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I. INTRODUCTION

The purpose of this program was to design, fabricai. vest, and deliver a
medium-power stable cw COo laser source which is tailored for use as a driver oscil-
lator for the high-power laser amplifier at the RADC Coherent Optical Radar Iabora-
tory at Floyd, New York. The stable master oscillator (STAMO) developed and del. -
ered under this program bz2s demonstrated all or the required performance character-
istics. These design requirements are:

a) Power output: 35 watts in & single line (Pi8’ Psg or Pyy) of the 10.6p COo

branch.

b) Trensverse mode: TEM,, and collimated to the diffraction limit of the

output aperture.

¢) Frequency stability: 1less than 25 kHz (.05 seconds); less than 5 Miz

(1 hour).

d) Ampiitude stability: 2 perce.: for 2 minutes.

The methoed of approach used in the design of the'STAMO is based on a separation
of the burdens of frequency stability and power generation. A low-power highly
stabie master oscillator is used to control the frequency of a higher power ring
oscillator by means of injection locking. The low-power master osciliatoe provides
1.5 watts of power; the higher power ring oscillator provides 35 watis of output
power. This injection-locking approach results in significantly better frequency
stability than can be echieved with the large high-power sscillator operating aione.
The TOp laser injection-locking techniques used here were picneered at the United
Aircraft Research Laboratories under Air Force Contract F33615-70-C-1481, "Ruggedized

CO» Packaged Iaser." Tnese techriiques are discussed in Section II of this report.
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Eytensive tests of the performance of the STAMO have been concucted. The
frequency stability of the STAMO has been measured by optical heterodying its
axtput with the output of a separate low-power stable reference laser. These
experiments, which illusirate the importance of separating the frequency stability
and power generation functions in moderate power laser sources, indicate all of tne
perforumance cegquirements have been achieved. This STAMO evaluation is described in

Section V of this report.
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II. TECHNICAL BACKGROUND

The method of approach used in the STAMO is based on using a low-power highly
stable master oscillator to injection lock the frequency of a higher power 35-watt
oszciliator. As discussed in the foliowing paragraphs, this methcd of approach was
more suitable than the slternate wethods for buildi 3 a large oscillator or using a
single-pass laser amplifier.

The frequency stability achievable with large laser oscillators is generally
poorer than the stabiiity achkievable with small oscillatogs since a higher degree of
dimensional stability can be easily achieved in the smalil laser cavity structures.
The short-term freguency stability of a CO» laser oscilliator depends on the cavity
stability and rigidity. This short-term stability carnol be improved by using sta-
bilization teckniques referenced to the molecular transition gain profile because the
broaa frequency width of such a gain profile, tyvically 60 Miz, limits the realizable
bandwidths of feedback control loops to a few Hz. Frequency jitter in the laser
catput caused by acoustical vibrations of the resonator are usually too fast to be
reduced vy such narrow bandwidth feedback techniques. Therefore, the use of an
intrinsically small stable reference cavity is required in applications where short-
term irequency stability is of paramount importance.

A highly stable low-power master oscillator could in principle be used to drive
a conventional single-pass laser amplifier such as the high power stage of the RADC
transmitter. However, because of the relatively lcw gain of the COp, laser medium
(~-%% cm) an amplifier path length in excess of 5 meters would, for example, be re-

quired to amplify the 1.5-watt master oscillator output power to the required 30-watt

ey
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level., Because of this long path requirement, the conventional amplifier was not

considered an attractive approach for STAMO.

The injection locking of a high-power CO2 ring laser oscillator to a low-power X

master oscillator has been studied by United Aircrafit Research Laboratories under
Air Force Contract F33615-70-C-1481. This work provided the technical basis for the

develiopnent of the STAMO and the relevant materiel is discussed briefly below.

The configuration used in the STAMC is a simple Fabry-Perot two-mirrcr master
oscillator whose output is injected into the cavity of a higher power ring oscilla-
tor. The ring oscillator is operated in a single direction to prevent its output
; from being coupled back tc the master oscillator. The total ring oscillater output
| will in general consist of radiation at two frequencies, originating from the two

laser oscillators. However, when the ring oscillator is tured so that its cavity

resonance is sufficiently close to that of the injected radiation from the
2 ’ master oscillator, competition effects in the horsgeneously broedened CO> laser
3 medium result in locking of the self-oscillation frequency to that of the

injected signal. This frequency interval over which locking occurs is called

i

‘:“‘i wmu‘i. (AR

the locking range. Under this injection-locked condition tne output frequency

is determined primarily by the master oscillator. This CO, liser injection locking

A

which has many similarities to injection locking of electrical oscillstors has been

discussed in detail in References (1), (2) and (3).
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The use of injection locking o achieve a high degree of frequency stability
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in a high-power laser oscillator requires that the frequency stability of the
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large iaser itself ve sufficient so that its fast frequency fluctuation or jitter
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is smaller than the injection-locking range. The injection-locking range has

been discussed in Reference (3) and is given by:

Y

Afy = 2Af, (%’%_) 2
o’
14

where: Afy = locking range
Af, = ring oscillator cold-cavity bandwidth
P, = injected signal power

AP, = output power of the ring oscillator.

For many cases of interest, such as STAMO, this locking range is on the orcier of a

few Milz. Therefore, fast short-term freguency fluctuations (not correctable with

a slow hill-climbing servo) in the higher power laser, which have excursions less than
this locking range, can be eliminated by injection locking. Consequently, the output
of the high-power oscillator assumes almost the frequency stebility of the master
oscillator.

To maintain laser injection locking on a continuous basis, so that it is a
practical stabilization technique, it is necessary to continuously tune the perimeter
of the ring oscillatur so that its resonant frequency is within the locking range.

The hybrid injection-lo.king technique used %o generate a discriminant which can be
used for electronically maintaining this tracking is discussed in Reference (2). This
method resulls in a2 peak in the laser output power centered on the injection-locking
interval. In the hybrid mode of operation, the injected signal from the low-power
iaser is chosen to be Jifferent from the transition in which self-oscillation of the
high-povwer laser is occurring. As a consequence of the strong line competition of
the homogeneously broadened laser medium, the injected power can determine the oper-

ating transition of the higher power laser. When the laser resonators =rz properly
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tuned, the undriven self-oscillation of the higher power lsser will be quenched: ana
only the driven or injection-locked contxibutior of the laser power wili be extracted.

A simple hill-climbing servo can be used to maintain the ring oscillator perimeter so

that operation occurs on the top of its power outpult peak.

The hybrid injection-locking technique has been used to provide reiiasble longz-

term ring oscillator stabilization in the STAMO. It is implemented by edjusting

operating conditions such that the ring oscillator operates on a 9u CO» transition

aind the master oscillator on a 318 ~ Pée 10y transition. The total power output is
sampled and pessed through a narrow bandpass (Elg - P22) interference filter which

separates the injected and self-oscillation componants. This is illustrated in Fig. 2

vaere the total output of the 10.6p filtered oui, it are displayed as a function of ilz

resonant frequency. The left column in Fig. 2 shows the variation in the output power

as the ring oscillacor cavity is swept. The spparent output power fluctuasions are

due aostly to the variation in sensitivity of the gold-Géuped germarium detector

betueen the gu and iOp wavelengihs as the ring oscillator frequency line hops. The
output consists of both 9u and 10p transitions and the effect of the injected radiation

is see.. to be small. In the right column of Fig. 2 this same output characteristic is

displayed after passing through the narrow 1lOp bandpass filter. The line switching

between the 10y =né Qu transitions is crearly evideat from th-ir different transitions

through the narrow band filter. Also clearly distinguishable is the high signal-to-

noise ratio 10p peak superimposed on a frequency range where 9u self-oscilletion occurs.

This 1Op peak occurs as the ring oscillator is tuned through the frequency of the

injected signal. The width of this peask is nearly equal to the injection-locking

range. Also shown is the quenching effect of injecting a 9u signal in the region of
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10y self-oscillation. Continuous closed-loop operation of the STAMC on the Bg - P22

10u lines is achieved by controlling thne ring osciliator perimeter with a hill-
cligbing servo so that operztion is mwintained close to the 10 pesk.

This haigh signal to background 10p peak is used to generate a discrimirant to
lock the ring oscillator perimeter to the injected frequency. A simple hill-climbing
servo which uses a cmall dither or length modulation of the ring peri.ster tc modulate
the output power is used with a synchronous detector to generate the error signal.
This conventjional type of laser stabilization loop is shown in Fig. 3. The excursion

of this dither is chosen to be less than the injection-locking range, i.e., ~ 250 kHz

and the frequency of the dither is chosen so that it resulis in a small phase modula-

tion of the output. The resulting FM is small compared to the inherent short-term

frequeacy stability of the master oscillator.
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III. STAMO DESIGN AND CHARACTERISTICS

The STAM) head components are shewn diagrématically in ¥ig. 4. The major

components are:
a) the stable mapster oscillator, . :
b) the 35 watt ring oscillator, X

¢) the mode matching telescopé, -

d) the beam sampler, filter and detector, and : :
. Co : . .

e) the beam expansion telescope.

The design rationale for each of these components is described below:

1. Master Oscillator ' |

The master oscillator is shown in Fig. ‘5. It cperates with an outpat, !

power of 1.5 watt in a TEM,, transverse mode ané a short-teru frequency stability

of 10 kHz over measurement times of 50 msec. It is also characterized by & slow

i thermal frequency drift of typically 3 MHz/hr. Figure 6 shows the hetergdyne beat

spectrum of two identical master oscillators.

The master oscillator uses an internal mirror design and incorporates a long-
life sealed plasma tube. The rescnator structure is made from low expansion coef- !

ficient invar to vhict the cavity mirrors ere permenently attached. The plasma

tube has a single ended discharge with a grounded cathode, The piezoelectric

[ ———

%.
. 2
: length transducer is located on the grounded cathode end or the plasma tube. § :
: The sutput mirror is a plane gerianium substrate with a 93 percent refle- E |
B
. =
tivity mirror. The mirror coating was chosen to enhance the 1lOu CO, transitions. §§

The observed signature as the caviiy length ic scenned shows the strong tendency

R R T
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for the desired Pg - Eb9 lines fto operate. The thermal dcift rate ig such that

the laser will operate on a preselected transition for severasl hours without

resetting the cavity lengt- adjustment. The narrow bam..~ess optical filter and

buiii-in detector used for the hybrid stubilizaticn techninue enable tuning the

mester oscillator to & desired transilion without an external spectrometer.

i

The total reflector of the master oscillator is & 1 meter radius ccnecave

mirror having z dielectricelly enkanced gclé coating. This mirrcr, which is ruled

w7ith a series of fine raraile

ped
[o)
jobo
w3
m
w
[y
s

} the ceoaling is used to determine the plene of

pclarization of the master oscillator outpet. The ruled lines have a width of Zp and

3 spacing of .S om. A typical polarization selecting mirror cof this design ic xnrown

in Fig. T.

2. 35-Wett Ring Oscillator

The 35-watt ring oscillator design is aisc shown in Fig. 4. This laser uses two

split discharge plasma tubes and a total active length of 150 cm. The ring ca-rity

is a right 1:riangle which is formed by one curved S5-meter mirror anéd two plane mirrors.

The plane mirror located at the right angle is a partizlly transmitting gallium arse-
g ¥ g B

nide mirror which nas a 70 percent reflectivity voating et A = 9.6u. This coating

has been tailored to have a zlightly lower reflectivity at 10.6p resulting in a

tendency for the ring csciliation to occur on the 9.6u C0p transitions. This char-

wn

acteristic was chosen to enhance the hybrid-locking technigue used in the STAMO in

which a 10.6p signel from the master oscillator is injected in the presence of a 5.6

seif-osciliation of the r

H

futs

ng. The ring curvature results in 2 beam waist of 5.7 mm.
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The perimeter of the ring is 250 cm resulting in a free speccral range c/p
of 116 Miz. The cavity linewidth Af, is determined by this free spectral range
and the mirror reflectivity and is about 6 Miz.

The ring oscillator frequency stability has been measured by heterodyning
it with n stable reference laser. It has been found to have a low frequency
Jitter in its output which resuits in frequency devietions on the ordsr of 500
iHz. Itz long-term thermal drift is epproximately 10 Miz/hr. The short-term
frequency stebility of this ring oscillator results in excursions which are iess
than the injection-iocking range (approximately & Miz for the STAMO parameters).
Accordingly, in closed-loop operation the fregquency jitter of the 35-wett oscil-
Jaker is completely elimineted and the 35-watt output hss the shorh-iew~m frequsacy
stability of the low-pwer oscillators. The thermel drive of the ring perimeter is
sufficiently siow thet the servo electronics can maintain injection-locked operation

for many hours before manusl resetting of the electronic amplifier is required.

3. Mode-Matching Telescope

The locking range of an injection-locked COZ laser has been shown to be propor-
tional to the square root of the injected lasce power. A large locking ruangz, which
is desirable for relisble cperation, requires that the effective injected power be
maximized. This is accomplished in the STAMO by means of a telescope which matches
the master oscillator output beam to the ring oscillator mode.

The optical gecmetry of the STAMO is shown in Fig. 4. The diameter of the
output spot of the master oscillator is 2.4 mm. The diameter of the beam waist

of thke ring oscillator is 5.7 mm. 1In the STAMO design a two-power telescope is
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used near the output of the master oscillator to expand the beam. The resulting

pover coupling efficiency of this expanded beam into the ring laser mode volume
is approximately 50 percent.

Figure 4 also shows the mode-matching telescope. It consisted of twe AR
coated germanium lenses which can he independently centersd on the beam and
their separation adjusted to achieve the required focusing.

L. Beam Sampler, Filter, and Detector

Tne output beam of the STAMO is sampled, filtered and detected by a thermis-
tor bolometer to generate the electrical signals required for slaving the ring

oscillator perimeter to the frequency of the injected radiation. The beam split-

ter used is a NaCl flat at an angle of TO deg t» the plane polerized STAMO output.

This angle was chosen so that the Fresnel reflection from the NaCl flat is 5

P4

percent per surface. The reflected sample of the STAMC output is passed through

-

sz rarvow bandpass filter and impinges on the detector surface. The geometrical
arrangement is shown in Fig. L.

The narrow bandpass filter transmission characterist.c is shown in Fig. 8.
As evident from this curve, the filter bandrass encompasses tile Pyg - Pée 10.6p
COp laser trensitions and is essentially opaque for other transitions. This char-
acteristir is used for initially setting the master oscillator to one of these
transitions and for generating the discriminant curve for the hybrid injection
locking.

The detecter used is a thermistor bolometer which has a frequeuncy response

of about 500 Hz which is sufficient for detecting the AM in the laser output of
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the servo at the 100 Hz dither freguency electronics. The output of this detec-
tor is avilable from a connector in the electronics panel and is useful in setting
up closed-loop STAMO operation as described in the instruction manual.

5. Beam Expansion Telescope

A two-pcwer variable focus telescope, which cen be used ©0 match the STAMO
output to the laser amplif'ier mode volume, is included in the STAMO head. This
telescope uses a pair of AR coating gallium arsenide meniscus lenses. This
telescope expands the output of the STAMC to a 12 mm diameter and can be adjusted

so that the position beam waist is controliable.
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IV. STAMO HARDWARE

In this section the STAMC harware is described. Detailed operating instruc-
tions for the system have been delivered with the hardware.

The inside of the STAMO laser head with the housing and oven side plates
removed is shown in Fig. 9. The major components and structurel elements are
indicated on this photograph. The oven structure which surrounds the entire
laser head consists of four magnesium plates to which silicon rubber hezting
pads are bonded. These pads are used to provide uniform heating to minimize
temperature gradients. The wire sensor and controller itself are mounted
inside the oven to provide maximum temperature stability. The oven‘side plates
are an integral part of the resonator structure and are designed to provide tor-

sionzl rigidity. These plates must be place when the system is opticaliy aligned

T e o 1 O e T S N Lo T Lt et i S

and operated. One plate can be eacily resmoved for plasma tube replacement when

required.

The STAMO head st-ucture is built ervund four low-expansion irvar tubes which

have been Tilled with sand in order to suppress resonant vibrations. These tubes

el "1“‘9‘“““»“

et I m s el A i e
O PSR T A 0§ o ) QUSRS o o A

locate both the two ribbed endplates containing the optical components which

m

bound the ring oscillator, and the two middle plates which support the plasma

o P i

Ty

tube adjustment mechanizms. The front endplate which contains two of the ring

laser mirrors incorporates an invar rib which is used 1o spacz these mirrors. The =

four magresium plates are attached to the invar tubes through phenolic bushings to

g
8
'

i

provide a mismatch for the flow of acoustical energy through the structure. Addi-

A

tionel vibration damping is obtained by use of a demping coating throughout the
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entire structure. The lower pair of invar tubes also support the master oscillator
laser and tne mode-matching telescope.

The ring oscillator cptical geometry is a right triangle in which the 45 deg
mirror is partially transparent and is used for oubtput coupling and the S-meter
curvature mirror is driven by a piezoelectric transducer for length tuning. The
third mirror of the ring coscillator is plane. The partially reflective mirror uses
dielectric coatings on a gallium arsenide substrate and thke total reflecting wmirrors
use dielectrically enhanced metailic coatings on silicon substrates. The partially
transparent cutput mixror is permanently aligned to the resonator endpiate. The
other two mirrors of che ring oscillstor are angularly and lcngitudinally adjustable.

The ring oscillator uses two long-life sealed pyrex plasma tubes which have

NaCl Rrewster windows and which employ split discharges with a common cathode. Also

located inside the laser head near the anode pins are noise suppression resistors in

S T AT A D LS A 3T 0 S A 3y e T R AU SR R RS T AR

series with each of the discharges. The tubes themselves are water-cooled and use 2
concentric gas ballast volume. A flow sensor is included in the water circuit which ]
prevencs operation of the plasma tube discharge without the water cooling. The

plasmi tubes are held at each end by concentric metal collars which are positioned

within the structure by x,y mechanical adjustments.

The master oscillator laser uses a one-bpiece cast invar resonator and an

internal mirror single discharge sealed plasma tube. It contains a piezoelectric

transducer for length tuning. The outpuf beam of this master oscillator is expanded

W, WL Y

TR as

Ak
Qi

by a two-power refractive telescope which is composed of 1 in. and 2 in. focal length

s

i

AR coated germanium lenses. The separation between the lenses is adjustable by a

slide mechanism. This telescope is required to efficiently match the output beam of §%§
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the master cscillator to the mode of the ring oscillator. The expanded beam from

this telescope is then incident on a folding mirror which has x, y and z adjus . 3nts

which are used to align tr= master oscillator beam along the optical axis of the ring

oscillator.

The output beam from the ring oscillator emerges from the partially trans-

parent mirror perpendicular to the injected beam from the master osciilator and

paralle} %o the housing length. It then passes through a NaCl beamsplitter

which reflects a small portion (~ 5 percent) into the detector assembly.
The detector assembly and output beam expansion telescope are shown in Fig. 10.
The detector mounting bracket contains a narrow passband opticzl filter and the

preamplifier for the tuermistor bolometer detector. The major portion of the

beam which passes thrsugh the beam splitter is then incident on the two power

R Rl e
"

beam expansion telescope. This telescope uses 2 in. and  in. gallium arsenide

L

AR coated meniscus lenses. The separation between these lenses is adjustable by

T
RN

m

a slide mechanism which is controlled by a fine wnrm gear adjusivment on the oub-

side of the telescope housing. The effective focal length of the telescope canr

be acdjusted for best matching the laser amplifier.

The entire STAMCO resonator is shock mounted through rubber bushings inside

the STAMD housing.

i
¥

TP

This housing is thermally insulated and forms the outside of

4}‘ (l‘lh‘

the resonator oven.

it

All of the electrical and. water connections are brought out

Iy
o

through the rear endplate of this housing. The housing is supported by three

il

adjustable feet which are used for leveling and pointing of the output beam.

bl T
T it

T,

The electronics module is shown in Fig. 11. It contains the following com-

ponerits:
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a} Master QOscillator Power Supply,
b) Ring Cscillator Power Supply,

c) laser Frequency Controller,

d) Ring Oscillator PZT Driver Amplifier,

e) Plasme Tube Ballast Resistors,

f) Temperature Controller Readout, and

g) Safety Interlocks.

The master oscillator and ring oscillator power supplies are commercially
purchased high voltage regulatea rower supplies. These supplies have normal over-
load interlocks. In addition they have been interlocked to shut dovn in the event
of insufficient plasma tube coolant flow. The ballast resistors for running the
four ring oscillator discharges from the single power suprly are mounted in the
electronics module. A single bailast resistance circuit is used for the master
oscillator power supply.

The laser frzcuency controller contains a filtered adjustable high voitage
supply for driving the master oscililator FZT to set the oscillating frequency to
the desired operating point. It alio contzins a hill-climbing servo which is used
to meintain continuous injection locking in tie closed~loop mode.

This servo operacves by synchronously detecting the power modulation in the
output beam sensed by the optical detector in response to a small dither impressed
by an ac signal to the ring piezoelectri; length transducer. The output of this
synchronous detector is applied to a high voltage linear amplifier which drives the

ring PZT. Circuit functions are also prorided for sweeping and manually tuning the
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riag oscillator frequeuncy. The high voltage PZT driver amplifier is a commercially

purchased component which has been adapted for this purpose.
A readout has been provided for monitoring the itempsvature of the STAMO head.

This elso indicates the continuous operating of this controller when the rest of

the STAMO is shut off. The entire STAMO electronics has Leen built in a standard

enclosed 19 in. rack cabinet. These electronic compenent: are forced air-cooled
by fans located in the top panel of this enclosure. The enclosure stands on

casters for ease of movement.
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V. PERFORMANCE EVALUATION

The performance of the STAMO was tested by assembling an experiment in which

S S R VA S e A

its output was optically hetercdyned with the output of an external reference
osrillator, The external refercnce oscillator was a standard UARL mini-laser which

has well-estgblished output charscteristics.

The first parameter measured was the injection-locking range of the system.
This js shown in Fig. 12 which shows the filtered output power versus ring oscil-
lator frequency chatwcteristic. The horizontal scale is 5 MHz/div. The locking
range of 2 MHz agrees with %Yhe theoretical predictions srithin the experimental
accuracy and is broader than the frequency jitter of the ring oscillator.

The open-loop stability of the 35 watt ring oscillater is shown in Fig. 13(a)

T e i ELUUE i it Rt b g e S G

vwhich is a 30 second time exposure. The jitter is attributed to residual mechani-
cal vibrations in the large cavity structure.
The zlosed-locp injection-locked frequency stability of the STAMO is shown in

Fig. 13(b) which is also a 30 second time exposure. This output characteristic at

the 35 watt power level exceeds the STAMO performance requirements.

The amplitude stability of the STAMO hasz been measured with a gold-doped ger-
manium detector and the output fluctuations observed to be less than 1 percent for a
two-minute measurement interval.

The measurements have clearly shown that COo laser injection-locking techniques

D R A TSR R R W

result in an overall optimized STAMO source which is suited for driving the high

power lase: amplifier at RADC.
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SPECTRUM ANALYZER DISPLAY OF BEAT BETWEEN TWO MINI—-LASERS
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TRANSMISS:ON VS WAVELENGTH OF BANDPASS FILTER
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STAMO HETERODYNE FREQUENCY STABILITY MEASUREMENT
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