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FOREWORD

This is the final report on work performed by the Electro-Optics Organiza-
tion of GTE Sylvania, Inc, Mountain View, California for the Air Force Avionics
Laboratory (TEL), Air Force Systems Command, Wright Patterson Air Force Base, Ohilo,
under Contract No. F33615-74-C-1062, Project 2028, Task 0l. The work was performed
during the period 18 February 1974 to 11 July 1975, for the Advanced Development
Program 405B, Mr, Donald D. Matulka (AFAL/DHO-3) was the program monitor for the

Avionics Laboratory.

This report was prepared by the Electro-Optics Organization of GTE Sylvania,
Inc., Electronic Systems Group - Western Division, Mountain View, California and des-
cribes work performed in the Equipment Engineering Department headed by Mr., R. S.
Reynolds. Dr. J. D. Taynai was the program manager. Laser development was performed
by Dr. J. Falk, Mr. C. B, Hitz and Dr., Taynai., Dr, C, H. Chadwick was responsible
for mechanical design and laser assembly; Mr. L., E, Wilson, for fabrication; Mr. H.
Sweeney for all phases of the electronics, PSQM laser testing was performed by Mr.
D. J. Radecki and Dr. E, Reed. Other contributions to the effort and assistance were

provided by Messrs. E. J. Sleep, J. Becker, L, L. Schmidt and Mrs. M. B. Owen.
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Section I

INTRODUCTTON

The Air Force, in its Advanced Development Program 405B, has been develop-
ing a laser system with which to evaluate experimentally a proposed optical com-

munication system for use in space. The solar pumped laser is an important part of

the system because of its low electrical input power requirement and its freedom from

pump source lifetime limitations,

(1)

The first solar pumped laser program at GTE Sylvania took place from
January 1970 to August 1971. The result was the demonstration of a laser operating
solar pumped, end pumped, conductively cooled, producing 1.05 watts of multimode

(2)

power at 1.06um. The second program covered the time period December 1971 to

July 1972. Several basic areas were investigated, and the modified laser produced
4.85 watts multimode and 0.8 watts TEMoo mode, both at 1.06um, The third(3) program
began in January 1973, ending August 1973. A new laser was designed and fabricated
incorporating features indicated by previous investigations, and providing an excel-
lent test bed for further development. Nearly 6 watts of multimode output was ob-
tained; 2.05 watts of TEMOO mode output was also reported. At the second harmonic

wavelength of 0.53um, 0.43 watts cw output was obtained.

This, the fourth developmental program, began in Fabruary 1974, and ex-
perimental work continued until July 1975. The objective was the demonstration
of a mode locked, frequency doubled, conductively cooled solar pumped laser, de-
signed to prototype space qualifiable level and structurally compatible with the
engineering feasibility model (EFM) lamp pumped laser, concurrently being developed
under Air Force contract No, F33615-74-C-1028, The laser was to provide a minimum
of 250 mW of mode locked output at 0.53pm, the second harmonic of the 1.06um Nd:YAG
laser wavelength. The mode locking frequency was to be 500 MHz; the pulse dura-

tion, less than 300 ps. The specifications are listed in Table 1,

The development portion of the program concentrated on laser resonator

design and experimental optimization, laser rod doping selection, improvement in
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Table 1

PSQM SOLAR PUMPED LASER SPECIFICATIONS

Wavelength - 0.53um
Average Output Power - 250 mW minimum
- 400 mW goal
Average Output Power Stability - +2%, DC to 108 Hz
Mode - TEMOO
Polarization - Plane, greater than 100:1
Mode Locked at 500 Mpps +50 Kpps, with rate of change less than
5 Kpps/sec
Pulse Duration - less than 300 ps, 107% rise to 907% fall
Clock Output - sinusoidal at laser prf, 0 dBm +1 dB into 50 ohm
load, output VSWR lecs than 1.5. Phase variation
relative to the optical pulse train less than iﬁ.So.
Rod Temperature - no less than 0%
Laser Environment - 1g, 20° i§°c
Cooling Efficiency - greater than 95% through baseplates
Vibration Level - 15g design, 5g test
Conductively Cooled
No Phase Ambiguity
Utilize Cold Mirror Coatings
Interface with Solar Simulator and Solar Telescope

Interface with EFM Laser OMS
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laser rod bonding and conductive cooling and determining parameters necessary for

mechanical design of the PSQM laser. All phases of design, mechanical, electronic

AR T

and optical, borrowed heavily from the EFM lamp pumped laser program. Most de-

partures from tnat design resulted directly from the end pumping geometry used with

B S

5

solar pumping.

the laser rod, a light trap and an intracavity lens in one leg, a dichroic mirror

i
%d The PSQM laser incorporates an L shaped resonator cavity with one mirror,
§ and an acousto-optic mode locker frequency doubler (AOML/FD) in the other leg. The

two legs are joined by a 45° {folding mirror which also serves to couple out the

0.53um beam. The AOML/FD was developed by and procured from McDonnell Douglas

Astronautics Company ~ East, The laser rod heat sink, light trap, and condensing

cone account for most of the heat in the laser, and are conductively cooled by a

single cold plate. All laser components are attached directly or indirectly to

an invar laser structure. The laser resonator beam path is sealed to prevent dust,

moisture or turbulence from affecting laser operation.

The laser produced 250 mW of ML/FD output with 280 ps pulse duration with

a Nd:YAG laser rod; 400 mW with 280 ps pulse duration with a Nd:Cr:YAG rod. The

highest power obtained was 480 mW with 560 ps pulse duration with the latter rod.

The laser (Figure 1) performed best with a dielectric secondary mirror designed

to reflect pump light from 0.43um to 0.90um to the laser rod, while transmitting

or absorbing approximately 857% of the longer wavelength infrared radiation.

In addition to the basic PSQM laser effort, studies were made of coatings

fo. use In space, effects of primary mirror deformation on pumping efficiency, and

of the potertial benefit of employing a YAG condensing cone rather than a hollow

one. Also, lamp pumped laser pump cavities were fabricated and delivered for test~

ing in conjunction with the EFM laser program,

Laser development is discussed in Section 2 of this report. The PSQM

laser is described in Section 3 and results of laser testing presented in Section

4. Other tasks, mentioned in the previous paragraph, are discussed in Section 5.

Summary and conclusions comprise Section 6.







Section II

LASER DEVELOPMENT

el Introduction

A portion of this program was devoted to development tasks, the outcome
of wnich assisted laser mechanical design and choice of optical components for the
PSQM laser. In addition, during the course of the planned development effort,

several areas which needed investigation and understanding became evident.

The optical development performed on this program is discussed and des-

cribed in Sections 24,4 and 2,5, However, much previous development was performed :

(3)

during the previous Sun Pumped Laser program

(4)

, and the two lamp pumped laser pro- !

grams, The Brassboard Laser Transmitter

(5)

(EFM) Laser . Work on the last mentioned program was performed just prior to

and The Engineering Feasibility Model

CESRIS T

corresponding portions of this one and much which led to particular designs for

both programs is discussed in the EFM Laser Final Report(s). Only the development

actually performed on this program will be discussed at length in this report.

£ty

Section 2%2 discusses the difficulties encountered with the solar simu-

lator, its limitations, and a comparison between it and the solar telescope. Power

meter calibration is discussed in Section 2.3, Following that, laser rod tests

and results are presented in Section 2.4, Finally, Section 2.5 covers the laser

L
resonator tests.

The laser used for these tests was the one built on the previous program(B)
and is shown in Figure 2. Tt is a good experimental test bed, having been designed ;
to accommodate various laser resonator configurations and intracavivy elements. )
Except for improvement in design, the developmental laser could be configured to
be optically identical to the PSQM laser, so that optimization experiments could
be meaningfully performed even while the detailed design and fabrication of the

PSQM unit were in progress.

s R
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- 2.2 Pump Sources - Solar Simulator and Solar Telescope

All developmental laser work dome on thi§ program was performed using
3
5 the solar simulator, obtained on the last program.’ The simulator consists of a
£ lamphouse and a power supply, both shown in Figure 3. The lamphouse contains

the 2 kW xenon short-arc lamp and an ellipsoidal reflector,

Lamp 1 is the original lamp, obtained and used on the last program and
for the first part of this program. Lamps 2, 3 and 4 were obtained on this pro-
gram, Lamp 1 exhibited erratic starting characteristics after 467 hours of opera-
tion. Inspection of the lamp showed the electrodes to be badly eroded, and the
lamp envelope to be slightly discolored. Lamp 2 was installed, but the laser did

not perform as well after the change. Careful inspection of lamp 2 showed the
electrodes to be misaligned. Lamps 3 and 4 did not noticeably improve laser per-
formance over that obtained with lamp 2, however. Some comparative testing was

performed with lamp 3 despite this shortcoming.

Simulator output power measurements were imade using a CRL Model 213
power meter, which is a water cooled, thermopile type de¢vice. Calibration data
was avallable for the instrument used for measurements made on this program, but
not for the original determination made on the last program. That data must be
regarded as approximate only., There is significant variation between instru-

ments, especially after long periods of usage or storage.

The measurements showed the output power with lamp 2 or 3 was less

than 60% of that obtained previously. The cause of the power loss was found to
be degradation of the ellipsoidal reflector. Careful inspection of the reflector
showed a large portion of its surface to be discolored from its normal silver to
shiny blue. The color indicates blue light is reflected noticeably better than
yellow or red, and presumably infrared as well, Since all the primary pump bands
of Nd:YAG and Nd:Cr:YAG are in the affected spectral region, this could easily
account for the laser performance degradation. A new reflector was obtained and
installed. The output power was Improved to approximately the level previously

produced by the simulator. The results are summarized in Table 2.




Figure 3 Photograph of the Solar Simulator Lamphouse
and Power Supply
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Table 2

SOLAR SIMULATOR OUTPUT POWER

Date Output Power Comments

25 Jan. 1973
9 May 1974

16 Jan. 1975
16 Jan. 1975

21 Jan. 1975

L400W

370

230

232

385

Uncalibrated meter

New reflector

Input power approximately 2000W in all cases,

Table 3

COMPARATIVE LASER PERFORMANCE FOR SOLAR AND
SIMULATOR PUMPING, ON THE PREVIOUS PROGRAM AND THIS ONE

Simulator Pumped Solar Pumped
Program Previous Present Previous Present
MULTIMODE OUTPUT POWER 5.0W 3.2W 5.1W 4.8W
(lamp input power) (solar monitor reading)
PUMP DRIVE LEVEL 2 KW 2 KW ) 6.6

R




Despite the restoration of simulator output power to the previous level,
laser performance was still poorer than obtained previously. On the last program,
the simulator driven at 2 kW lamp input power and the telescope at full aperture
on a clear day with silver secondary mirror produced comparable multimode output
power, Measurements made during this program, however, show that for the same
laser rod, 931, while the solar telescope pumped laser output was nearly the same, the

simulator pumped output was noticeably less. The results are summarized in Table 3,

The solar monitor reading is the current produced by a silicon solar cell exposed
to sunlight., This monitor is the same device used on the previous solar pumped

laser program(B), and is described in Section 4.2 of this report,

Thus, total output power from the simulator is not a reliable measure
of its pumping efficiency. Unless a simple reliable method can be found, the
simulator should only be used for comparative measurements, and absolute, de~
finitive results taken only using the solar telescope. Since the simulator is
actually a movie projection light source and not a high quality, optically stable

instrument, the limitation of its usefulness is reasonable.

By comparison, the solar telescope (see Figure 4) provides a more stable
pumping beam than the simulator, since the lamp arc does wander and fluctuate in
intensity. The telescope also provides a more sharply defined bright image with
less peripheral l:ght than the simulator. The spectrum of the pump light does
not change as the telescope 1s apertured, while the spectrum of the simulator
varies as the input power is changed. For a further discussion of the solar tele-

scope and the solar simulator, see Reference 3,

The simulator, however, is more convenient to use, has a stable rather
than a moving platform for the laser, and can be used regardless of weather and
time of day. It is a useful tool, subject to its limitations, especially for

comparative measurements and laser alignment.
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The solar telescope, collecting the sun's rays at the earth's surface,
provides a reasonable spectral approximation to the actual pump light to be found in
space. The telescope also can accommodate various secondary mirrors, allowing
filtering of the pump light prior to pumping. In this manner, unwanted long
wavelength infrared radiation, which would only heat the laser rod, can be sub-

stantially reduced in intemsity at the laser rod (discussed in Section 4.2).

2.3 Power Meter Calibration

The CRL Model 212 power meter has been used to measure both 1.0oum and
0.53um laser output., During the course of the program, calibration of these power
meters was investigated. It was found that the meters, as calibrated by the
manufacturers at 1,06uym with a laser and a '"standard" power meter, gave readings
20-25% higher than Eppley thermopiles, calibrated with an incoherent standard
source. Apparently no accurate accepted calibration exists in the laser industry,

and none traceable to the National Bureau of Standards (NBS).

NBS recently calibrated a CRL Model 201 power meter, a thermopile
instrument, and sent it out for testing to six different experimenters. The

consensus of their results was that the meter read 5% high(G)-

To date, we have used CRL meters with their attendant calibrations. The
results included in this report will be based on these calibrations. While there

may be a multiplicative error in quoted results, the numbers will be accurate for

relative comparison. Also, total communication system results depend not on power

calibration, but on photoelectrons required per bit of information for a given

maximum error rate. This is independent of the power standard.

2.4 Laser Rod Experiments

2.4.1 Rod Doping

To optimize laser performance, it was necessary to determine the Nd and

Cr doping concentrations which would produce the highest laser output power. In order

to accomplish this, the various laser rods available were compared early in the program.

The rods were operated in the developmental model laser, configured for straight

12




L M

; cavity, multimode operation as shown in Figure 5. The laser was solar simulator
pumped at 2 kW input to the lamp, the mirror separation was approximately 30 cm
and the output mirvor had a 60 cm radius of curvature and was 2.5% transmissive.

All rods were anti-reflection (AR) coated for normal incidence at 1.064um.

The results are summarized in Table 4 for those rods tested on this and

the previous program. The degradation in output power attributed to the simulator

in Section 2.2 is apparent, although the almost negligible decrease found with rod

931 does not fit the general pattern. Note that the decrease with the first two

rods, doped with Nd only, is greater than that observed with two Nd:Cr rods (21-D

and 107). A decrease in red and infrared reflectivity, as manifested by the blue

color of the degraded simulator ellipsoidal reflector, would affect the Nd:YAG rods

more than the Nd:Cr:YAG rods, since the Cr absorption occurs at shorter wavelengths.

While these rods represent a small sample space, especially considering
rod-to-rod variation among supposedly identical rods, a decision was made based on

the results. Four Nd:Cr:YAG rods of 1.0% Nd and 0.1% Cr concentration would be

obtained. As a backup, four additional Nd:YAG rods with 1.0% Nd also were obtained.

The new rods were tested under the above conditions. The results are shown

in Table 5. Two comparison runs were made because of the large number of rods and

a limited number of heat sinks. The simulator reflector was replaced in the time

interval between the two rums, which accounts for the large power disparity.

In summary, the new Nd:Cr:YAG rods are all inferior to rod 107, and all

new Nd:YAG rods are all inferior to rod 4-27A. Rod 931 cannot be used in the

PSQM laser since it is only 25 mm long. Thus, rods 107 and 4-27A were designated

as candidate rods to be used in the PSQM laser.

2.4.2 Rod Focal Length

Because of the change in index of refraction of YAG with temperature,

a rod of nonuniform temperature will exhibit prisming, lensing ani higher order

effects. Because the laser rod is approximately radially cooled (see Section

2.4.3), there is little linear temperature gradient, which would manifest iteelf

as prisming. Such prisming, in which the laser rod acts as a prism or wedge,

introduces no distortion in the beam.
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Table 5

Multimode Couwparison of Solar Simulator Pumped 1
Laser Rods for Choice of Rods for Use in the PSQM Laser

Multimode
Output Power (Watts)
Rod Number Run 1 Run 2

3260 * .50 =

3261 * o 7k 2.43

3262 * .82 2.48

3263 * .80 2.64

3274 L2 1.68

3275 .27 =

3276 no lasing =

3277 .31 1.80

*
1

107 2.89
931 * X.29 -

21-D * .90 =

s

1-51A * - 1.19

4 4=27A - 2,28

* Nd:Cr double doped rods




Higher order spatial changes of refractive index,

especially radial,
introduce lensing.

While the entire rod contributes to this lensing, it is dis-
tributed nonuniformly through the rod because of the axial gradient introduced
by end pumping.

It is necessary to determine the magnitude of this effect,
the resonator optical design is dependent upon it,

since

The lensing of the rod will manifest itself as does any cavity lens.
The stability

of the laser cavity can be calculated using the approach of Kogelnik
(7
and L1,

For each laser cavity element there is a 2 x 2 matrix which des-

cribes that element. The matricas can be used to determine if a configuration

By translating the output mirror in Figure 5,
to become unstable.

is stable, the laser can be made

By measuring the other parameters, the effective rod focal
length can be determined.

The laser rod lensing is represented by a thin lens located at the

midpoint of the rod. The matrices necessary are D, for the distance from the

flat mirror to the rod center, F for the unknown rod focal length, Db for the

distance from the rod center to the output mirror,

and R for the output mirror.
The quantities da and d

p are the optical distances mentioned above, f is the rod

and r is the output mirror radius of curvature,
defined as follows:

focal length, The matrices are
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The ABCD matrix is defined by the following matrix product.

A
A B\
Lo @@y @) @ o)

The stability criterion is |(A + D)/2| < 1.

The values of f for the crossover points between stability and instability are:

f = ~r+d dadb da(r E db)‘ d
b* 4 d, ° r-d -4d,° b
a—b a b

If the curvature of the output mirfor is chosen so that r > f, then the procedure
to find f 1s to move the output mirror away from the laser rod until the laser
is operating intermittently and any further translation extinguishes the laser.
To verify alignment, the mirror should be placed just beyond the extinguishing

point, then the pump power should be decreased, decreasing the amount of focussing,

increasing f. The laser should begin to oscillate. The solution for this case

is the last one, db. In terms of actual parameters:

where d 1is the rod to output mirror distance, dr is the rod length and n 1is

the rod index of refraction.

Simulator pumped at 2 kW lamp input power, a Nd:Cr:YAG rod had a 68 cm
focal length; a Nd:YAG rod, a 78 cm focal length. Using the developmental laser
with the solar telescope, at a solar reading of 7.0 with the wideband dielectric
secondary mirror, Nd:YAG rod 4-27A had a 75 cm focal length; with the silver

secondary, a 72 cm focal length, The simulator results only were available during

the optical design effort described in Section 2,3,




&

2.4.3 Polarization and Rod Mounting

One of the specifications for the laser listed in Table 1 is that the
output he plane polarized. The manner in which rhe laser is mode locked and fre-
quency doubled, discussed in Section 2.5, requires that the 1.06um beam in the
resonator also be plane polarized. This is implemented by the properties of the

folding mirror in the L-shaped resonator.

To optimize laser performance, it is necessary that the polarization
introduce as small a loss as possible to the laser resonator. It was discovered
on the previous program that a cylindrical laser rod which is uniformly end pumped
but nonuniformly cooled on the cylindrical surface will provide higher output
power for some forced polarization directions than for others. This is illustrated
in Figure 6. This behavior was determined with the multimode cavity shown in Figure
5 with a rotatable Brewster plate polarizer inserted between the laser rod and the
output mirror. The Brewster plate introduces sufficient loss to the orthogonal

polarization to prevent it from oscillating , forcing the desired polarization.

: o
Note that the maximum laser power does not occur at O or vertical

polarization in Figure 6, but about 12° off vertical. Data for rod 107 and for

rod 931 are shown in a polar plot in Figure 7. The patterns for both rods are
sharply lobed, but the solid curve (rod Y31) has its near-vertical maximum much
closer to 0° than the dashed curve (rod 107). For forced vertical polarization,
one of the baseline design features, rod 931 would produce 957% of its maximum
power, whereas rod 107 would produce only 50%. Ideally, the maximum output power

should be produced for vertical polarizatiom.

Figure 7 also shows an end view of the laser rod and its heat sink. The
rod is soldered into the heat sink, and the heat is removed by conduction to a
cold plate at the bottom. To make the soldering less difficult, the heat sink
is split horizontally coinciding with the center of the laser rod. While the heat
sink is made of copper, whose thermal conductivity (4W/cm/©K) is much higher than

that of the laser rod ( .13 ), heat is not removed from the rod uniformly radially.

If the heat were removed uniformly radially the uniformly end pumped rod should pro-

duce the same power for any polarization, since Nd:YAG, (and presumably Nd:Cr:YAC is

isotropic.

et o
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At the interface between the heat sink top and bottom, a temperature drop
will develop for any measurable heat flow, This is caused by imperfect matching
of the two machined surfaces and the presence of oxides and foreign substances,
Thus, more heat is removed from the bottom half of the rod than from the top half.
The heat stream lines and the isotherms would be symmetric about a vertical line
through the center of the rod. From symmetry arguments alone, the polar output

power plot should be symmetrical about the 0° line.

It was decided to test whether a Nd:Cr:YAG rod was actually isotropic,
as mentioned above. Rod 931 is such a rod, and its maximum (Figure 7) was very
nearly vertical. 931 was heated in its heat sink to just above the solder melt-
ing point. The rod was then rotated carefully 45° in the heat sink. The polar
power plot of the rotated rod was unchanged. This was felt to be sutticient
evidence that the laser materials used are isotropic, and the cause of the off

vertical power maximum was not inherent to tlte rod.

While a number of laser rods exhibited the off vertical polarization
preference, rod 107 was investigated to a greater extent than the others. Evalua-
tion during the previous program had shown this rod to have produced the highest
multimode output power (except for rod 931) and the 4wighest polarized and un~
polarized TEM,, powers of any rod. Thus, 107 was potentially the best rod in

our possession, and deserved special investigation.

Careful examination under a microscope showed rod 107 to be mounted
asymmetrically in its heat sink, and the heat sink top and bottom to be misaligned,
as shown by Figure 8, It was thought that these two features would destroy the
vertical symmetry discussed above, and possibly cause the off vertical polariza-

tion preference.




INPUT END

OUTPUT END

\
7 Z

Figure 8 Drawing of Skew Mounting of Laser Rod 107




FESE RIS I

This led to a change in laser rod mounting hardware and procedure.
Fixtures were made to center the rod in the cylindrical hole in the heat sink.
The top ® the heat sink was aligned with respect to the bottom witl guide pins.
The rod was placed in the channel of the bottom of the heat sink, the channel
having been filled with indium and formed to the rod size and shape by impressing
with a proper sized drill blank. The heat sink top, similarly pre-processed, was
set atop the guide pins, which were sufficiently large to prevent the top from
sliding in place. The assembly was then heated on a hot plate until the indium
in the bottom channel melted and pulled the rod in place. The rod was translated
back and forth along the channel to enhance the wetting, then the top was pushed
down over the guide pins., As soon as the indium in the top channel melted, the

two heat sink parts were fastened together with four bolts,

Several rods mounted with this procedure showed inconclusive results.
Dismounting them revealed insufficient wetting of the upper half of the rod by
the indium in the channel. The procedure was modified to remedy this., The
guide pin holes were enlarged sufficiently to allow a slip fit between the pins
and heat sink. The pins were not installed at first, The rod could now be trans-
lated slightly with respect to both parts of the heat sink to improve wettability.
The pins were installed just prior to cooling the assembly to freeze the indium

solder.

The results of this testing are summarized in Table 6. Rod 107
produced poor results for the final mounting procedure because the metallization
on the rod had degraded. This rod and its peculiarities are discussed below.
Rod 931 is only 25 mm long, and could not be used in the PSQM laser, which was
designed around a 30 mm long rod. It was used for comparison purposes during the
testing, and for the rod rotation test, The eight rods obtained during this program

were mounted after adoption of the use of rod cedtering and guide pins.

1
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Laser Rod

107

934!

21-D
1-51A

4-27A

3260
3261
3262
3263
3274
3275
3276

3277

Mount 1 -~ No rod centering, no guide pins.

Mount 2 - Rod centering, guide pins at start.

Table 6

Summary of Laser Rod Polarization Preference with Respect to

Vertical for Three Different Mounting Techniques

Position of Maximum Polarized Power

Mount 1 Mount 2 Mount 3
12° g° 30°

50/30 - -
5° 12° 0°
= 12° 10°

35%/3° 10° 0°
- 17° 0°
S 12° 0°
- 10° 0°
o Ve 0°
- 1 o°
- 17° e

Comments

Metallization degraded
in #3

25mm rod. Before and
after 459 rotation in

#1

Rod centering,
annealling in #1

Inferior Rod

Never lased

Mount 3 - Rod centering, guide pins installed last.
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ol Rod 107 resisted all attempts to obtain maximum power for vertical
polarization. It was remounted several times using the final technique, with
the resulting maximum power direction being approximately 10° off vertical, in

the same direction each time. Since all the rods had 0.5° canted ends, repeated

alignment was possible, Finally, the rod was mounted rotationally offset ~10° in

the directior which would rotate the pattern to vertical 1t the pattern were assoclated
with the laser rod. The rod exhibited a maximum polarization orientation of approxi-
mately 2-1/2° off vertical, with less than a 6% reduction in power for forced vertical
polarization. While the behavior of this rod is not well understood, it was decided
not to pursue the investigation, especially singe an acceptable mounting had been

acconplished.

Using the procedure described above Nd:YA5 rod 4-27A and Nd:Cr:YAG rod

107 were mounted for testing in the PSQM laser.

A copper heat sink was electroformed to laser rod 1565, but coating damage
and a shortage of time precluded evaluation. Rod 1-52A was mounted using a thermally

conductive epoxy, but evaluation proved inconclusive.

205 Laser Resonator

2,5.1 Description of the Resonator

The laser incorporates an L shaped resonator cavity with an HR mirror,
the laser rod, a light trap and an intracavity lens in one leg, a dichroic mirror
and an acousto-optic mode locker, frequercy doubleir (AOML/FD) in the other leg. The
two legs are joined by a 45° folding mirror which also serves to couple out the 0.53um
beam. The resonator shown schematically in Figure 9 is quite similar to that of the y
EFM lamp pumped laser(s). The 1,06um beam is virtually collimated in the region from

the HR 1.06um mirror M, through the laser rod to the intracavity lens. The lens focus-

1
ses the beam so that it is converging toward the right and downward in Figure 2, fol-

lowing its reflection from folding mirror M2' The beam creates a focus at or near

the barium sodium niobate (chemical representation Ba Na(Nb03)5, often abtreviated

2
BSN) crystal, which is used to mode lock and frequency double the laser., The dichroic

mirror, M3, serves to terminate the cavity.




The 1,.06pm beam resonates in both legs of the L. The BSN crystal, func-

e

tioning as a loss modulator, mode locks the 1,06um beam at a pulse repetition fre-

it

quency equal to ¢/2L, where c is the speed of light and L is the cavity optical
length. The 1.06um pulse genevates 0.53um radiation in the BSN crystal, function-
ing as a frequency doubler, on B;th passes (in both directions) through the crystal.
Mirror M, allows the two oppositely directed 0.53um beams tc be coherently combined,

3
and to exit the cavity at mirror MZ'

:

The laser operates with the 1.06um beam linearly polarized vertically,

normal to the plane of the L. Linear polarization 1s required because of the fre-

quency doubling properties of the BSN crystal., The crystal is oriented in the
resonator to convert the polarized 1.06um radiation to orthogonally polarized (paral-
lel to the plane of the L) 0.53um radiation. The folding mirror M2 in Figure 9 is
dielectrically coated to transmit (T > 90%) of the 0.53um radiation polarized paral-
lel to the plane of the L, yet reflect virtually all of the orthogonally polarized

1.06um radiation.

Several constraints of end pumping cause the solar pumped laser resonator
to differ from that of the EFM lamp pumped laser. Mirror Ml is deposited on the
plane surface of the plano-con 'x cone lens, and is constrained to be flat for this
laser. Any departure would introduce greater complexity and higher cost for the
pumping end of the laser. A 3mm diameter rod is used to maximize gain, subject to
limitations discussed in Section 2.4, Since the EFM laser rod is 4mm in diameter,
the solar pumped laser will have a smaller beam diameter in the collimated section

of the resonator. While a 30mm long rod is used in this laser, compared to 63.5mm

for the EFM laser rod, the axial nature of the pump light necessitates its removal

e i

from the resonator with a light trap between the rod and the intracavity lems. This

B

element limits the minimum rod/lens spacing.

MBS g
SEEVL AR

2.3.2 Optical Design

The theory of optlcal design of the resonator and optimization of the laser
performance was not originated on this program. It was developed and applied first

for the lamp pumped laser and further discussion of various aspects of the design

can be found in other reports(4’5). An overview will be presented here.
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Using the ABCD matrices of Kogelnik and Li(7) similarly to the manner dis-
cussed in Section 2.4.2, the beam within the resonator can be described. The fixed
input characteristics are: total resonator optical length; flat mirror Ml; fixed

distance between Ml and the laser rod; minimum distance between the rod and the intra-

s St

cavity lens; minimum distance between the BSN crystal and the dichroic mirror Mz;
effective laser rod focal length (Section 2.4.2); effective BSN crystal focal length,

oz

Two parameters of extreme importance are beam diameter in the laser rod, and in the
BSN crystal. The first is critical, since if the beam 1s too large, aperturing by
the laser rod edge and heat sink will provide excersive loss; conversely, if the

beam is too small, modes of order higher than TEMoo will also oscillate,

The beam diameter at the BSN crystal is critical for both mode locking
and frequency doubling. A large beam will couple inefficiently for frequency
doubling because the power per unit area is low, and also may be too large for the
acoustic column in the crystal for effective mode locking. Too small a beam would
cause the pulse duration to be too long because of overcoupling. Also, too small
a spot would decrease mode locking efficiency since the small spet-corresponds to
a large spread in photon k vector, some of the distribution being outside the ac-

ceptance cone for Bragg diffraction mode locking.

From experience, a beam diameter of approximately 1/3 of the laser rod Aia-
meter corresponds to the highest TRMbo mode circulating power in the cavity. This
appears to be true for both side pumped and end pumped laser rods. Thus, an a priori

"constraint' was imposed of approximately lmm TEMoo mode diameter in the laser rod.

A R R

For the beam diameter in the BSN crystal, the beam diameter was constrained

EE

to be less than the 0.5mm acoustic column used for mode locking, and greater than

the approximately O.lmm limit corresponding to too large a k vector spread.

The variables in the theoretical design are intracavity lens focal length

and position, and dichroic mirror radius of curvature. For a given lens focal length

and mirror curvature, the mathematical model(s) predicts beam sizes in the rod and

S

BSN crystal for each lens position. By varying the lens position, a curve for the

beam size at the rod and BSN crystal can be generated by changing lens focal length i

or mirror curvature,

P




A typical family of curves is shown in Figure 10. The upper curves are for
laser rod beam diameter for three different mirror curvatures. When the curves be-

come steep, small changes in lens position could extinguish the laser by requiring
too large a mode diameter. When the curves are flat, lens position affects rod mode

diameter very little. Each lens/mirror combination has a minimum rod mode diameter,

Sets of curves like Figure 10 were used to generate a large number of
possible laser resonators. A number of these are summarized in Table 7. For
thege cavities, the rod mode diameter was lmm and the Ml to laser rnd distance
fixed at 4.25 cm, For the last five cavities, the beam waist in the frequency
doubling leg occurs at the BSN crystal center; for the first five, the waist is

displaced to allow a larger BSN beam diameter for a smaller waist diameter.

2.5.3 Acousto-Optic Mode Locker/Frequency Doubler

Developed by and procured from McDonnell Douglas Astronautics Company -
East (MDAC), the acousto-optic mode locker/frequency doubler (AOML/FD) is a key
item in the solar pumped laser. The unit contains a barium sodium niobate crystal
which is used to simultaneously mode lock and frequency double the 1,06um laser
beam. The crystal is coated to have virtually zero loss at 1.06um and as low a
loss at 0.53um consistent with the first condition. A specially applied trans-
ducer generates an acoustic column in the crystal for mode locking. The crystal

is contained within an oven for temperature control for frequency doubling.

Four AOML/FD's were used on this program, three with the developmental
laser and one with the PSQM laser. The first, provided as GFE, was an early model
and was not able to be used to produce satisfactory ML/FD operation. The second,
unit D-11, was purchased on this program for developmental purposes. It was found
that the acoustic column width varied from over 400um (expected value) to less than
250um. Also, the diffraction elficiency was a strong function of position in the

crystal, and crystal temperature.

The devices produced up to that time were designed to be acoustically
resonant, to improve the diffraction efficiency. It was found that maintaining

the diffraction efficiency and frequency doubling efficiency at high levels simul-

taneously was virtually impossible. It was decided that modifying the device to

252 P ord




BEAM DIAMETER AT LASER ROD
AMD BSMN CRYSTAL FOR 10 em
FOCAL LENGTH LENS FOR

3 DIFFERENT MIRRORS, AS A
FUNCTION OF LASER ROD TO
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AT LASER ROD
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BEAM DIAMETER (mm)
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Figure 10 Typical Resonator Cavity Design Curves
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be acoustically non-resonant would improve its performance, so D-11 was returned to
MDAC for this purpose. Subsequent testing indeed showed improved performance. The
unit was used until the crystal was accidentally damaged, apparently by sudden ap-
plication of RF drive power for mode locking. Development was completed using unit

D-12, borrowed as GFE and returned when the PSQM laser was operational.

Despite the change to acoustic non-resonant operation, the AOML/FD units
need further development. Combination of mode locking (acoustically controlled) and
frequency doubling (thermally controlled) within the same crystal does not allow
independent adjustment and maximizing of both functions., Crystal temperature changes
were cauied by variations in 1.06um generation and thence 1.06um and 0.53um absorp-
tion in the crystal, by variation of the frequency doubling oven temperature, by
variation of the absorbed acoustic energy needed for mode locking, and also by
changes in laser ambient conditions. These temperature variations caused further
changes in mode locking and frequency doubling, especially when the laser was operated
outdoors with the solar telescope. Further discussion of the device and its char-
acteristics can be found in the EFM laser final report(s).

Unit D-20 was purchased from MDAC for use in the PSQM laser. It had a
measured diffraction efficiency of approximately 4.67% at 2 watts drive, and less
than 0.3% insertion loss, The sound column width was found to be greater than
425um at 0.9 watts RF drive and greater than 600um for 1.7 watts drive. The unit
performed satisfactorily in the PSQM laser, producing 400 aW of mode %ocked, fre-

quency doubled output with 280 psec pulses. The unit is shown in its mount in

Figure 15, in Section 3.5.

2.5.4 Development Results

The candidate resonator configurations were evaluated with the simulator
pumped developmental model laser (Figure 2). Difficulties were experienced because
of solar simulator degradation and general unreliability. Despite this, the testing
was finally completed, with the laser producing approximately 200 mW of mode locked,
frequency doubled output with less than 300 psec pulses. The resonator used for this
contained a 6 cm radius of curvature dichroic mirror, a 13 em focal length lens, and
Nd:YAG laser rod 4-27A. Nd:Cr:YAG rod 107 was not useable at that time because of
mounting and polarization difficulties (Section 2.4.3).

4

S g

R G

i

2N R R L

ARV

r%




It was realized that changing to solar pumping and the use of a Nd:Cr:YAG

rod would necessitate further testing.




Section I[1I1

DESCRIPTION OF THE PSQM LASER

il Introduction

The PSQM solar pumped laser was designed using applicable PSQM lamp
pumped laser design, discussed in Section 3.2. Several subassemblies are virtual-
ly identical to those in this lamp pumped laser, including the dichroic mirror
mount, the AOML/FD mount, the lens mount, the folding mirror mount, and the clock

detector mechanical assembly.

The solar pumped laser schematic, including the solar telescope, is
shown in Figure 11. Those portions peculiar to the solar pumped laser are
directlv iavolved with end pumping of the laser rod. These are discussed in

Section . 3.

The pumping and cooling subassembly is discussed in Section 3.4, the
various mounts in Section 3.5, and the laser structure in Section 3.6. The
assembled laser is discussed in Section 3.7, and the electronics in Section

3.8.

3.2 Applicable Lamp Pumped Laser Design

Paralleling the solar pumped laser development over the last several
years, the K-Rb lamp pumped laser has progressed from laboratory demonstration

(8

model (Space Laser Design, contract No, F33615-72-C-1629) 2hroug?ashe brassbeoard

stage (Brassboard Laser Transmitter, contract No.F33615-73-C-1140) to the just
completed PSQM Laser (Engineering Feasibility Model contract No. Y3E—247(5)).Most
of the design approaches, much of the specific technolngy and many of the specific
designs of the lamp pumped laser effort have been directliy applicable to the PSQM
solar pumped laser. The present program was predicated upon the usefulness of
lamp pumped laser design and economy of the commonality of the two lasers. Be-

cause of this, a greater portion of the program could be dedicated to those

features peculiar to solar pumping.
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The basic laser resonator shown in Figure 9 is the primary feature in
common. The 1.,06um leg of the L cavity contains the HR 1.06um mirror, the laser
rod and the intracavity lems. The mode locking/frequency doubling leg contains
the AOML/FD employing the BSN crystal, and “he dichroic mirror HR at both 1.06um
and 0.53um. The legs are joined by the fclding mirror which is HR for 1.06um o

polarized vertically with respect to the plane of the L, and highly transmis-

& sive for the orthogonal polarization of the second harmonic.

The AOML/FD configuration used is the same physically, optically and

electronically. All the passive optical elements except the HR 1.06um mirror

are configured the same for both lasers. Laser radiation transmitted through

@1 the dichroic mirror is used to provide the optical signal for the clock (sync)
output., In both units, the laser rods are carted 0.5° so the planar rod end
surfaces are not normal to the beam axis or parallel to each other, thus dis-

couraging etalon interactions between surfaces.

Invar is used for the laser structure, which is very similar to its
lamp pumped laser counterpart except for the pumping and cooling section. The
AOML/FD mount, the dichroic mirror mount, the folding mirror mount and the clock

detector assembly are virtually identical in both lasers,

Both lasers are designed to be purged with dry nitrogen, then operated
with the optical path sealed from ambient atmosphere. Heat i1s removed through

cold plates in both units,

3.3 Features Peculiar to the Solar Pumped lLaser

Most of the features peculiar to this laser result from the end pumping
geometry used in this and several previous solar pumped laser programs. By re-
ferring to Figure 11, it can be seen that the pump light must enter the rod
through one end, and to do so musft pass through or around the 1.06um HR mirror
Ml' To reduce the spot diameter of the pump light, a condensing cone is used
between the final lens in the pump optical train and the laser rod. Because
of the axial nature of the pump lighi, the unabsorbed light exiting the laser

rod through the end away from the mirror M, would heat the entire laser. The

1
light trap prevents this from occurring by sbsorbing 977 of the throughputted

light.




On the previous program, it was found experimentally that a 30 mm long
laser rod of standard nominal 1% Nd doping made adequate use of the availlable

pump light. Silgnificantly higher doping would decrease laser rod optical quality

a and upper laser level lifetime. A longer rod would absorb very little extra pump

radiation. Concerning the rod diameter, analysis shows that the smallest dia- 5

meter possible produces the most power, all other constraints being held con-

stant and provided these are sufficient Nd ions in the smaller rod to provide

the inversion necessary. The following mathematical model was used for laser per-

formance:
8
o s o 5
Pout B (ao + 1/2 1
where Pout is the laser output power, T, the laser output coupling, B, the satura-

tion parameter, s the cavity single pass loss, and Bo» the unsaturated cavity

single pass gain. Optimizing transmission for maximum output:

@ ) =%</g_—/?i‘>2

out’max

Both B, and 8 are inversely proportional to rod area so only the (? - aolgoj)

term is area dependent. Thus, the smaller the area, the larger the gain, the

larger the output power, The minimum pump light circle which can be obtained

(2)

is 2.84 mm in diameter . Thus a 3 mm diameter rod was chosen.

The laser rod, condensing cone and light trap are the components which

must be cooled. They are placed in close proximity to confine pump source heat-

ing effects, and are cooled through a single cold .late. This is discussed

in Section 3.4, cold plate subassembly.

The cone lens mount 1s unique to the solar pumped laser because the
lens serves to introduce the pump light to the laser as well as provide the HR

1.06um mirror. The lens is larger than the mirror, and thus the mount had to
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be designed to accommodate this,

The PSQM laser employs a germanium photodiode (TIXL57) as a clock de-
tector, rather than a silicon deice (TIXL56) which is used in the EFM lamp
pumped laser. The germanium device can be operated at a higher bias current,
requiring 26 dB less amplifi:ation than the silicon device. In addition, while
the phase error for a 21 optical power input change for the germanium device
is twice that for the silicon device, its random phase noise for a typical in-
put of 1 mW optical power 1s only 12% that of the silicon device. The phase
errors are listed in Table 8, In addition, it was felt the use of the germanium
device in the Solar Pumped Laser would provide experimental comparison with the

silicon device, which is used “‘n the EFM Lamp Pumped Laser(s).

The laser is mounted on a plate which can be mounted on the solar col-
lector experimental shelf or on a table in conjunction with the solar simulator.
A portion of this structure is visible below the PSQM laser in Figure 1, Transla-
tion along three orthogonal axes was provided, as well as rotation about a vertical

axis passing through the cone lens.

3.4 Cold Plate Subassembly

The condensing cone, laser rod and heat sink, light trap and cold plate form

the cold plate subassembly, two view of which are shown in Figure 12. Two cold
plates were made for the laser, the one shown here having been configured for cool~
ing with EFM lamp pumped laser heat pipes. The other cold plate, cooled by flow-
ing refrigerated liquid, is shown with cooling lines attached in Figure 1. Both
are fabricated from aluminum, and have a black anodized finish. The top of the
cold plate, upon which the three components are mounted, has not been anodized

but has been carefully machined and smoothed to improve thermal conduction across
the interface.

(1,2,3) employed

Prior to this PSQM laser, previous solar pumped lasers
electroformed silver condensing cones. The electroforming utilized a carefully
machined and polished stainiess steel mandrel, which limited the optical quality
of the conical reflecting surface. In electroforming, the silver layer was

electrodeposited on the mandrel. This was followed with a thick copper layer
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TABLE 8

TYPICAL PHASE ERRORS FOR CANDIDATEZ
SILICON AND GERMANIUM CLOCK DETECTORS

A for 2:1 RANDOM PHASE NOISE
OPTICAL POWER CHANGE for 1 mW POPTICAL

PHASE WITHIN
VALUE FOR
99% TIME

Ge DETECTOR 4° 0.081° rms

Si  DETECTOR
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for strength and good thermal conduction., The silver eventually tarnished, de-

creasing light throughput,

The cone used in this although identical in optical design to those used
(1,2,3)

glass mandrel, The technique is more difficult and expensive, but the high

on previous programs laser was replicated on a high optical quality
quality of the reflecting surface is readily apparent to the eye. The cone
structure (not including the replicated portion) is made of aluminum. Figure
12b shows the entrance end of the cone. The structure is fabricated in four
closely fitting sections, employing guide pins to maintain tolerance. A
repiicated surface is formed on the mandrel surface,epoxied to one of

the quarter sections, then thermally shocked free of the mandrel. The assembled
cone structure is located with respect to the laser rod heat sink with a guide
pin in the heat sink. This assures horizontal centering of the rod in the
small end of the cone and protects the protruding portion of the rod from
damage during assembly and disassembly. Since little heat (10-20 watts) is
absorbed in the cone, the contact area to the cold plate is not large (v0.9
square inches) and four bolts suffice to hold the cone structure in adequate

thermal contact with the cold plate.

The laser rod heat sink is machined from copper and is essentially
the same as the heat sink used on the previous laser, The contact area is
large, approximately 6 square inches, to cool the laser rod as much as pos-
sible. Fourteen bolts tie the heat sink to the cold plate, positioning being
fixed by two guide pins in the cold plate. The surface which contacts the cold

plate is carefully machined and smoothed to improve thermal conduction.

The light trap is black anodized aluminum. It contains a clear
aperture for the laser beam and a series of baffles inside to absorb most of
the pump source light exiting the laser rod. This light is not collimated,
so the baffle arrangement does remove most of it from the resonator. The light

trap is located with respect to the rod heat sink with a guide pin in the heat

sink, just as the cone is.
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The laser rod heat sink i1s first bolted in place. The cone and light
trap are then positioned by their guide pins and bolted in place. The three
components have machined holes in their top surfaces to allow thermocouples
to be inserted and cemented in place. The cone temperature is measured near
the small end very close to the end of the laser rcd. The laser rod heat sink

has two thermocouple holes, one above each end of the rod. The light trap has

a hole for this purpose in its top surface.

3.5 Mirror Mounts and AOML/FD Mount

The mounts are described briefly in this section, since much of the design
work was performed during the EFM lamp pumped laser program. The design and des-
cription of the mounts are covered more fully in the repor£ of that program(s).

The dichroic mirror mount, which holds mirror M3 in Figure 11, is shown
in Figure 13. Figure 13a is a view of the dichroic mirror mount from the adjust-
ment side, the side away from the laser resonator. The knurled adjustment knobs
are removable, after the locking clips are locked. The central hole shown in the
figure holds the mirror assembly which directs the laser light transmitied through
the dichroic mirror to the clock detector. The central hole in Figure 13b, show-
ing the resonator side of the mirror mount, holds the dichroic mirror. The mount
is made primarily of beryllium copper. The flexural pivots are twisted after
machining, then heat treated, to bias them to provide the torsional force which
allows the adjustment knobs to function, The mount providing<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>