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Abstract

Radio frequency (RF) excited carbon dioxide waveguide lasers have
become a staple in the low power, 1 to 30 watt, area. Good stability, long
lifetimes, and ease of use have been contributing factors of this design. To attain
power levels in excess of 100 watts, new approaches to discharge scaling are
needod. Area scaling has been attempted to overcome the power per unit length

limitations of square bore RF waveguide lasers.

Lasers of cross-sectional dimensions of 2.25 mm by 10, 30, and 50 mm
have been constructed, with active region lengths of 30 and 60 cm. Gas
optimization in both pressure and mixture was carried out for these lasers. A gas
mixture of 3:1:1 (He:CO2:N3 ) was found to produce the best efficiencies at
kilowatt discharge power loadings. Efficiencies of 10% to 12% are reported at

laser power outputs of 99 watts.

Unstable resonators were used for optimal power extraction and good
beam properties from the slab discharge. Lower power extraction efficiencies
than conventional stable resonators were noted. Beam profile analysis was done,
finding that standard geometrical design techniques do not hold for small output

coupling resonators (5% to 10%).



Preface

Throughout this work, the term slab laser will be used. This term is used
since the electrode plates bound the discharge into a slab. Use of the term “slab”
will always refer to the slab laser. The notation used to track the various revisions
of these lasers will be referred to, for example, as 1/30 cm. This represents the
width/length of the discharge and waveguide assembly. It is used consistently as

it forms a unique tag with which to refer to a given laser variation.
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Chapter 1: Introduction to the Slab Laser

The radio frequency carbon dioxide waveguide laser is not a new
instrument. It was first introduced in 1978 by Macfarlane et al. at DREV.! Since
then, almost every aspect of radio frequency (RF) CO, wave,uide lasers has been
examined. Early waveguide lasers were plagued by inefficiencies and low power
output, but today moderate powers at acceptable efficienéies are attained.
Today's demands for more powerful and compact lasers creates an interest in
examining other laser discharge geometries. The slab laser is an attempt to
increase the power output capability of RF CO, waveguide lasers while
maintaining the compact form of the more conventional designs and reducing

the cost and complexity of manufacturing.

Slab laser designs have been driven by the need to produce a 100 W laser
suitable for surgical and light industrial use. Several related but less strict criteria
have also influenced the design evolution. During this work, the general laser
design complexity and fabrication costs were reduced over the current levels of
CO, waveguide lasers. Ruggedness and durability were also improved compared
to conventional waveguide lasers. The near field beam profile was to have a
shape consistent with a single mode TEMqg beam, to ensure a symmetrical beam
for delivery to the work area, while providing a beam that can be focused to
tenths of a millimetre. By using these criteria a compact, inexpensive 100 W laser

with good optical properties was constructed.

CO;, lasers with 100 W outputs have been available for some time, but
have distinct disadvantages over RF waveguide lasers; with the exception of two

notable research efforts.23 RF waveguide lasers are only beginning to approach

1



100 W capabilities. The comparable lasers in this power range are sealed, with no

flowing gas, and have been both DC longitudinally and RF excited.

Sealed DC lasers are available wifh 100 W powers, but are large and
fragile for the power they produce. DC waveguides, which have a greater power
density, are only available in the 10 to 30 W range.4 They use longitudinal
excitation and have ignition voltages on the order of 1 KV/cm of discharge
length. The high voltage present is an operational hazard. Modern high power
(kilowatt and up) CO, lasers tend to be large and use forced circulation of the gas
to maintain cooling.46 Convective cooling has been the prerequisite for most

moderate to high power lasers in use.

RF CO, waveguide lasers have several advantages over DC lasers.
Inherently lower operating voltages (on the order of 150 volts) than the DC
longitudinal discharge, create a safer instrument to operate. The lower operating
voltage produces lower applied electric fields, improving efficiency by better
coupling the excitation energy to the CO, molecules—improved E/P. Since the
electric field can be applied transversely, the laser scales by current instead of
voltage, simplifying scaling. A RF discharge has a positive impedance
characteristic eliminating the ballasting resistors used in DC discharges. These
are used to limit discharge current and control arcing. By eliminating them,
further efficiency improvements are made, since power is not dissipated in the
ballasting network.> Power can be capacitively coupled into the discharge, using
RF, removing the electrodes completely from exposure to the gas plasma. This
can lengthen the laser lifetime by limiting electrode degradation, but even when
electrodes are in contact with the plasma, negligible sputtering of electrode
material has been reported.6 With these advantages, 18.7% efficient RF lasers

have been constructed” without sacrificing a high power density. Power densities



as high as 0.84 W/cm of active length have been reported, higher than DC
structures.4 These advantages provide the ability to construct a small, rugged,

and safe laser which is required for surgical, dental, and light industrial work.

Despite the beneficial characteristics of conventional waveguide lasers,
they have many limitations when higher power is required and design
complexity must be minimized. RF electromagnetic interference, thermal and
optical damage are some of these limitations while others are more directly
related to the active region geometry. The laser designs presented here are
attempts to improve the thermal, optical, and discharge limitations in waveguide

lasers.

The conventional CO, waveguide laser is constructed with a symmetric
small bore ceramic waveguide which both contains the active region and forms
part of the optical resonator. A vacuum housing encloses the guide assembly and
positions the mirrors. Once the electrical tuning elements are included, the device

contains many expensive and complex components.

Ceramic is used to construct the waveguide, because of its favourable
optical properties at 10.6 pm. Alumina or beryllium oxide are the two most
common, possess the lowest optical propagation loss, and have reasonable
thermal conductivities when compared to glass or other similar waveguide
materials.8 BeO has the lowest optical loss and the highest thermal conductivity
of the ceramics considered, but its dust is toxic and is not used by many
investigators. Alumina has become the primary ceramic in use at the University
of Alberta for these reasons. At discharge powers above half a kilowatt the ability
of ceramic to conduct heat out of the discharge is not large enough to limit the

operating temperature and maintain a high gain medium. The need to find a



material to have a low optical loss at 10.6 um and have a good thermal

conductivity is fundamental to the design of high power CO, waveguide lasers.

Ceramic-metal hybrid structures have been used,%5 but have shown
greater thermal instabilities than homogeneous designs. This has led to many
new waveguide designs which are all ceramic in construction.!011 Power scaling
in a conventional waveguide laser is done by increasing the active region length.
Ceramics of a length necessary to construct waveguide lasers with powers much
greater than those found today are not readily available, but piecing the guide
units together to form the needed active length introduces optical losses to the
waveguide.!2 To construct a compact structure, the waveguide channel can be
folded to contain the active region in a much shorter case length while trading
the decreased length for an increase in bulk and width. Using an x-fold of the
channels has produced 80 W in a 37 cm case length.4 At optical powers of 100 W,
the intracavity beam folding optics can be damaged from the intense fields
present.® These properties form an upper limit on the power output capability of
a folded waveguide laser. Using the small square bore ceramic waveguide for its

superior properties places a limit on the maximum power output possible.

Some investigators have attempted to break away from the square bore
waveguide to increase the power output. Xin and Halll3 have developed a
coaxial RF CO, laser that has produced 20 W at 7% efficiency, with 65 W at 9%
efficiency recently reported.14 This laser consists of two concentric aluminum
cylinders which encase the active region. The optical resonator is constructed
with a stable resonator using beam folding optics to repeatedly pass the beam
around the cylindrical active region. Two properties of this design limit its
usefulness to make a 100 W laser. Since the electrode separation is 8 mm,

convective cooling is limited and scaling to 100 W would likely over-heat the



structure. Narrower electrode separations provide better cooling, but with a
concentric design the parallelism necessary to obtain a low loss optical system is
difficult to achieve. To optimally extract power from the discharge, the folding
mirrors are designed to trade off maximum gain with the loss introduced with
each pass. Increases in output power above 65 W have not been reported for this

device.

Another departure from conventional design was taken by Newman et al.3
is an arrayed waveguide laser similar to semiconductor diode lasers. The phased
array waveguide laser has produced 95 W in a 37 cm long discharge, but with a
near field beam 14 mm by 2.25 mm. This is the power target for the slab laser, but
since the slab will be coupled into an articulated delivery arm, the near field
beam profile requires symmetry. This minimizes high order mode generation in
the delivery arm, and improves the delivered beam shape. The waveguide is an
aluminum alumina composite. Aluminum creates a good heat sink, but the
expense of machining the alumina to form the fine ridges needed for coherent
operation is directly against the slab laser design basis. The far field beam
contains 30% of the power in the side lobes which limits its usefulness. Binary
phase gratings!5 have been shown to coherently combine the lobes to form a
single beam, but such transformations occur in the far field while the near field is
not changed appreciably which still creates an obstacle to coupling into a

delivery system.

Jackson et al.2 have developed a slab laser similar in design to the devices
studied in this work; however, their research was conducted independently of
the laser development done for this thesis. They have delivered 240 W in a 38 cm

long active region, 4.5 cm wide, confirming the the slab technology to the 240 W



power level. Of the enhancements to CO; lasers discussed, the slab producing

240 W has proven that it is the most capable for further scaling to higher powers.

High power lasers require a robust RF delivery network. RF generators
operate with a characteristic impedance of 50 Q for most in commen use, but the
laser generally does not meet this condition. There is a need for an impedance
transformation to maximize the power delivered to the discharge. A
complicating factor is that discharge impedance is dependant on excitation

frequency, gas pressure, gas composition, and power density.165

To optimize power transfer, the matching network must convert the load
resistance to 50 Q while bringing the reactive component to zero and dissipating
as little energy as possible. Since the impedance is much greater before striking
the discharge than after, the effect the network has on the open circuit voltage is
important. It is desirable for the impedance transformation network to step up
the open circuit voltage to aid in gas breakdown.1? The discharge resistance falls
to a constant value as power density is increased, causing the impedance match
to change. For lasers that run at large discharge power densities, such as
conventional waveguides, discharge resistance is constant over the operating
region, simplifying the matching network. When power density is low, the
resistance varies over the operating range creating difficulty in obtaining a wide
impedance match to have optimum power transmission. The slab laser operates
in the low power density region, compounding the difficulties in delivering a

kilowatt while having little reflected power.

To form an efficient power transfer, the capacitance of the laser must be
minimized.18 This can be accomplished by resonating the laser capacitance out of
the power delivery circuit.5 Doing so lowers the resonant current in the matching

network and lowers the thermal stress. Most matching networks are of a n-type



or L-type and use lumped components. At high powers the lumped components
are under greater thermal stress which can limit the reliability of networks
constructed with these devices. Other impedance transforming networks may be
used to distribute the losses and lower the thermal effects. Two of these are
quarter wave and coaxial stub matching networks which have distributed losses,
but are much bulkier than a corresponding lumped network. For the slab laser,
work was done to improve the delivery of kilowatt power levels into varying

reactive loads while maintaining a low loss system.

The slab laser development has involved exploration into optical
resonators, RF matching networks, and the construction problems of containing a
kilowatt plasma in a small enclosure. There were two phases of development
which were centered around the 3/30 cm laser, then the 5/30 and 6/30 c¢m lasers.
The limits of the slab design were explored using the smaller 3/30 cm laser while
the larger discharges were attempts to improve the performance defined by the
3/30 and meet the design goal of 100 W. Various parameters of the confocal
resonators used were examined, but optics for the slab geometry remains the

largest obstacle in optimization.

Chapter 2 describes the design basis of the slab geometry. This included
optical, mechanical, vacuum, and electrical criteria required to create a 100 W
laser. In chapter 3, the initial parameter optimization studies completed on the
3/30 cm slab laser are presented. Gas optimization was at the heart of this, but
thermal and optical concerns were examined. The change from the 3/30 laser to
larger active regions was made to overcome the inherent limitations of this
device, and provide the required 100 W. Chapter 4 deals with the 5/30 and 3/60
cm lasers. The 100 W laser power goal has been achieved with the 3/60 cm slab

laser while creating a design based on aluminum construction instead of the



standard ceramic. This minimized the complexity of the laser and reduced the

construction cost.



Chapter 2: Slab Laser Design

All lasers have a set of fundamental components. For a CO; waveguide
laser, the elements are the waveguide, optical resonator, excitation system, and
vacuum chamber. The design goals presented in chapter 1 require the scaling of
key laser components. This slab laser design introduces a new waveguide and
optical resonator with the appropriate scaling modifications to the remaining

elements.

Scaling the discharge region and waveguide to obtain greater power
output required the introduction of a large mode volume optical resonator. To
drive the laser to its fullest, a more robust electrical power delivery system was
needed, along with a vacuum enclosure capable of containing and maintaining
the laser over its intended lifetime. This chapter will introduce the slab laser

design and the constraints created by the technology used.

21 Waveguide Design

Scaling of square bore waveguide lasers is accomplished by increasing the
discharge length when the per unit length gain is optimized. With increased
length comes greater guide transmission loss, forming an upper limit on the
guide length and maximum power obtainable. The limitations of conventional
square bore CO, waveguide lasers makes it necessary to look at new methods of

scaling.

From the attempts of other investigators, and from trials of coaxial
geometries in the Medical Laser Lab at this university, the prospective power

scaling methods were reduced. A geometry where the discharge width is much
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greater than its depth was proposed to sufficiently scale a laser to hundred watt
capabilities. The square bore waveguide used in CO; waveguide lasers is shown
as a cross—section in figure 2.1. It is constructed of metal and ceramic parts which
contain the discharge in a small cavity and provide a waveguide for the
intracavity beam. In figure 2.2 the basic slab waveguide cross-section is shown.
The slab channel similarly contains the discharge and provides a waveguide.
However, waveguiding occurs only in the narrow x dimension of the guide,
unlike the square guide. The slab structure approximates an infinite planar
waveguide when the sidewalls do not significantly interact with the optical
beam!® which is true for the devices under study. This planar waveguide allows
the propagation of free space modes in the y dimension and a guided modes in
the x dimension. The lack of waveguiding in the y dimension becomes both an

asset and a problem when an optical resonator is chosen.

Waveguide propagation loss is an important factor in determining the
operational efficiency of the laser. Ideally the guide should introduce no loss, but
due to material constraints the waveguide can have a significant transmission
loss. The rectangular waveguide propagation loss can be approximated by

equations 2.1 and 2.2 as derived by Adams?0 and Laakmann?! and modified for

the notation in use here.
x_ _ nmx? v\ _ m?z? 1
a 32Re ; 1/ 32Re( " 1/ 2.1
2% \(ve-1)2) 26k \(vE-1)72)
o = - "2"22 Re|—1— - M%ﬁRe _ v 22
mn
2w \W-if] 2% \vE-1)

k= 2% vi=ni+jK; 2.3
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The propagation loss, & from the X or Y polarized waves in the symmetrical

guide, is dependant on the material’s complex refractive index, v. The complex

refractive index is composed of the refractive index n;, and the extinction

coefficient K;. The loss for both a TE and TM wave, which are components of the

hybrid electric mode EHy,,, are the constituent terms in equations 2.1 and 2.2.

When a » b, the beam side wall interaction becomes insignificant, and

waveguiding can be ignored in that plane. For metal electrodes with v » 1, and

a» b, oreduces to:

2
mW=ﬂ%%—ReW)

Om = m‘Z‘%ERe (llv)
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2.5

Two wall guiding introduces less propagation loss than the four wall case for a

given wall material based on equations 2.4 and 2.5. For aluminum! at 10.6 pm

v =27 - i70, and with a ten times larger than b, the propagation loss coefficients

are given in table 2.1.

Table 2.1 Propagation Loss Coefficients

o™ (m-1) oE (m-1)
A1203 fromref. 5 2.3 x 102 1.74 x 102
v=1.15-j0.0144
Aluminum 2.66 x 107 473 % 10°

v=27-j70




From the table, the dominant, lowest loss, mode will be the aluminum TE
mode. Based on the propagation loss, aluminum is the preferred construction
material for the waveguide. However, published accounts19.2223 have shown that
the value of v quoted in the literature is not a reliable value, since the natural
aluminum oxide covering and the polycrystalline nature of commercial
aluminum are not taken into account. Further, waveguide surface roughness
increases the actual transmission loss2419 leading to an optimistic loss calculation,
when equations 2.1 through 2.5 are used. Table 2.1 does not give absolute loss
numbers but provides a loss trend when surface effects remain constant. The
finish of the 1/30 and 3/30 cm laser waveguides was completed on the micro-
surface lathe to minimize the surface irregularities, and to lower transmission
losses. Surface finish of the 3/60 slab was improved after machining by hand

polishing with a commercial metal polish.

Equations 2.4 and 2.5 show that TE mode propagation will be the low loss
mode in a slab waveguide for materials at 10.6 pm. Unlike square homogeneous
waveguides which have no preferred polarization axis, the slab will be polarized
normal to the waveguide surfaces. The known polarization vector can be of use

in low loss coupling of the laser into a flexible waveguide delivery system.19:22:25

Aluminum has been selected for use as the waveguide channel for several
reasons. As shown in table 2.1 aluminum has the lowest propagation loss of the
available materials. It is inexpensive to machine into the desired forms, in
comparison with alumina. Thermal conductivity is comparable to copper and
better than alumina. (See table 2.2 for a comparison of thermal conductivities.)
Using a metal instead of a dielectric eliminates the need to plate the dielectric to

form an electrode, reducing the construction complexity, and improving the

13
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Table 2.2
Thermal Constants of Waveguide Materials?

Material Thermal Conductivity
cal/cmesec°C @ 20°C
BeO (high purity) 0.58
Alumina (99.5% Al;O3) 0.047
Al 0.57
Cu (99.9%) + 0.918 @ 18°C
0.908 @ 100°C

Copper is included to represent a good thermal conductor only
and is not intended as a waveguide material.



structural integrity. Discharge powers of 1000 W require an extremely robust

electrode to prevent damage.

2.2 Vacuum Enclosure

The laser must have a vacuum housing to maintain the appropriate gas
balance for laser action to occur. The choice of this enclosure has implications for
the electrical excitation system and the optical system to meet the design
specification. Two vacuum housings have been developed to meet the
experimental requirements. A general purpose box used for the preliminary
work was constructed first, followed by a specific enclosure for the 3/60 laser.
The general requirements for the laser vacuum chamber will be discussed here

with the details of the 3/60 housing covered in chapter 4.

The waveguide/electrode assembly, formed by aluminum plates and
alumina spacers, was mounted in an aluminum box as shown in figures 2.3 and
2.5. The box forms the vacuum envelope and the cooling system. It was designed
for flexibility and ease of use as a general purpose experimental laser housing
such that it would be simple to make small changes in the lasers without a major
refit. With the simplicity of the slab laser most of the work involved with the
laser assembly is in the vacuum enclosure and the necessary optical, RF, and

cooling feedthroughs.

Cooling the gas is essential for any laser action to take place. Carter and
Marcus!? have found that a 10°C drop in the channel temperature results in a
20% increase in laser power. The slab laser housing has a plate located at the top
and bottom of the vacuum enclosure to create even cooling (see figure 2.4). Tap
water was used as the cooling medium as it was readily available. The

waveguide makes a press fit between the bottom of the enclosure and the lid,

15
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' Electrical Insulator
1/
4
Aluminum
Channels

Ceramic
Supports

ﬁi,—--;;-"!/l
2

Figure 2.5 Slab End Cross-Section

17



with water passed through the lid and the bottom plate. Cooling of the plasma is
made through conduction by the aluminum channels forming the waveguide.
This created a good cooling scheme at powers of several hundred watts, but the
boron nitride electrical insulator used to separate the powered (hot) electrode

had too much thermal resistance (see chapter 3 for details), and the channel

became too warm under operation.

The final elements of the laser housing consist of the feedthroughs. Optical
feedthroughs were made with antireflection coated ZnSe windows of 3/4 in.
diameter. They, one at each end of the laser, were held in place by a threaded
plastic ring and o-ring which screwed into the end walls of the housing forming a
vacuum fit. The RF feedthrough was made of a 1/4 in. diameter threaded copper
rod Torr-Sealed into a hollow alumina dowel. Torr-Seal is a low vapour pressure
epoxy resin commonly used in vacuum systems. This assembly was then held
into the housing and formed a vacuum seal with a swagelok bulkhead fitting.
Contact with the channel and RF feed is formed by screwing the copper rod into

the side of the top (hot) channel, forming a solid connection.

Design constraints created by the vacuum housing complicate the optical
design and the electrical system. Mirror mounts had to be designed around the
physical constraints of the space left after a given electrode assembly was in the
enclosure. Feedthroughs for the translational stages on the mirror mounts were
further constrained by the cooling system. The voltage balancing network had to
fit in the vacuum housing, since feedthrough distances were too great to resonate
the electrode assembly from outside the chamber. This complicates the voltage
balancing of the laser since it cannot be done under operation. The simple

vacuum chamber can place serious restrictions on the laser components.

18



23  Resonator Design

The broad geometry of the slab discharge causes difficulty in coupling the
active region into a beam with suitable properties as outlined in chapter 1. There
are three categories of optical resonator that were considered. Of these three
types, free space stable resonators are the least suitable for two reasons.
Primarily, they are difficult to construct when a large modal cross-section is
required, as in this case. The second difficulty is the interaction with the narrowly
spaced electrodes. For reasons of cooling efficiency it is not desirable to widen
the electrode spacing. This causes unacceptably large intracavity transmission
losses due to the free space modes interacting with the electrodes. To circumvent
these losses, it is necessary to use a waveguide resonator in the narrow discharge

direction.

In conventional waveguide lasers, plane-plane optics have been used with
modal stability being maintained by the waveguide. A plane-plane resonator can
provide a low order beam in the narrow x guide dimension, but high order
modes are present in the wide y dimension. Since the waveguide does not limit
the beam to the lowest order mode in the y dimension, a resonator must be
chosen that does. A second difficulty in using a waveguide resonator is the
transmissive optics needed must have a high damage threshold to withstand the
expected optical power densities of 100 W/cm? or more. With the slab's wide
active region, transmissive optics are prohibitively costly and create a very thin
and wide beam. This laser beam does not lend itself to coupling into existing
delivery systems,26 and without cylindrical optics to transform it into a
symmetric beam, is not appropriate for use in surgical or dental procedures. The

problem then is to construct a resonator that has a large mode volume which

19



emits a small symmetric beam. This can be achieved with a confocal unstable-

stable resonator.2”

Table 2.3
Advantages of The Confocal Unstable Resonator®

* Large mode volume.

* Controllable diffractive output coupling.
* Good transverse mode discrimination.

* Single-ended all-reflective optics.

¢ Collimated output.

* Efficient power extraction.

* Good far-field mode pattern.

The useful extracted energy from an unstable resonator is from diffraction
of the internal optical field past the mirror edges, rather than propagation of the
beam through a partially reflecting mirror. An unstable resonator has a divergent
solution to the equations governing the propagation of rays through the
equivalent periodic lens guide for the resonator, hence its name.29 A confocal
unstable resonator has been chosen because of the beneficial properties outlined
in table 2.3. The chosen resonator operates in the upper right hand quadrant of
the stability plane, the positive branch. Figure 2.6 shows the general resonator
stability diagram. A positive branch system was chosen because the negative
branch resonators have an intracavity focus that can adversely affect the gain
region and laser performance. Figure 2.7 is a diagram of the confocal resonator.
From figure 2.7 the stability parameters g1,¢2 can be found were L is the resonator
length and R; represents the iy, mirror radius—taken positive with concave
surfaces, then30:

8i=1-5 . 2.6
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818250 ,unstable negative branch. 2.7
g, 8,21 ,unstable positive branch. 2.8

Unlike a stable resonator, the unstable resonator output coupling is
controlled by the magnification of the mirror system (see table 2.4).28 The
resonator coupling can be calculated from the ratios of the transmitted beam to
the overall resonator width. This is only a first order geometrical approximation,
but does provide a physical understanding and gives a reasonable starting point

for the optimization of the laser.

Unstable resonators are not readily applied to the slab geometry, since this
geometry has wide but narrow cross-section, and an intracavity waveguide. For
optimal coupling into the waveguide, cylindrical optics are necessary to maintain
low diffractive losses, while creating the unstable resonator in the wide
dimension. A stable-unstable resonator was used by Bourne and Dyer?’ in an
KrF laser, but is too costly to construct based on the design specifications. As
Bourne’s resonator is not a waveguide-unstable system it is not directly
applicable to this work, but does show that such systems are technically feasible

with unstable resonators.

By using a waveguide-unstable resonator, the large mode volume can be
fully exploited while the coupling loss in the waveguide is minimized. It is
necessary to use one of the low loss coupling conditions to minimize the
diffractive loss from the waveguide modes past the mirrors and the loss
associated with the free space mode re-entering the guide. The two simplest low
loss solutions are flat mirrors placed on the ends of the guide, or concave mirrors
placed such that the distance to the waveguide is equal to the radius of

curvature.3! This would indicate that cylindrical optics are needed to mount the
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mirrors close to the guide, but if the curvatures used for the unstable resonator
are large enough such that they can be treated as flat, then spherical mirrors can

be used. Spherical mirrors are easier to construct and consequently less costly.

The one dimensional or strip confocal resonator in figure 2.7 shows the
dual output beams typical of the centred output mirror. This is not desirable. It is
not possible to couple the dual beams from the near field of the flat confocal
resonator into existing delivery systems. With the off-axis operation (figure 2.8),
the near field is a single uniform beam as opposed to the two sections that form
the standard output of an unstable resonator. In the geometric limit, the near
field of this off axis resonator has a uniform magnitude and phase over the
output opening. Having a solid near field pattern is useful for transmission into
the delivery arm, and in transmission through the vacuum enclosure since only
one ZnSe window is needed. It was found by Sutton32 et al. that using a
noncentered output mirror causes more energy to be coupled into the center lobe
of the far field pattern than is the case with centered output mirrors. With no
added difficulty in construction or operation, the beam properties needed to

meet the design goals are achievable with an off axis unstable resonator.

To construct an off axis resonator, the centered output mirror of figure 2.7
is turned until the optical axis approaches one edge. All design equations and
construction principles of the centred confocal resonator apply for this design.
The off axis resonator will provide the same geometric coupling as the centered
resonator, and will not deviate in any other fundamental aspect, except the
diffraction details of the mode shapes and volumes.28 A change in the resonant
modes from the waveguide resonator to the unstable system will modify the
power extraction of the laser, from this case. The change in power extraction is

dependant on the diffractive properties of the particular optical cavity.30

24



25

Table 2.4
Confocal Unstable Resonator Parameters28

Coupling (X is the front mirror width):

Magnification:
M= -Rafp,
Radii:
R1='2L/(M-1), R2=2ML/(M-1), M>lorM<-1

Output beam width:
Ad

Qu
i

Confocal equation:
Ry-Ry=2L
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The slab laser has a low gain per unit length, based on the similarities of
the active region in conventional waveguide lasers and the slab laser. A low gain
laser requires a small percentage coupling to optimally extract the power. A
value on the order of 10% is quite typical of CO, waveguide lasers.5 The initial
coupling, J, was based on the formation of an output beam, 1.88 mm wide by
2.25 mm high, from a discharge width of 30 mm. This gave a & of 6.3%. As an
initial approximation it produced a coupling in the required range and a useful

output beam profile.

By using the required coupling and discharge dimensions in the equations
of table 2.4, the magnification of the confocal resonator is 1.067. This results in Ry
=-9.0 m, and R; = 9.6 m. The resultant stability coefficients are 1.033 and 0.969
giving a product of 1.001, which is very close to being a stable plane-plane
resonator. This would indicate a mechanical stability problem during operation,
as alignment is very critical.

Mirror radii for the unstable resonator, designed above, are long and can
be considered flat for waveguide coupling purposes. Flat mirrors form a low loss
system with the waveguide when placed against the guide. The mirrors cannot
be positioned on the guide ends, nor can they be placed within several
millimetres, since both interaction with the plasma and particle damage will limit
their useful lifetime. Therefore, the mirrors were placed as close as possible to the
guide without gas breakdown occurring to the mirror. This was 5 mm which was

dependant on the applied RF power and the gas pressure.

With the mirrors at a distance from the guide, coupling loss will occur,
lowering the laser efficiency. Coupling efficiency of the resonator mirror

waveguide system, for a square waveguide, is given by Prunty3114:



2 4a’
Aod"=——7, - 29
a+4p)|a +4(1—B)
k of

- ~d

=2, p=9, 2.10
@y _2r

—2=07032 , k= A 2.11

, where d is the mirror guide separation

, € is the mirror radius

,and a is the waveguide radius.

Where |Ago? is the fraction of the energy coupled into the fundamental
mode when the fundamental mode is emerging from the guide. Equation 2.11
represents the ratio of free space beam waist to guide aperture that maximizes
the power coupled into the fundamental mode. Equation 2.9 will only give an
approximation to the coupling losses for the slab waveguide, but is useful for a
physical understanding of the problem. Based on equations 2.9 to 2.11, the
coupling loss for a 10 m radius mirror placed within 5 mm of the guide is
approximately 0.1%. The power lost while the beam is exiting and re-entering the
guide is small, based on equation 2.9, so the mirror placement should not

contribute significant loss to the round trip cavity losses.

An off-axis stable-unstable optical resonator, fashioned using a
waveguide, can produce the desired beam properties. It is only a minor deviation
from the centred resonator and can be constructed with long radius spherical
mirrors. The large mode volume will effectively extract power from the active

region contained between the waveguide/electrode plates.
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24  Electrical System

The RF power delivery network is made up of several sections as shown in
figure 2.9. In general the RF network consists of a power supply, power metering,
delivery coax cable, matching network and the laser under test. Matching
networks formed the bulk of the work on the electrical delivery system, as

previous designs did not have the power handling capability needed.

The excitation frequency is constrained by physical and mechanical limits.
A fundamental lower limit on frequency of 20 to 30 MHz exists due to electron
loss into the channel walls, causing discharge instabilities,> with a practical upper
limit of 150 MHz, due mostly to component values and the tolerances involved in
working at this frequency. A 1000 W 72 MHz RF power supply furnished the
drive for the laser, as this was available in the lab. The frequency of 72 MHz has
been standardized on by this lab over the last five years, and is relatively easy to
work with. He and Hall33 indicated that there is a frequency dependence on the
discharge resistance, which influences the discharge voltage and the E/N ratio.
Since there is a direct influence on the E/N ratio by frequency it should be
explicitly optimized for each gas mixture, pressure and electrode design.

However, this was not possible due to lack of access to a broad band tuneable RF
power supply.

RG-213 was chosen for the delivery cable, since it is lovs loss and has a 12
AWG stranded core, which would better stand the power loading of 1000 W. An
N-type RF connector was chosen to handle the power requirements, as BNC

connectors repeatedly failed.

The laser does not have a 50 Q impedance under operation, thus imposing

some form of impedance matching network for optimum power transfer. It is
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known that the resistance of the square bore waveguide laser of similar length is
approximately 600 .17 By scaling the discharge width from equation 2.12 the

expected resistance for the slab laser can be found.

mvd

Ry=— 2.12
ne“A

Ryl

d 4 2.13

If the remaining terms are constant, with A being the discharge area,
scaling to a 30 mm wide discharge produces a discharge resistance, Ry = 40 Q.
This is sufficiently close to 50 Q to not use a matching network, at least for the
initial experiments. It was found that the discharge impedance dropped
sufficiently above 500 W, and that a matching network was necessary for
operation above this power. The discharge impedance drops to approximately 25
Q in this region, iaking a conventional discrete matching network difficult to
construct for use with kilowatt RF levels. The matching network was formed by
paralleling two /4 RG-11, 75 Q cables, creating an impedance transformer with
a 25 Q load impedance. These simple methods have worked well, but do not
allow a very close match since they are not adjustable during laser operation. A
tuneable matching network was developed for use with the 3/60 laser and will

be elaborated on in chapter 4.

The final element of the electrical network is the laser, which has several
undesirable electrical properties. The laser is capacitive which complicates
matching, and transmission line effects induce voltage imbalances along the
discharge length. These effects must be minimized to construct a high efficiency

laser.



Transmission line effects have been reported by several investigators345 in
the voltage distribution along the length of an RF waveguide laser. To maximize
the laser gain, it is necessary to make the channel voltage uniform. In practice,
this results in minimizing the voltage variations to less than 5%. To achieve this,
inductors are placed along the length of the guide to adjust the voltage. In long
dielectric channels the electrical length can be appreciable in comparison with the
RF wavelength in use, but with the aluminum channels the electrical length is

much less, thus requiring fewer inductors to smooth the voltage.

Channel capacitance can be removed by resonating the electrode structure
with inductors. This is done by adjusting the inductors along the length of the
laser channel and by adding a trimming inductor to resonate the channel.

Fo= 1
2z VG (2L, + L) 2.14

Were F, is the resonant frequency, Lp is the combined voltage balancing
inductance, L, is the resonant trimming inductance, and Cj is the lumped channel
capacitance. Doing so leaves the dischargeless laser a resistance at the resonant
operating frequency. It is then only necessary to match the discharge impedance

to the supply with the matching network.

For the slab lasers a total of three inductors are used to balance the voltage
and resonate the structure. They were calculated, as an initial approximation, by
equation 2.14 assuming a lumped capactive element formed by the channel and
divided into three equal inductances. A low level reference voltage is applied to
the channel with it in the vacuum housing, to include the parasitic capacitances

of the case. The end inductors were then adjusted to optimize the balance, with
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the central inductor being adjusted to compensate for the channel resonance. This

procedure provided a voltage variation of less than 5%.
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Chapter 3: The 3/30 Slab Laser and Optimization

The first laser tested had a 3 cm wide by 30 cm long slab discharge.
Characterization and optimization of the 3/30 laser was completed with the
immediate goal of producing a 100 W laser, based on discharge area scaling.
However, 100 W from this laser was optimistic, as 50 W was the maximum

obtained.

For the laser optimization to be conducted, an experimental test bench was
constructed. This included the RF drive, gas handling, optical power metering,
and a beam profile measurement system. Experiments conducted with the 3/30
slab laser were made with a flowing gas system. The following sections explain
the test bench, experiments, and the optimization that was conducted on this

version of slab laser.

3.1 Experimental Test Bench

The experimental apparatus for the testing and optimization experiments
consisted of the laser optical system, gas handling system, cooling, and the RF
network. Figure 3.1 displays the basic optical experiment bench. A Coherent
model 201 thermal power meter was used for laser output power measurements.
The power meter electronics are seen in the foreground of figure 3.1. Figure 3.2
shows the flowing gas control station, and the RF power supply, a Henry Linear

model 1000D.

Figure 3.3 is the basic block diagram of the vacuum and cooling systems.
Tap water was used as the coolng medium with tap outlet temperatures varying

from 18°C in July/August to 12°C in January/February. 3:1:1 (He:CO2:N2) was
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Figure 31 1cam and 3 cm Slab Laser Vacuum Housing



Figure 3.2 Flowing Gas Vacuum System and Kilowatt
RF Power Supply
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available as a premixed gas and was used as the primary supply, with dilutions
made by mixing with helium. Flow rates and mixture was controlled by two
rotameter flow meters, symbol FE in figure 3.3. This system enabled the flow

rate, mixture, and laser pressure to be set independently, while the laser was in

operation.

To simplify the initial laser testing, a slow flow gas system was used. The
slab laser will be operated under sealed conditions (no net gas exchange) in its
final form, and in an attempt to furnish an operating environment similar to this
a low flow rate was used (approximately 1 litre/minute). Using a flowing gas
system further simplifies mixture dilution, as 6:1:1 (He:CO,:Nj) can be made
simply from 3:1:1 (He:CO,:N5) without the need for mixing tanks and the delay
involved while the gas comes into equilibrium. A mass flow controller could be
used for mixture control, but was not available. By using low flow, the flow
induced laser end to end pressure drop was reduced, while the cooling from the
flow was minimized. A flowing system permits less stringent vacuum material
requirements than the no flow case, since contaminants outgassed in the gas
handling system and laser are flushed out, rather than building up. Stability of
the gas pressure was a problem and was constantly monitored during
experiments as it would drift from the preset conditions, and introduce laser
power variations. This laser test bench was easily refitted for further experiments

and provided the necessary flexibility and controls.

3.2  Parameter Study and Optimization

The basic premise was to optimize the 3/30 slab laser to achieve a 100 W
output. As stated this laser never produced more than approximately 50 W once
optimized. It has been observed by Lavigne et al.,35 and Sinclair5 that an

optimum pressure and gas mixture exists to balance the total distributed losses in
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the laser. Optimization was carried out by maximizing the laser output for both
gas pressure and mixture.
In the pressure broadened regime Rigrod’s3¢ gain equation indicates the

power per unit length is proportional to the square of the mixture pressure. This

creates the most power at the highest possible pressures. However, from Rigrod’s

equation:
Po=100L A B 1+1%0’I5:-2-) 3.1
InYR
1+ iR, is the extraction efficiency.

oL

In equation 3.1 R is the output coupling fraction, oy is the gain, I is the
saturation intensity, A is the mode cross-sectional area, B is the collected losses,
and L is the active length. Since both the total power and the extraction efficiency
are functions of the gas parameters, the maximum obtainable power output is

dependant on the choice of these parameters.

The optical resonator in use for these tests was the -9.0 m .and 9.6 m set
designed in chapter 2. This set of mirrors had a geometric coupling of 6.3%. No
changes were made to the mirrors during the course of the gas tests. RF power
was limited to 500 W P, (net discharge power). Above this point the laser became
increasingly unstable: its ability to stay in a single waveguide mode was reduced,
and the repeatability of results above 500 W P; was questionable. This was one of
the primary reasons in failing to achieve 100 W optical power levels with this

laser.
For discharge powers less than 500 W, the laser impedance was close

enough to permit direct coupling without an impedance matching network. As

the power density increases, the discharge resistance falls;17 with a fixed



matching point of 50 Q at powers above 500 W with 3:1:1 (He:CO2:N3) the
discharge resistance had dropped below 50 Q causing the reflected power to
increase. Above 500 W, the 28 Q quarter wave impedance transformer was used
as it had a better match to the laser. A variable matching network was not
developed until work on the 3/60 slab began, since the 3/30 laser operated
sufficiently close to the impedance provided by the fixed matching networks that

it was not required.

The first parameter tests consisted of the variation of gas pressure for a
constant gas mixture. Gas pressures from 40 torr to 120 torr were used with
constant discharge powers of 200, 300, 400, and 500 watts. Discharge power was
not set directly, but forward power was, and then the reflected power was
accounted for. For comparison, it is desirable to keep the discharge power levels
as constant as possible over the gas tests to allow for comparison over varying
mixtures. The gas pressure experiment was conducted for 3:1:1, 4:1:1, 6:1:1, and
8:1:1 (He:COy:Ny). Figures 3.4 through 3.7 show the effect of these experiments

on the laser power.

From these figures some trends can be seen. For a given gas mixture there
exists an optimum pressure that maximizes the extraction efficiency at a
particular discharge power. The optimum pressure increases with applied RF

drive. This is consistent with the literature.35.7

The small variation in the discharge power (1% to 8%) was caused by
power fluctuations in the RF drive during the tests. The RF amplifier decreased
the drive as it became hot under operation, which caused variations in the
discharge power over the course of an experiment if left unchecked. This caused
variation in the net power delivered to the laser and was noted on each power

curve.
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Figures 3.8 and 3.9 present the results of two experiments on the response
of output power versus the discharge power. For this test the gas pressure was
held constant along with the gas mixture, and the input RF drive swept across
the range of interest. From these graphs, the laser power response is linear, but
flattens abruptly at 425 W P,. Typical discharge laser power plots roll off in
power gradually, unlike these. The increasing power side of the curve is
proportional to the excitation (RF drive), and the roll off is due to the increasing
population of the lower laser level, from increased gas temperature caused by the
additional discharge power. Output power using 4:1:1 (He:CO,:N3) was not
significantly different from the 3:1:1 curves, but was shifted from 63 torr to 70
torr. Beyond 400 W P;, the laser mode control was deteriorating, due to thermal
loading, and the abrupt power fall off is attributed to this. Tests of the thermal
loading will be discussed in the next section. With a more stable structure the
laser could produce more power than has been demonstrated here.3” The optical
instabilities could, however, be sufficiently adding to a thermal power fall off

such that optical st=hility improvements may not increase the power output.

For these gas mixtures over the ranges tested, 3:1:1 (He:CO,:N,) produced
comparable, if not more, output power than 4:1:1 or 6:1:1, at any discharge power
level. However, 4:1:1 (He:CO2:N3) did produce slightly more power, but at a
higher pressure than 3:1:1, at 400 W P,;. Comparisons of the gas mixtures and
pressures is made in figures 3.10 to 3.12, which contain the data from figures 3.4
to 3.7 replotted against constant discharge power. The displayed points have a
range of + 2.5 W and are typical for all laser power measurements of the 3/30
laser, these are due primarily to time varying thermal shifts in the optical system
causing variations in optical power. At 500 W P; all the mixtures except 8:1:1

produced 44 to 45 watts. These powers were produced at pressures increasing
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from 70 torr to 90 torr for 3:1:1 to 6:1:1 respectively. Taking into account the
experimental errors, dilutions to 6:1:1 produce acceptable efficiencies of 9% at 500
W P;and all could be used to produce a usable laser at these powers. The
standardization of 3:1:1 for the remaining tests on this laser was done, as it
acceptable efficiencies of 9% at 500 W P, and all could be used to produce a
usable laser at these powers. 3:1:1 was standardized on for the remaining tests on
this laser, as it did not improve or degrade response significantly over the other
gas mixtures. Additionally, it was available as a premixed gas which eliminated

mixture related errors in the power measurements.

Since the gain of the laser medium is proportional to the relative density of
CO; in the mixture, having to run at rich mixtures indicates a significant optical
loss. Richer mixtures have peak power at lower pressures while leaner mixtures
shift the maximum power to higher pressures, but lower its maximum value.35
The 3/30 slab laser needs rich mixtures for optimal power output, which
indicates the laser has too much optical loss for the gain available. Optical effects

are considered in section 3.4.

For the RF energy to efficiently couple into the CO, molecules, an
optimum electric field must be applied to the gas.” A convenient measure of this
applied field is the electric field to pressure ratio, E/P. An optimum value of
7.5 V/em~torr produces efficient excitation of a mixture of 3:2:1 (He:N,:CO,); this
E/P value is used since a value for 3:1:1 (He:CO,:N,) was not available but the
mixtures are close.> The gas under test was 3:1:1 (He:CO5:Ny), which is a slightly
richer mixture than 3:2:1 The optimum E/P tends to increase with the density of
CO, therefore, the richer mixture should have a higher E/P ratio. From figure
3.13 it is seen that the measured E/P ratio exceeds this optimum value, except at

the highest power and pressure reported (500 watts at 76 torr). During the
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experiment the voltage probe loaded the electrical system, and a drop in laser
power was apparent after the change in discharge power was taken into account.
The voltage trend does indicate that at higher powers a better E/P could be

achieved, resulting in greater excitation efficiency and laser output.

3.3 Thermal Measurements

The electrode temperature was mea- Je termine the laser running
temperature, and assess its effect ov. tue - sower. To accomplish this a
thermistor was placed in a hole in the elecirodes—both lower and upper. It was
found that the lower (ground) electrode reached a maximum temperature of
25°C after 20 minutes at 500 W discharge power. The upper (hot) electrode

reached a maximum temperature of 32°C under the same conditions.

This is consistent with the laser construction, since the electrically hot
electrode is cooled through a 1 cm thick boron nitride insulator, and the ground
electrode is cooled directly by the cooling plate in the bottom of the vacuum
chamber. The electrodes are running warmer than desired—room temperature.
With an inlet cooling temperature of 15°C, it is observed that the cooling
effectiveness is poor. Carter et. al.12 found that an increase in the wall
temperature of 10°C produced a 20% decrease in power; therefore,
approximately 8 W could be gained by cooling the electrodes to 20°C. Cooling
does not fully account for the loss of output power at the measured discharge
powers, but will have more effect at kilowatt power loadings in future lasers.
Optimally, conducting heat out of the laser was given greater consideration in

the 3/60 cm laser design discussed in chapter 4.
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34  Optical Measurements

During gas characterization it was found that a rich mixture was optimal
for the 3/30 laser, indicating that it could be optically lossy. Optical losses can
arise from waveguide irregularities, mirror losses and from excessive output
coupling. Temperature measurements show the laser is losing some power from
gas heating, but not significant amounts. Consideration of the optical loss
mechanisms is appropriate for the optimization of this laser, and future slab laser

designs.

Waveguide irregularities, stemming from surface roughness, bends in the
guide, and absorption losses have been dealt with in chapter 2. Having had the
guide surfaces finished on the microsurface lathe and the short 30 cm length
(minimizing bending loss), this guide would not contribute to excess optical
system loss. Mirror losses can take three forms: absorption, diffraction and
coupling. The mirrors used were gold on a copper substrate with a reflectivity at
10.6 um of 99.4%.38 Mirror absorption is not a significant factor in the optical path
losses, based on this value. Diffraction and coupling losses?® were dealt with in
chapter 2, and since the resonator structure falls into one of the low loss
categories it should not cause excessive losses if the mirrors are placed against

the guide.

Gas breakdown to the mirrors was the limiting factor in placing the
mirrors close to the waveguide. The mirror waveguide separation was 5 mm,
which is double the typical separation used with CO; waveguide lasers. Mirror
separation was decreased to 3 mm with the subsequent maximum power

increasing from 44 W to 52 W at 525 W Py, 10% efficiency. It is not possible to
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move the mirrors closer to the guide as gas breakdown starts to occur from the

plasma.

To measure the output power coupling it was necessary to analyze the
beam profile. Wood burns and an electro—optic beam analyzer were used to
determine the cross sectional beam profiles, and these profiles were used to
assess the power coupling. The percentage output coupling was based on the
assumption that the intracavity intensity was uniform. This assumption does
lead to inaccuracies when compared to the intracavity profiles reported by
Rensch#’ but is the best that can be made without intensity measurements. Figure
3.14 provides a schematic view of the electro—optic beam analysis system. Beam
profiles were captured on wood in both the near and far field in addition to the
beam analyzer. Burn marks are not sensitive to the absolute intensity bu! give a
qualitative feel to the beam profile in three dimensions. The damage threshold
for each wood target is different and the recorded beam profile will vary from
measurement to measurement dependant on the total exposure time. The
electro-optic beam analyzer provides absolute intensity information but only

samples the beam in two perpendicular slices.

To make these beamn measurements some modifications to the basic
system shown in figure 3.14 were needed. Addition of a fan to blow particles
away from the output coupling window was necessary to minimize the damage
incurred to the window from particulate heating when making burns in wood.
To obtain an accurate near field analysis it was necessary to reverse and flip the
analyzer over to move the scanning element closer to the output window. This
was needed since the scanning element is not centred in the analyzer and would

place an additional 5 cm distance in the beam path before measurement. In the
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Figure 3.14 Experimental Beam Analysis Setup
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reversed position the analyzer would not measure the vexrtical axis, waveguide

mode, due to a malfunction of the detector only in this orientation.

Near field burns indicate that the beam was 4 to 5 mm wide,
approximately double the expected 2 mm, and having twice the geometric output
coupling than is desired. In these burns the beam profile was flared and ragged
on the waveguide edge. The mirror spacing to the guide edge was 2 mm which
put the outside 2 mm of the beam beyond the waveguide causing the ragged
edge. Figure 2.8 shows the off axis resonator and the mirror gap d. Variation of
the mirror gap from 2 mm to 7 mm indicated that there was no change in beam
width, and no laser power variation. The mirrors have been standardized to 4
mm gaps as this provides the clearance needed to propagate a 4 to 5 mm beam

confined to the channel area, while limiting interaction with the waveguide

supports.

Figure 3.15 displays the near field unstable resonator beam profile, and
figure 3.16 shows the far-field profile with the output mirror gap at 7 mm. For
fiore 3.15, the near field, the front mirror edge is on the left side of the trace
while in figure 3.16 the front mirror is on the right. The “notch” on the extreme

left side of the traces is a scanner artifact.

Little change in beam shape was recorded with variation of the gap 4, and
the beam cross-section with a 7 mm gap is representative of those observed. The
zero order approximation of a uniform near field beam profile is far from
reasonatle for this resonator when the actual near field profile is observed. A
nonuniform profile was the result of diffraction dominating the output The near
field beam width. is 6 mm taken at the beam’s zero power points (from figure
3.15) while fror: geometric theory it should be 2 mm. Burn records indicated a 4

to 5 mm beam (exposure dep:endant). The discrepancy between burn marks and
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Figure 3.15 Unrstable Mode, Near Field 3/30 Laser
1.5 mm per Division Horizontal

Figure 3.16 Far Field, 80 cm, 3/30 Slab Laser
Stable Mode is Top Trace
Unstable Mode is Bottom Trace
3 mm per Division Horizontal
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the beam analyzer is caused by the damage threshold of the wood target causing

a mark to form only the after a critical level of energy has been delivered.

In an attempt to reduce the geometrical power coupling a 3.2% coupling
(18.6 m and -18 m) mirror set was constructed using 1100 aluminum (the
standard mirrors of gold on copper were too expensive 10 fabricate at the time).
The added optical loss from the 98.7% reflective aluminum38 would lower the
maximum power but not affect the beam shape. No difference in beam width
was seen. However, this mirror set should have produced half the coupling of
the 6.7% (9.6 m and -9 m) set, but with the thermal instabilities caused by the
higher optical loss of aluminum at 10.6 um, the effect of the mirrors was
indeterminate. Flat aluminum mirrors were also tried with similar results to the
18 m mirrors. Output power was down bv half from the 9 m gold optics with
both aluminum mirror sets. Optics of 9 m radii, 18 m radii, and flats created the
same near field beam width. With the nonuniform beam profile it is not possible
to estimate the output coupling since it is possible that the intracavity profile is

irregular as weil.? It is not understood why the mirror curvature has no effect on

the laser operation.

3.5  Power Scaling and the 1/30 Slab Laser

Earlier work with a 1 cm wide slab laser showed that it was capable of
producing 27 watts (not optimized). If linear power scaling holds for the 3 cm
wide discharge, with equivalent extraction efficiency, an 81 watt laser is possible.
Since this output power was not observed with the 3/30 laser, it was necessary to
measure the per unit power from the discharge. This per unit basis would
determine if scaling was working when compared to the 1/30 slab laser. To test
the power width scaling, a power per unit width test was conducted comparing

the power from the 1/30 cm and the 3/30 cm lasers on a per unit basis.
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The 1/30 cm laser was run to determine the best power obtainable.
Commercial dielectric plano—plano optics were used for the 1/30 laser resonator.
This produced a single mode in the narrow dimension, but did not limit the
beam in the wide dimension to a single mode. Figure 3.17 shows the power
output of the laser at the optimal conditions of 6.5:1:1 (He:CO2:Nj) at 132 torr.
These conditions optimized the power output. The discharge power was not
increased above 400 W since the laser became optically unstable and produced
unrepeatable results. To compare the 3 cm discharge, the 1/30 laser was removed
froin the vacuum housing and the 3 ¢m charnel installed. The 1/30 optical
system was used for the 3/30 unit but a 1 cm wide aperture was introduced into
the optical cavity. This system sampled a 1 cm strip out of the 3 cm discharge for
comparison to the 1/30 laser. The optimal 1/30 gas mixture and pressure was

used for the 3/30 laser test.

For a per cm power loading similar to the 1 cm channel the 3 cm channel
produced similar power output, but at 12% efficiency instead of 9%. Using the
entire 3 cm width with similar power loading would produce 90 W of laser
power.40 Under the same gas and power conditions the 3/30 laser, with the
unstable resonator, produces less power when using 6.5:1:1 (He:CO2:N3) than
using 3:1:1. Under optimal conditions for the unstable optics, the 3/30 laser
operates much as the 1 cm laser does. Figure 3.18 compares the optimized
extracted power from the 1 and 3 cm lasers. Under the respective best conditions,
the lasers compare in operational efficiency. Since the 3/30 slab laser has the
predicted per unit power, the extraction efficiency of the urstable resonator must
be lower than the plane-plane resonator to account for the lower net power

output.
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3.6 Conclusion

The 3/30 laser has been shown to produce 52 watts at best optimization.
Thermal instabilities in the optical system limit further consistent gains from this
laser until more stable optical mounts are constructed. Gas optimization in both
mixture and pressure was completed. The results show that 3:1:1 (He: CO: N>) at
63 torr produces the most power. From the trends in gas characterization it is not
clear whether these gas conditions will be optimal at higher discharge power
loadings. Temperature measurements indicate that the laser is operating too hot
for best power outp::i, but this is not the limiting factor. Beam profile
measurements have shown that geometric coupling designs do not create a beam
with the desired coupling properties. The unstable resonator is responsible for
the lower power extraction per unit volume than the stable resonator. It appears
that power extraction is diffraction dominated and dependant on the resonator

geometry rather than the optics.
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Chapter 4: 5/30 and 3/60 Slab Laser Optimization

This chapter focuses on the experiments made to improve the original
3/30 slab laser to achieve a 100 W output. Modifications have taken several
forms: length and width scaling, optical resonator modifications, and cooling
improvements. The 5/30 cm and 3/60 cm slab lasers were used for these tests.
Width and length scaling were used to increase the laser power in order to
produce the desired 100 W. A 100 W laser was produced using the 3/60 slab.
Resonator modifications were made to assess output coupling on laser
performance, with the unexpected result that flat mirrors produced more power
than the confocal sets. Cooling at kilowatt power loadings continued to be a

problem which forced the introduction of a novel internal cooling scheme.

4.1 5/30 Slab Laser

Width scaling was implemented with the 5/30 cm slab laser. It was a
retrofit of the 3/30 vacuum housing with modifications for a 5 cm wide channel
and wider mirrors. Basic gas characterization was conducted, but little additional

power production beyond the 3/30 laser was obtained.

Optimization of a laser for power is a matter of balancing the laser gain
against the system losses. Once the losses are overcome, further gain increases go
to power cutput. With proportionately greater losses, the gain must be increased
to maintain the same output power. Therefore, to increase the power the active
width was enlarged to 5 cm. This width was the maximum that could fit in the
existing vacuum chamber and still leave space for the voltage balancing
inductors. Using this electrode, the power would be multiplied by 5/3 if linear

width scaling held for this discharge based on the preceding lasers.
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Scaling similarity relations given by Abrams and Bridges4? hold for
molecular lasers if the gas temperature and electron temperature are held
constant. The electron temperature requirement keeps a constant per unit area
power level in the discharge. It is necessary to maintain a constant gas
temperature to keep the lower laser level at the same population state in order to
have the same per unit gain. More efficient cooling is necessary to maintain the
constant gas temperature at increased power loading. The cooling was not
changed, therefore a higher gas temperature was expected, reducing the increase
in power. Laser power should have scaled to approximately 75 W, not taking into
account the thermal effects. Experiments did not indicate appreciable
enhancements in power (figure 4.1) over the 3/30 slab, with 56 W being the
maximum found. This test was conducted with 9 m optics at 6.3% geometric

coupling under similar gas mixtures and pressures as the 3/30 laser.

Figures 4.2 and 4.3 display the effect of pressure on the laser power for the
5/30. A pressure of 63 torr produced the most power. Abramski,42 and Jackson2
at D. R. Hall's lab in the United Kingdom have done work on area scaling of slab
discharges, and have found that the optimum pressure falls from the high used
in square waveguide discharges to a lower stable value for slab discharges. They
feel this is consistent with a shift to two wall dominated cooling from the four
wall case. This is consistent with the findings of this experiment. The optimum
gas conditions were much like the 3/30 in both mixture and pressure while the
shapes of the response curves are also similar to those of the 3/30. Lean gas
mixtures yielded less power in all cases. This was more pronounced than the

3/30, but optical stability was similar to that laser.

The 5/30 laser ran at poor efficiencies of 5% to 8% (figure 4.4). This may be

caused by a poor voltage balance, but is unlikely since the end to end balance
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was better than 5% for the dischargeless case. During voltage balancing, no
discharge is maintained, leading to inaccuracies in the final balance because the
plasma acts as an unconsidered lossy element, with a dischargeless tuning.
Voltage balancing inductors are located inside the vacuum housing making it

impossible to tune with the laser running.

The voltage balance across the wide dimension of the discharge was
difficult to sustain, as indicated by plasma brightness variations. Variation of the
plasma intensity across the width of the discharge was noted, which established
regions of gain nonuniformities, lowering power output. Due to space limitations
in the laser housing, it was not possible to use inductive voltage balancing on

both sides of the riaannel.

No temperature measurements were taken, but from measurements made
on the 3/30 slab, temperatures at fall off on the order of 30°C to 40°C could be
present. Having gas temperatures this high will reduce the output 20% to 30%.
Combined influences such as these can account for the loss in expected power
increase, as observed. Limitations in the RF power amplifier and gas cooling
were further causes of lowered actual power extracticn. With improved cooling

and a thermally symmetric optical system, laser power may reach the 100 W goal.

4.2  3/60 Slab Laser Design

Since the 5/30 laser was not capable of 100 W output, more changes to the
slab design were needed. With the 3/60 laser, a clean break was made from the
previous designs to reach the 100 W goal. Thermal, optical, and gas parameters
were considered for this laser to overcome noted shortcomings in previous
designs. Hard-sealed long lifetime laser construction was also considered, with

the intent of building a laser with a 1000 hour lifetime. Completion of a prototype
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3/60 slab laser and the hard-sealed counterpart was made, but due to failure of

the lifetinie analysis vacuum system, the hard-sealed slab was not tested.

The 3/60 optical system was improved for stability, and consequently
provided a good platform for further resonator experiments. Directly ¢ooled
electrodes were introduced in the 3/60 which improved the thermal response of
the laser, but not sufficiently for continuous use with kilowatt power loading.
Recommendations are made for the next generation of slab lasers with emphasis

on sealed--off operation and long lifetimes.

Losses identified with prior tests have centered about two main areas:
thermal and optical. Thermal instabilities limited work at high powers to
produce the requisite 100 W output. To remove the instability a thermally
symmetric optical system was designed, and is shown in figure 4.5. All major
mechanical components are made of aluminum using machinable ceramic as
spacers between them. To ensure thermal stability, the vacuum envelope was

constructed of 0.065” thick INVAR sheet and seam welded to form a tube.

Channel cooling was made by pressing copper tubing into machined slots
in the back of the electrodes. This provided the best comproinise as water cannot
be in contact with aluminum without severe corrosio:: occurring. The corrosion
process is further enhanced by the applied electric fields during laser operation.
Liquid corrosion inhibitor was not practical for use in semi-portable
dental/surgical equipment without the introduction of recirculating pumps and
the associated equipment. Surface passivation of aluminum parts is difficult o
implement, as the facilities to coat the 60 cm long channels are not readily

available.

To cool the electrodes directly the water must pass through the vacuum

chamber wall and into the electrode. For short experiments the feed-through

70



71

Cooling Inductor

Cooling channels

J
) ' Ceramic Stand-off
Support Channels (l( ' ;

Cooling Feed-Through

Ground Channel o
Invar Vacuurr: Enclosure

Figure 4.5 3/60 Slab Laser Cross~Section

Optical Feed Through

Adjustment Pod

Mirror Flange

Mirror \

Mirror Mounting Pod

Figure 4.6 3/60 Mirror Mount: Tep View Cross~Section



material is not critical and could be chesen as any insulating material. To
maintain good vacuum properties over extended periods, the feed-throvgh must
be a low reactive metal, such as stainless steel. For the ground electrode, a metal
tube creates a better ground connection to the case and improves the electrode
mechanical strength However, a direct metallic connection cannot be made to
the electrically hot electrode or it will short to ground (the case). To circumvent

the hot electrode short, some form of feed-through was :iceded.

Two types of feed-through were examined. The first involved a ceramic
feed-through to isolate the cooling tubing, and the second nv “wd ir-iaies the
tube by inductive decoupling. Ceramic fezd-throughs werée not usad <n the
experimental version of the 3/60 slab for reasons of mechanical strength. They
were incorporated into the secoid 2/60 version after induciive decoupling
proved too restrictive on water flow. However, on the first 3/60 laser iaductive
decoupling was used, and is shown in figure 4.5. One end of the inducto
connects to the hot electrode, while the other goes through with the metal
vacuum housinz wall. Water is passed througk: the tubing used to form the
inductor and into the press fit tubes in the electrode back. This *: i*oa proved

reliable and sufficient for the initial v ork but let the electrodes become too hot

for optimal use.

The cooling inductors became part of the voltage balancing network and
act in parallel to the channel to channel coils used. To maintain sufficient
inductance with the voltage balancing coil, the “cooling” inductance must be
kept large, compared to the balancing inductor. A prerequisite to meeting this
requirement was using 1/g in. copper tubing, which kept the inductance large in
a small enough space to fit into the laser. This 1/g in. copper tubing introduces a

significant pressure loss, but can be overcome if sufficient inlet pressure is
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available. Increased pressure loss reduced coolant flow, offsetting some expected

temperature decrease from direct channel cooling.

Voltage balancing inductors were placed on the channel encs, i 1side the
vacuum housing, for the experimer.tal laser. For long lifetime operation this is
not acceptable due to the reacti ¢ nature of copper with free oxygen formed by
the discharge, and the oxides that copper produces. Oxidization of copper
removes O, from the laser gas, furthering the disassociation of CO; and
decreasing the laser operational lifetime. In future slab lasers, balancing
inductors will be outside the enclosure, but the resistance inherent in the INVAR
vacuum chamber complicates the balancing, since the voltage drop over the
housing surface depends on applied power. Thermal stability and cooling
capacity are improved with these design changes, leavirg optical stability and

lusses to be :~vered.

Using a stable, symmetrical mirror mount, position instabilities in the
mirror have been decreased. Figure 4.6 shows a cross-section of the front mount.
The mirror is attached to a prid which allows a three point adjustment to shift the
mirror. Mirror pod movemert is coupled through the vacuum housing by a
0.010 in. thick diaphragm which deflects under force from the positioning screws,
transmiting the deflection to the mirror pod mounted on it. This has proved to be
a much more stable mount than used on the 3/30 and 5/30 laser, but because of

increaser intra—cavity flux in the 3/60, the mounts were still thermally reactive.

Design and construction of the matching network comprised the firal
section of the 3/60 laser. It was necessary to construct a variable matching
network to deliver 1000 W to the laser in a reliable manner. Several types of
matching circuits were considered, with a Pi-network formed from discrete L C

elements being the most flexible for the driven load.
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43 Matching Networks

There was a need for an adjustable impedance matching circuit for the
operation of the laser at 100 W output levels. A kilowatt of RF power must be
delivered to the laser for this power to be achieved. The network used for
previous slab lasers was a %4 transformer. This is a compact system at 72.5 MHz,
with cable lengths approximately 60 cm long. It is also robust and introduces
small losses to the power delive: y system, but only a few select impedances can
be formed with *he commercial cable available. To obtain small VSWRs, the
circuit must be adjustable while the laser is in operation, so that any parasitic
impedances can be nulled, and a good match formed. Circuits that have been

considered are the ¥, I, 7, and autotransformer, shown in figt::z 4.7.

Sinclair® has examined L- and T-networks with the most successful being
the circuit of figure 4.7a. On using this T-network with the 3/60 slab, voltage
breakdown across the series capacitor occurred proving it not rugged enough for
this laser. The autotransformer of figure 4.7d was initially introduced by
Moghbelil? and has found wide use in conventional waveguide lasers in the
Medical Laser Lab at this university. However, the slab laser has a discharge
resistance less than 50 2, making the transformer difficult to tune wkile

maintaining a resonant circuit with the laser channel.

Hybrid networks using cable transformazions and lumped elements have
been in use since the earliest work on RF waveguide lasers was reported.
Griffith®3 used a capacitive L-network with a tuned cable section to transform the
laser impedance to 50Q. This has Jed to the design of a combination lumped
circuit and cable section for use with the 3/60. Ruling out most of the viable

lumped networks left only the Pi- and L-networks for consideration.
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The 28Q A/4 transformer was used in combination with these networks to
minimize the impedance range for the lumped components to match across.
Doirg so lowered the circulating current while reducing network losses and
increased the operational ruggedness. Operational variations in the discharge
impedance were most effectively reduced by the pi-network which gave the
broadest matching range. i he usable power range was from 500 W to 100¢ W
with the lower limit set by the laser impedance moving outside the tuneable
range of the circuit. As the network was designed to power the laser at the
highest output possible, it did not match well to the impedance seen at 500 W
and less. A 1 ywer meter module was the highest available which
limited the r. saatior: to 1 kW. To commercialze the laser, a network

that will have a v.. ; broad match will be required.

44  3/60 Experimental Results

The 3/60 slab laser was used as a test bench for a varieiy of experiments.
Effects of gas mixture and pressure were investigated, and tests varying the
geometrical coupling were conducted. This was the first slab laser to operate
under sealed-off conditions, and gas optimization was conducted to achieve a
100 watt laser. Optical and thermal stability and thermal overload of the gas

became apparent with continuing tests.

The initial experiments were made using optics with 5% geometrical
coupling. They were designed and fabricated the same way as all the mirrors
used prior to this set. Curvatures of -23.4 m and 24.6 m were machined in oxygen
free copper using the microsurface lathe 4 with a coating of zinc selenide applied

for surface stability over a coating of gold. This combination was thought to
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produce a mirror of lowest loss and still have rood abrasion resistance, while

slowing the eifects of the gas plasma on the gold.

Flowing gas was used for the first experiments, using this new lzser to
provide an operational starting point. The standard experimental equipment, as
used in previous laser tests, was used for these experiments. Gas mixture was
varied to find an optimum ratio, but as with the 3/30 slab laser 3:1:1 (He:CO2:N3)
was found to produce the most power. Using flowing gas conditions, an
experiment to tind the best operational pressure was conducted. The premixed
gas, 3:1:1 (He:CO»:Ny), was used and maximum laser power obtained for a giver
pressure was recorded. A P; of 1 kW was held for this maximum power
experiment. Figure 4.8 illustrates the results obtains, and shows that at 50 torr
the most power was produced. The optimum pre::.- . - 2.t power obtained with
flowing gas was 99 W of laser power at 1 kW P; with 50 torr, 9.9% efficiency. This
power output was easy to obtain under flowing conditions, and no attempt was
made to further optiniize the laser with flowing gas. The laser power meter could
measure 100 W full scale, and the RF power meter was limited to 1 kW. Primarily
these tests were conducted to find a general operational base from which to

compare the sealed off experiments.

The reason for developing the 3/60 laser was to overcome the deficiencies
identified with the 3/30 laser. Prcliminary beam measurements conducted on
this laser indicated that the near field beam was approximately 7 mm wide.
Similar results were found on the 3/30 laser. A detailed look at the geometric
coupling properties of a slab unstable resonator were called for. Geometric
couplings of 5% and 10% were used in both the positive and negative branches of

the stability plane.
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It was noted «iuring 3/30 testing that the output mirror had to be moved
to increase the gap to the edge of the active region. This was done to maintain
waveguiding at the outiside edge of the beam, and to improve the beam profile.
The gap formed by the output mirror edge and the outside edge of the gain
region is defined as d, as shown in figure 2.8. Gaps of 4 mm and 7 mm were used,
although to geometricaily fill the gain region, a d of 1.5 mm and 3 mm should be

used for geometric couplings of 5% and 10%.

Using these parameters, burns were made in plexiglass to show the beam
structure. Figure 4.9 represents the experimental equipment, and figure 4.10 is a
picture of the 3/60 laser experimental work bench. Plexiglass was chosen over an
electronic analyzer since it gave much better resolu!inn, and lefi » three
dimensional impression in the plastic from which it was ¢tz to see the Hverall
beam shape. From these modal profiles, a series of photographs have been taken
for presentation purposes. A representative set showing the basic features is
included in this section, with table 4.1 listing the maximum stable and unstable
dimensions in both the near and far field. The maximum extent of the burn is
taken, because the e-1 points are difficult to measure in the plexiglass with any

certainty.

The negative branch unstable resonators produced only 1 W to 3 W and
were extremely optically unstable. No mode could be maintained for more than a
few seconds. This behaviour can be explained by the intra—cavity focal spot that
is produced during operation by the optical resonator. Focusing of the intra-
cavity beam will cause localized heating such that the active region could be

sufficiently perturbed to distort the beam, and stop effective laser action.

Positive branch resonators were operated with a constant discharge power

of 700 W. All curved mirror sets produced approximately 65 £ 3 W using 50 torr
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Table 4.1

Optical Resonator Geometrical Coupling Experiment
Positive Branch Unstable and Flats

Width of Melt Zone
_Near Field (mm) Far Field (mm)

Stable | Unstabic: ) Stable | Unstable| Coupling (%) Gap
28 7.5 13.2 126 5 4
28 9.1 12.9 10.7 5 7
29 9.5 18..7 12.7 10 4
3.1 94 1% - 13.7 10 7
4.6 8.0 179 125 Al Flat* 4
35 85 14.0 72.0 ENAL 4
3.5 9.7 ( 85 9.2)t ENAL 5

* Multi-mode operation — a single mode could not be maintained

1 Far field burn made at 80 cm
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of 31 1 (He:CO2:Ny). The flat aluminum mirrors produced 10 W more power,
uiiike the enhanced aluminum (low loss multilayer dielectric coating) which

operated at lower temperatures and with more stability.

Near field burn widths in the waveguide resonator dimension, normal to
the channel, are comparable to a EHj; gi:ssian beam. The average measured
maximum beam width was 3 mm, with 2.25 mm channel spacing and 2.03 mm at
the el points for a EHj; mode. Pictures :-. ":.2 near field show a triangular
intensity variation with fresnel diffracti::n . ples on top, caused by the mirror
edge (figures 4.11 through 4.13). The near field unstable dimension, parallel to
the channel, is typically 8 to 9 mm. No significant difference was found from 5%,
10% or flat aluminum mirrors. Figure 4.12 shows a small lobe (below the main
burn pattern) in the stable dimension which was typical of multimode operation
and was seen in other burns. The fresnel ripples from the ENAL (ENhanced
ALuminum) mirrors were more numerous and better defined (figures 4.15 and
4.16). It is not known why this was the case, but it was consistent throughout the
experiment. These findings would suggest that the discharge is significant in this
resonator design, at least at the small geometric output couplings used. It also

indicates that the resonator departs considerably from the geometric case.

Seigman?? notes that for the lowest order unstable modes the output beam
tends io pull in its “wings” which lowers the output coupling from the geometric
case. This predicts a narrower beam than a geometrical design. The results
presented here show the contrary. In all cases the beam was two to four times the
geometrical width. High order unstable modes have greater diffractive losses
and greater beam spread. Increased beam spread does fit the observed data, and
greater output coupling fits with the need to use rich gas mixtures. However,

excessive mirror heating was seen (see the section on ENAL mirrors and mirror
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Figure 4.12 5% Coupling Near Field, Top View
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Figure 4.16 ENAL Near Field, Top View
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Figure 4.18 ENAL Far Field, Top View
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temperature) which would indicate the resonator is under coupled or the mirrors
have high losses. The experiments to date have not shown conclusively what is
the cause of the beam spreading, or the greater than expected optical losses.
Having the unstable modes propagating through the waveguide could be the

cause of the deviations from that reported in the literature.

The far field beam shape is gaussian in the stable direction, but shows a
sin(x)/x like trail of secondary lobes going away from the mirror edge, and a
gaussian like intensity fall-off towards the mirror. EHj; beam propagation gives
a waveguide beam width at the ¢! points of 16.5mm (120 cm) or 7.15 mm
(80 cm), which agrees with the experimental values of 12 to 13 mm and 8.5 mm
for maximum beam dimension. Some multimode operation, in the waveguide
dimension, is seen and could cause the added beam spreading. The main lobe of
the unstable beam is 6 mm across while the main lobe after propagation of a
rectangular beam from the laser output aperture is 4 mm wide. Comparing the
primary lobe of the unstable mode to that caused by fraunhofer diffraction of a
rectangular beam indicates that the unstable mode is likely coherent. This

measure of coherence is very limited, but does provide an estimate.

The flat mirrors produced the same beam shape as the confocal sets, with
the exception that the low loss ENAL mirrors operated at lower temperatures
and were more stable than the plain aluminum. This is attributable to the greater
absorption of 10.6 pm radiation for plain aluminum versus the multilayer
dielectric coating on the enhanced mirror. Based on these findings, it was decided
to use flat aluminum mirrors and then, as they became available, the ENAL

mirrors for sealed off work with the 3/60 slab laser.

For the sealed-off experiments the laser was pumped down to less than

1 torr and back filled with laser mix to the desired pressure. Figure 4.23 is a
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3/60 Laser: Using Flat Aluminum Mirrors
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Figure 4.19 The change inlaser power for 3:1:1 (He:CO,:N,) as the
discharge power was varied. Static gas conditions, no
flow.
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Figure 4.20 Theefficiency and laser power for the3 /60slab. The gas
mixis 3:1:1 (He:CO,N,) at 40 torr. Efficiency is calculated
as the ratio of laser power over net discharge power.
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Laser Power (watts)

3/60 Laser Power and Efficiency at 45 torr
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Figure 4.21 Theefficiency and laser power for the 3/60slab. Thegas
mix s 3:1:1 (He:CO,N,) at 45 torr. Efficiency is calculated
as the ratio of laser power over net discharge power.
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3/60 Laser Power and Efficiency at 50 torr
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Figure 4.22 Theefficiency and laser power for the3/60slab. Thegas
mix is 3:1:1 (He:CO,N,) at 50 torr. Efficiency is calculated
as the ratio of laser power over net discharge power.
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Figure 4.23 Vacuum System for Sealed Off Experiments
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photograph of the vacuum system used for these experiments. The laser was soft
sealed with rubber o-rings and no special cleaning was taken to optimize the
sealed laser lifetime. Using this procedure enabled the laser to operate for
approximately an hour before needing to be refilled, which was sufficient for the

testing undertaken.

The gas mix used was 3:1:1 (He:CO2:N,) as no leaner mix had worked as
well on this laser. Gas pressures were varied to find the optimum. Figure 4.19
shows the results of this experiment. Power output increased with gas pressure
to 50 torr, but it was not pousible to strike the discharge at 55 torr and above. The
maximum laser power obtained was 97 W using 50 torr. The 40 torr power curve
shows saturation in power output, but the 50 torr curve has not begun to level
out. It should be possible, if sufficient RF drive were available, to produce more

than 100 W of output.

Efficiency using 40 torr peaked at 11% with 550 W in the discharge
(figure 4.20). At higher pressures the maximum efficiency moved up in power to
800 W at 45 torr, and to 1000 W at 50 torr (figures 4.21 and 4.22). However, at 50
torr the maximum was reached at the top end of the RF power supply, therefore
the maximum could be at a higher discharge power. The maximum power
typically is produced past the point of best efficiency. This is consistent with
work done on earlier CO, waveguide lases,57 which found that the maximum

power output occurred past the peak laser efficiency.

During these tests the mirrors became extremely hot. Indium shims used
to increase the mirror heat sinking melted slightly, under prolonged operation.
(The melting point of indium is 157°C.) To reduce the optical losses in the
mirrors, a multilayer dielectric coating was placed over the base 1100 aluminum

flats. These enhanced mirrors functioned similarly to the plain aluminum mirrors
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Table 4.2
Operating Temperatures for 3/60 Slab Laser

Laser Off

Water (°C) Channel (°C)
Hot Electrode 12.8 18.8
Gnd Electrode 12.5 19.3

1 KWatt Discharge

Water (°C) Channel (°C)
Hot Electrode 19.1 50.6
Gnd Electrode 15.0 34.7




(see the section on mode profiles) except they operated at lower temperature. No
further power or efficiency increases were seen, and, except for a more stable

optical system, the ENAL mirrors functioned the same as the aluminum flats.

Laser power was seen to drop off after the first few seconds of operation.
Using the ENAL mirrors, start up output power was 97 W with 800 W discharge
power, falling to 84 W laser power within 10 to 20 seconds. This is a sign that the
gas is becoming too hot and the gain was dropping.4528 Laser power thermal
effects were not noticeable until the more stable ENAL mirrors were used.
Measurements taken on the input/output cooling water, and electrode
temperatures show that the laser is reaching 51°C with 1 kW of discharge power.
Table 4.2 summarizes the findings. The key result is that the water temperature

increases only 6°C while the powered (hot) electrode increases by 32°C.

The large temperature differential across the cooling water to the hot
electrode could be the result of three effects. Deposits could have accumulated in
the cooling channels, but the laser had not been in operation for more than 6
months, making this unlikely. Too great a pressure differential could exist across
the cooling system feed-through inductors. They are made out of 1/g in. copper
tubing and the AP at typical flow rates is 15 psi. Two coils and the associated
plumbing produced a flow of 900 ml/min with the tap fully open—typically 40
psi. Having low cooling flow rates would increase the water output temperature,
but the majority of the temperature drop is across the channel to water interface.
This seems the most likely bottle-neck to lowering the running temperature of

the electrodes.

A further iteration on the 3/60 laser was completed, but not tested under
the scope of this work. It increased the number of press fit cooling tubes in the

electrodes from 2 to 4 and replaced the decoupling inductors with an insulated
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feedthrough. This should improve the cooling and improve the power

performance. (This laser has not been operated above 500 W P; to date.)

45 Conclusion

Width and length scaling of the discharge was accomplished and by using
the 3/60 laser 100 W was produced. Unfortunately, the 5/30 laser did not
produce significantly more power than the 3/30 laser did. This was attributed to
thermal and optical instabilities. Thermal and optical stability problems were
addressed in the 3/60 laser, but not sufficiently to produce a commercial
product. Output beam profiles were recorded for this laser and consequently the
confocal resonator was replaced with a plane-plane system. The output was
consistently two to four times that predicted by geometrical theory. This was
considered a result of modal interaction with the waveguide structure and its
influences on the active region, but conclusive data was not taken. Power
extraction was done by edge diffraction past solid metallic mirrors, using the
same optical system as the confocal resonator. With gas optimization and
improvements in the optical system, a maximum power of 97 watts was

produced using the 3/60 cm slab laser.
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Chapter 5: Conclusion

The slab laser has met the goals of supplying 100 W of laser power while
maintaining the advantages found in all metal lasers. Although some design
deficiencies are indicated by the experimental work described, the overall
usefulness of this RF waveguide geometry has been demonstrated. Many
questions have been answered over the course of this work, but further questions

have come to light.

Three major classes of experiments were conducted on the slab laser.
Discharge scaling, gas optimization, and optical resonator experiments formed
the major areas. Discharge dimensions of 3 cm by 30 cm, 5 cm by 30 cm, and 3 cm
by 60 cm were used in scaling experiments. These lasers were then used in gas
and optical experiments, to optimize the laser power. It was found that scaling
the discharge length was necessary to overcome optical losses and create enough
gain to produce a 100 W laser. However, if lower power lasers are called for, the
smaller gain volumes can provide reasonable output powers of 30 to 70 W. As
such, these lasers should be developed further with more emphasis on the

specific capabilities they possess.

Gas optimization was performed by examining the effect of pressure and
mixture on the lasers. The most extensive tests were conducted with the 3/30
slab laser, and indicated that the laser structure was losing more power than
designed for, and consequently was not performing optimally. Similar results

were found on the 5/30 and 3/60 lasers.

All experiments pcnt to excessive loss from the optical resonator and
optical instabilities. Gas mixtures optimized at 3:1:1 (He:N2:COy) indicated that a
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high gain discharge is necessary to overcome losses. No direct gain
measurements were performed on these lasers. Of all the possible loss
mechanisms, over-coupling or excessive power extraction from the resonator are
the major factors. The deviation from predicted geometrical coupling indicates an
overly diffracted beam, but the underlying cause has not been definitively
determined. Interaction of the unstable resonator modes with the waveguide
through nonlinear discharge effects could be the cause, but insufficient data is

present to know conclusively.

The published literature carries few examples of low magnification high
aspect ratio confocal unstable resonators. This type of strip resonator has not
been applied to CO, lasers before its use in this project. Clearly, from the
questions raised over power extraction and the lack of pertinent literature more
work is called for in this area. Simulation of the optical system would be

beneficial, but because of the low magnification new techniques would have to

be developed.?

Optical stability could be one of the major factors in commercializing the
slab laser. The course of this work has not demonstrated long term optical
stability. That combined with the difficulties in cooling could limit the maximum
power attainable. It seems certain that a product capable of 100 to 200 waits is

possible from the slab, but further extrapolations above this power level are ai

best speculation.

A 100 watt laser was shown to be possible from the slab concept, but the

lasers constructed have left room for definite improvements.
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