed view of the crystal mount is shown in Fig. 3-12,

BELLOWS | DIGIT NO. 4

ELECTRODE
HEATEROD ELECTRODE
BLOCK ————_ CRYSTAL

“— AUXILIARY HEATER

DC BLOCKING CAPACITORS
(200 pF TOTAL)

- MICA INSULATION (0. 001 fn. THICK)

Fig. 3-12 Details of the Crystal Mount

Comparison of this construction with that shown in Fig. 1-1 indicates that the inductance
of the bellows was made a part of the inductive digit, thereby eliminating much of the
uncertainty of the rf ground point. Good rf ground we s further provided by large dec
blocking capacitors which were soldered to the electrode/heater block which in turn
was rf-grounded through thin mica wafers. An auxiliary heater was provided in the
electrode/heater block to give fast thermal reacticn time to the crystal during normal
operation in the electrooptic/thermal Compersation mode. In thig way, the tempera-
ture reaction time was reduced to about 5 sec from the original 15 min. This wag
done to reduce the choice of mode of operation error under extreme circumstances.
Obviously, the controller design had to be changed to accommodate this feature; this
is discussed in subsection 3.2.3.

The 50- to 19-0 transformer wasg redesigned and fabricated to take into account the
results of our experience with fine tuning. The final dimensions are as shown in
Fig, 3-13,
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TEFLON
DIELECTRIC

0.1vs 0.042 0.128

B
| I
L‘m"" 0.497 ->te-0.337t= 0.500 -J«- 0. 500 —{

ALL DIMENSIONS IN INCHES.

Fig. 3-13 Design of Transformer Model 2
All the metal parts were silver or gold electroplated to minimize rf losses.

RF Tests of Modulator and Transformer Model 2. The transformers operated satis-

factorily, as can be seen from the VSWR traces shown in Fig. 3-i4. Curve 1 was
taken for one transformer and a 19-§2 combination, while curve 2 was taken for both
transformers connected back-to-back with a 50-Q load. The reference trace was for
a VSWR of 1. 67.

FREQUENCY (GHz)
1.0 1.25 1.5 1.76 2.0

VEWH = 1.67

—CURVE 1

Fig. 3-14 Input VSWR of the Model 2 Transformers. Curve 1: Trans-
former Model 2 and 19  load combination. Curve 2: Two
transformers connected back-to-back with 50 Q load

The modulator originally had its frequency response shifted toward high frequencies
because of undercompensation of the digit lengths this time. When it was first
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fabricated, it showed a good 4-ripple Tchebyscheff': type of response between 1.2

and 2.4 GHz. After much retuning, the response curve was downshifted to cover the
1to 2 GHz band. However, after the retuning procedure, a problem appeared with
the rf ground in this construction: A broad resonance centered at about 1.25 GHz
was observed. If the electrode/heater block was de¢ grounded, this spurious
resonance could be readily tuned out. Rather than delaying the optical tests to determine
the cause of this resonance, we decided to operate with the dc ground condition.

Te results of the VSWR measurements are shown in Fig. 3-15. Curve 1 shows the
V3WR trace of the transformer/modulator combination taken while the modulator was
ai room temperature, and curve 2 shows the VSWR of the combination at 175°C. It

is seen that the VSWR deteriorated slightly at higher temperature. The rf insertion
loss, however, was constant at about 1 dB, as shown in Fig. 3-16. Quick measure-
ments performed outside the 1 to 2 GHz band indicated that good rf responses between
0.9to 1,0 and 2.0 to 2.3 GHz were also obtainable.

FREQUENCY (GHz)
1.0 1.25 ,. 1.5 1.76 2.0

e -
s '

Fig. 3-15 Input VSWR of Model 2 Transformer/Modulator Combination.
Curve 1: room temperature. Curve 2: 175°C. Two refer-
ence traces are also shown

\\
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TRANSMISSION
THROUGH MODULATOR

Ny =

RELATIVE TRANSMISSION (dB)
(5]
1

2—

1-—

5 [ N N (R NN N S S M
1.0 1.1 1.3 1.5 1.7 1.9 2.0

FREQUENCY (GHz)

Fig. 3-16 Insertion Loss of Transformer/Modulator Combinatiox; '(Crystal IV-I-
1-3, No de Blocking Capacitor in Crystal Mount)

Optical Modulation Tests on Model 2. Tests on modulation index were made on

Model 2 transformer/modulator by the substitution method using the TI XL 55 diode.
The modulating crystal used was a 0.3 by 0.3 by 7 mm LiNbO3 crystal, AR-coated
for both 0.373 and 1.06 um. The radiation that was modulated was again the Argon
0.5145-um line for convenience. Curves of modulation index versus frequency were
obtained and are shown in Figs. 3-17a and 3-17b.
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0
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B. 9-WRF POWER AT INPUT

Fig. 3-17 Modulation Index as a Function of Frequency for Various rf Drive

Levels at the Input
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Figure 3-17a is that for 5-W rf drive at the input. It is seen that approximately 70%
modulation depth has been obtained across the band; the droop in modulation depth
above 1.8 GHz is primarily due to the uncertainty in diode frequency response calibra-
tion. In any event, taking the peak value of M q (modulation index) as 74%, the 3-dB
points will fall on 52.3%, which is much below the measured value of M d at the band
edges. Therefore, this modulator has 3-dB bandwidths much greater than 1 GHz.
From our approximate measurements (subsection 3.2.1) on total rf bandwidth, it is
estimated that the modulation band of this modulator may be 0.9 to 2.3 GHz, for a
1.4-Giiz bandwidth.

Theoretically, Z 4 for this modulator is 61.4 Q. Substituting this value into Eq. (3.7),
the theoretical values of M q at various frequencies for the actual power flowing
through the modulator crystal (about 1.4 dB below that at the input due to insertion
and cable losses), have been calculated. These are also shown in Fig. 3-174; it is
seen excellent agreement is obtained with the measured values.

Figure 3-17b shows that for 9-W input, both ¢ xperimental and theoretical curves for
0.5145 um are shown. Again, it is seen that good agreement is obtained. On the

same figure a theoretical curve is also shown for modulation depths at 1.06 um at

10-W rf drive at the input. It is seen that about 52% modulation depth at 1.06 um is
theoretically obtainable for this modulator. Since good agreement between theoretical
and experimental results has always been obtained; we are confident that 50% modulation
depth for 1.06 um radiation at 10-W input drive level can be achieved in practice

using modulator Model 2.

3.2.2 Crystal Fabrication

There have been continuing problems in obtaining crystials whose optical quality has
not been degraded by induced strains in the final cutting and grinding process. Since
vendors have been unable to perform this final fabrication satisfactorily, LMSC
began an in-house supported program to develop the techniques. The goal is to cut
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and grind the modulator crystals to final size, as small as 0.25 x 0.25 mm in cross
section and as long as 10 mm, while inducing very low strain. The results obtained
to date on LiNbO3 crystals show thst considerable progress is being made.

W= have found that using a reciprocating diamond-impregnated wire saw for cutting
the crystals induced much less strain than using the more conventional loop-type of
wire saw. Proper adjustment of the cutting speed and coolant rate has resulted in a
negligible increase in the observable strain after cutting. For the grinding operation,
‘the preferred technique uses diamond-impregnated copper wheels rotating at low
speed and employs a copious supply of coolant. As an ex- mple, Fig. 3-18a shows the
uniferm birefringence extinction pattern of a LiNbO3 crystal, of dimensions 0.25 by
0.3 by 5 mm, cut and ground by the present method. The extinction ratio obtained was
greater than 20 dB. This was a vast improvement over the typical pattern of samples
obtained from vendors, shown in Fig. 3-18b (0.3 by 0.3 by 7 mm), having an ex-
tinction ratio of 16 to 13 dB.

3.2.3 Modification of the Electrooptic/Thermal Control Unit

Under extreme conditions optical bias instabilities can develop due to the long thermal
reaction time of the crystal if its temperature is controlled just by the oven heating
control. To alleviate this condition, we decided to incorporate an auxiliary heater
near the crystal. Experiments showed that a reaction time of 5 sec was possible.

To use this method for control, the controller circuit had to be modified. Figure 3-19
shows the schematic of the modification.

As before, the two detectors and polarizers monitor the optical bias point. A drift in
bias results in an error signal which actuates the high voltage bias control as well as
the control to the auxiliary heater which, as can be seen from Fig. 3-12, is directly
underneath the crystal. This results in a sufficiently fast reaction time that the
control loop shouid be stable using only the first derivative of temperature in com-
bination with the optical bias voltage to provide the error signal for the auxiliary
heater. As before, a predetermined range switching control is provided so that any
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()
Fig. 3-18 Birefringence Extinction Pattern of LiNbO3 Crystals at Three Settings of

Compensator. (a) Typical crystal cut at LMSC, dimensions 0. 25 by 0.3
by 5 mm, extinction ratio 20 dB over the dark area. (b) Typical crystal
supplied by vendors, dimensions 0.3 by 0.3 by 7 mm, extinction ratio 16

dB
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gross error can be compensated for thermally. It has been found that the temperature
increase of the crystal is approximately proportional to the auxiliary heater power.
Therefore, no additional sensing is necessary; the proportional control in the

auxiliary heater loop is essentially a power monitor. The oven control is then

entirely separate, being controlled by a preset proportional controller to within £0.1°C.

Unfortunately, because of the problem encountered with the dc blocking in the modula-
tor tuning, this controller has not yet been tested in an actual operating environment.

3.2.4 Crystal Damage Test

During this quarter it was suggested that the newly available, clear LiTaO3 crystals
had low susceptibility to optical damage at room temperature. In fact, it was
informally reported that no damage at tens of kilowatts per square centimeter inten-
sity at 0.5145 um had been seen. LMSC obtained the same type of crystal and per-
formed measurements on the sample at 0.5145 and 0.4880 pm It was found that
damage resulted at room temperature even at 3.6 kW/cm for continucus exposures
as short as a fraction of a second, and long and slowly sweeping exposures. The
results obtained are shown in Fig. 3-20. Three settings of the static compensator
were used to make the damage more evident. The lower dots were made at 3.6 kW/cmz,
while the large central dot was made at 24.8 kW/cmZ. It is clear from the picture
that damage is readily effected in LiTaO3 at room temperature at these power
densities.

The earlier measurement we made on LiNbO3 showed that it would not be damaged

at 14 li:W/cm2 if it is held at 180°C. There appears to be no reason for LMSC f» use
LiTaO3 instead of L1Nb0 at this time, since both crystals must be kept in an oven,
and since the optical quahty of L1Ta0 crystals we have received is not as high as the
LiNbO, crystals.
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Fig. 3-20 Birefringence Pattern of Examples of Optical Dam-
age in LiTaO3 at Room Temperature: Laser Wave-
length, 0.5145 and 0.4880 ym. Large spot near
center: damage at 24,8 kW/cm2. Smaller spots
near lower edge; damages at 3.6 kW/cm2. Other
spots were results of intermediate intensity and
varying exposure times (all in seconds)
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Section 4
CONCLUSIONS AND RECOMMENDATIONS

4.1 SINGLE-FREQUENCY L.ASER STUDIES

The following advances in the state-of-the-art were made during the past year.

(1)

(2)

(3

(4)

(5)

Techniques for the deposition of thin nichrome films (~ 25 to 1001&) were
developed and measurements were made of their reflection and transmise’on
coefficients. Satisfactory agreement with theoretical values was obtained.
Single- and double-nichrome film mode filters were fabricated and tested
for the singie-frequency operation of Nd:YAG lasers.

A two-component, tilted intracavity Fabry-Perot etalon and nichrome

film mode filter with low insertion loss was devised. This is a good
practical solution for the single-frequency operation of Nd:YAG laser

at all nominal levels of laser gain and with good efficiency.

The insertion loss of the tilted Fabry-Perot etalon was investigated
theoretically and experimentaily, and upper limits on the reflectivity of

such etalons for low-loss, single-frequency operation were established.

The tilt loss of the etalon was computed using the concept of an angular
spectrum of plane waves constituting the model distribution of the electric
field in the laser cavity. This is a useful theoretical approach which

allows the deduction of the tilt loss for higher order transverse modes to

be deduced and hence predicts the feasibility of using an intracavity

etalon as a transverse mode filter..

Laser cavities with internal focixsing elements were developed and used

to produce adequate TEM,, mode volumes in the YAG rod, and computerized

solutions for such cavity designs were developed.
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(6) Using a Nd:YAG rod with a curved end as an internal focusing element,
together with a 5-cm-radius mirror, the TEM00 beam radius in the rod was
made greater than 1 mm. At present a single-frequency output of 0.8 W
has been obtained from a low-gain (25%) Nd:YAG laser pumped by a 1-kW
tungsten lamp. Some instability with the use of short radius laser rods
and mirrors has been encountered with the intracavity tilted Fabry-Perot
etalon. Further elucidation of this should allow the objective of 1-W single-
frequency output at 1.06 pm to be attained.

(7) Additional investigation of single-frequency techniques shows that the two-
component tilted F-P etalon, nichrome-film mode filter is the best practical
solution for single-frequency operation in conventional standing-wave
resonant cavities. Such a filter allows adequate cavity designs for good
TEMoo mode volumes in the laser rod. Its chief disadvantage — spatial
hole burning — may be overcome by the use of a traveling wave ring-type
laser as deduced earlier, but the full promise of this method derends on
obtaining low-loss elements — Faraday rotators and polarizers — together
with the same adequate TEM,, mode volumes in the Nd:YAG rod.

(8) A paper on "Two-Component-Mode Filters for Optimum Single-Frequency
Operation of Nd:YAG Lasers, " was written on some of this work and
appeared in the IEEE J ournal of Quantum Electronics, Vol. QE-7, Aug
1971, pp. 381-—-387.

During the second phase of this program additional work in the following areas will

be done:

(1) Further work on the design and operation of efficient resonant cavity
Nd:YAG lasers with internal focusing elements, including the use of convex
short-radius mirrors to obtain adequate TEM ., mode volumes in the rod
with shorter lasers and improved mode stability.

(2) Further optimization of the tilted Fabry-Perot etalon — nichrome film mode
for use with short-radius mirrors and investigations on the modifications

v
"

of the mode angular plane wave spectra and field distributions caused by such
tilted etalons, with particular reference to the instabilities encountered within

short-radius laser mirrors and rod curvatures.
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(3) Measurements of the intracavity lasers, single-pass gains, and saturation
parameters of optimum laser designs.

(4) Further work in the heat balance and efficient use of the potassium-
rubidium lamp pump source in 8-in. -diameter spherical pump cavities.
Use of appropriate selective reflective coatings in the pump cavity and
cooling for efficient heat control and pumping of the Nd:YAG laser.

(5) Investigation of the thermal birefringence effects in the Nd:YAG rod when
pumped by the potassium-rubidium lamp in such efficient spherical pump
cavities. Other birefringent-host materials such as yittrium aluminate

(YALO) will also be considered for final efficient laser designs.
4,2 OPTICAL MODULATOR STUDIES

Theoretical studies performed during this year have shown that to obtain high efficiency
optical modulation (high modulation depth per unit bandwidth per unit power), the
interdigital bandpass modulator must be designcd to have low output impedance while
maintaining the desired bandvs;idth. However, this results in an increase in attenuation
ripple within the passband. Therefore, the proper design represents an optimization
of all these factors.

For this study, an output impedance of 19 2 has been chosen for a 4-section modulator,
resulting in 0.5-dB attenuation ripple within the desired 1- to 2-GHz band. Two models
of modulators and transformers have been designed, fabricated, and tested during this
year. The insertion loss (combination of reflection and atteruation losses) of each is
about 1 dB. Allowing for the loss, the performance of each modulator agrees well
with theoretical predictions. In the use of Model 2 for example, 70% modulation depth
for 0.5145-um radiation is obtained for 3.6-W of drive power flowing through the cir-
cuit, and 87% depth is obtained for 6.7-W flowing through the circuit. These depihs
compare well with the theoretical values of 73% and 92%, respectively. The 3-dB
. bandwidth is greater than 1 GHz, and it is estimated the bandwidth may be as high as
1.5 GHz (0.9 to 2.4 GHz). From these results, it is concluded that for 1.06-um
radiation, 50% modulation depth will be found at 10-W rf drive at the input of the ;nodu-
lator (corresponding to 7.5-W flowing through the circuit).
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Interferometric modulation has also been studied. Theoretically this type of modulation
promises to be more efficient than the conventional birefringence type of modulation,
However, because of the crystal quality, end-faces parallelism and cutting-strains

in the commercially crystals, severe beam distortion was obtained and the results

were somewhat worse than the berefringence modulation. Fer these reasons, LMSC
began an in-house supported program to study cutting and grinding procedures during
the last quarter. Much higher-quality finished crystals have now been obtained.

Automatic electrooptic/ thermal controller circuits for the modulator have also been
designed and tested. These circuits monitor the optical bias point and produce an
instantaneous high voltage to compensate for the bias point drift. At the same time,
the oven or auxiliary heater power is adjusted so as to reduce the high voltage and
return the modulator to its steady state. Both circuits work well.

Studies on optical damages in crystals have also been conducted. It was found that
for LiNbO3 crystals, intensities as high as 14 kW cm2 (0.5145 and 0.4880 um) did
not cause damage at about 180°C, although damage was practically instantaneous

at room temperature, LiTaO3 showed similar behavior. The optical beam profile
transmitted through the LiNbO3 crystal at 180°C showed little distortion. Tests of
LiNbO3 in vacuum at temperatures as high as 350°C did not show any discoloration.
Thus, it is concluded that no damage or distortion problems will occur with 1.0 W of

1.06-pm radiation.

In the next phase of this program, bandpass optical modulators that will operate from
2- to 4-GHz will be designed, fabricated, and tested. Particular attention will be given
to the rf insertion loss problem since such losses may well be even more severe than
were found for the 1- to 2-GHz modulators. A further study will also be made on ways
to apply a dc bias voltage without perturbing the rf or modulation characteristics.
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